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Introduction

The study of combinatorial arrays has always been present in human history, as
many of these structures present some degree of balance and symmetry in their
definition. As such, through the years many of these arrays were considered as
tokens of good luck, and carved on amulets that could be carried during danger-
ous voyages or in the everyday life. Nonetheless the existence and applications of
these objects often raise interesting mathematical questions, that in many cases
are still unsolved and inspired much of the research done in Discrete Mathemat-
ics over the course of the last century. In particular, one of the most interesting
characteristics of these combinatorial structures is the variety of formulations
of the same object under different points of view, and the relationships between
the different solutions that the same object codifies. Among the various combi-
natorial arrays that can be considered we mention the notable classes of Latin
squares [31], Hadamard matrices [44] and Room squares [46]. Each of these
families of arrays shares its wide variety of applications and connections with
Block Designs, Coding Theory, Graph Theory and Finite Geometry.

In this thesis we focus on a class of combinatorial arrays called Heffter ar-
rays, introduced by Archdeacon [6] in 2015 as a link between Combinatorial
Designs and Topological Graph Theory. Moreover, the rather general defini-
tion of Heffter arrays and their variety of applications led to the introduction of
many variants and generalizations.

One of the main themes of the area of Combinatorial Designs is the construc-
tion and the arrangement of a collection of objects in subsets satisfying certain
regularity conditions. For instance, a 2-(v, k, 1) design (also called Steiner sys-
tem) is a pair (V, B), where V is a set of v points and B is a collection of k-subsets
called blocks, with the property that every two distinct points are contained in
exactly one block. A 2-(v,3,1) design is called a Steiner triple system of order
v, denoted as STS(v); it can be easily seen that an STS(v) must have v = 1,3
(mod 6), and it has been shown by Kirkman in 1847 [61] that these conditions
are also sufficient.

In 1872 Klein published his famous Erlangen program, where he proposed
to use group theory to study the symmetries of geometric structures; in this
setting the most elegant geometries are those admitting numerous symmetries
or, more formally, having a large group of automorphisms.

A similar approach was then considered for Design Theory; in particular
Heffter proposed in 1896 and 1897 his two famous difference problems whose
solution would allow the construction for every admissible v of an STS(v) whose
group of automorphisms contains the cyclic group Z,. As discussed in Section
these problems were eventually solved by Peltesohn forty years later [81].
These highly symmetric structures present two main advantages: first of all, they
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can be found by using algebraic tools, hence in general they are more simple to
find compared to non-symmetric structures (even if the latter usually outnumber
the former); secondly, they are easy to exhibit as one can just construct a
suitable set of representatives of the block orbits. We underline that the same
concept holds in the more general context of graph decompositions, that have
been introduced as a generalization of 2-designs in the second half of the 20th
century. Given a subgraph I' of a graph K a (K,I')-design, also called a I'-
decomposition of K, is a partition of the edge set of K into graphs isomorphic
to I'. If K and I are complete graphs of order v and k respectively we find again
the concept of a 2-(v, k,1) design. The most studied graph decompositions in
the literature are those in which K is a complete or a complete multipartite
graph, and I' is a complete graph or a cycle graph, see also Section [2.2

As said before in this thesis we study Heffter arrays, introduced by Archdea-
con [6] as a tool to construct decompositions of the complete graph into cycles,
and 2-colorable embeddings of the same complete graph over an orientable sur-
face, such that the cyclic group belongs to the automorphism group of these
structures. The naming of these arrays is due to Heffter’s first difference prob-
lem, as from some Heffter arrays one can construct an explicit solution to the
difference problem. A Heffter array is a partially filled matrix whose entries
form a half-set of a cyclic group, such that any two rows (respectively, any two
columns) have the same number of filled cells, and every row and every column
has sum equal to zero in the group. Since their introduction much attention has
been devoted to establish existence results for these arrays, obtaining a complete
solution for square arrays and completely filled rectangular arrays, while partial
existence results have been proven for the rectangular partially filled case.

In Chapter [I] we report the main definition of Heffter arrays, and we give a
historical overview of the Design Theory’s topics that led to their naming. Then
we discuss the main existence results, and we present some of the methods that
have been used to construct infinite classes of Heffter arrays. Finally, we mention
the main variants and generalizations that have been studied throughout the
years, and we briefly discuss in each case the motivations that led to their
introduction and their main existence results.

In Chapters |2 and [3| we respectively analyse the applications of Heffter ar-
rays to graph decompositions and to 2-colorable embeddings. In particular in
Chapter [2] we give some basic definitions of Graph Theory, and we see some
notions about 2-designs and graph decompositions. Finally, we introduce dif-
ference families as one of the main tools for constructing these combinatorial
structures. In Chapter [3| we give some basic notions of Topological Graph The-
ory that are necessary to construct the embeddings from Heffter arrays. Finally,
we investigate the automorphism group of these embeddings presenting some
results that we obtained in [30].

In Chapter [4] we study the class of weak Heffter arrays, that is a variant
of Heffter arrays introduced by Archdeacon in [6] in order to construct graph
embeddings over non-orientable surfaces. In this chapter we present the results
that we obtained in [37] on the existence of these arrays, and on the graph
embeddings over non-orientable surfaces that can be constructed from them.

In Chapters [5] and [6] we present the results that we respectively obtained
in [69] and [70] on non-zero sum Heffter arrays and on generalized Archdeacon
arrays. In the former we construct some classes of non-zero sum Heffter arrays
that moreover satisfy a very strict additional property, called global simplicity;
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we also compute the explicit formulas for the length of faces of the embeddings
that can be constructed from these arrays. In the latter we completely solve
the existence problem of globally simple non-zero sum Heffter arrays for cyclic
groups, and we give a very general constructive result for non-zero sum Heffter
arrays over any (not necessarily abelian) group.

To conclude, in Chapter 7| we study a concept recently introduced in [23]
called Heffter space, that connects Heffter arrays with topics of Finite Geometry.
We then present some results that have been developed in a work in progress
[21], where we construct infinite families of Heffter spaces. Moreover, we show
that in some cases these Heffter spaces are in a certain sense the best ones that
can be constructed.
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Chapter 1

Heffter arrays

As mentioned in the Introduction, Archdeacon [6] defined a class of arrays, that
he called Heffter arrays in view of their connection with the first Heffter differ-
ence problem [57]. These arrays were introduced as a tool to construct regular
graph decompositions into cycles, and their embedding on orientable surfaces,
as shown in Chapters [2] and [3] respectively. In this chapter we give a general
overview of Heffter arrays and of their main variants and generalizations that
have been introduced throughout the years. In Section we discuss classical
Heffter arrays, together with a historical overview of some combinatorial prob-
lems that led to their definition and the main existence results for Heffter arrays.
These results have been obtained by means of various construction methods: we
present some of them in Section 1.2l Finally, in Section |1.3| we report the main
variants and generalizations of Heffter arrays; for each of these classes of arrays
we also briefly discuss the motivations that led to their introduction, and their
main existence results.

1.1 General introduction

We begin this section by introducing some concepts of Design Theory that are
necessary to give a historical overview of the concept and the naming of the
Heffter arrays.

A Steiner triple system of order v (in short, STS(v)) is a pair (V, B) given by
a set V of v elements called points, together with a family B of 3-subsets called
blocks or triples, such that every pair of distinct points appears in precisely one
block.

Example 1.1.1. The most well-known Steiner triple system is the unique
STS(7) (V, B) called Fano plane, where:

vV =1{0,1,2,3,4,5,6},
B = {{07 17 3}7 {17 2’4}’ {27 3’ 5}’ {3’47 6}7 {0?4) 5}) {17 576}7 {0) 276}}

The Fano plane can then be represented as in the following picture, where the
7 blocks of B are nothing but the lines of the plane.
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While the complete existence result for this kind of designs was established
by Kirkman in 1847 [61], scholars introduced various tools and problems in later
years in order to find simpler and more practical constructions of Steiner triple
systems. In particular Heffter in 1896 proposed the following combinatorial
problem, see [57]:

Heffter’s first difference problem. Given any v = 1 (mod 6), v > 7,
is it always possible to partition the set {1,2,..., ”gl} into ”gl
triples {a, b, c} such that either a+b=cora+b+c=v?

The existence of such a partition gives rise to a STS(v) that admits Z, as group
of automorphisms (we discuss more in detail this concept in Section of
this thesis). The affirmative answer to this problem was eventually given forty
years later by Peltesohn [81]. Later works on the same problem were published
by Skolem [92] [03], who obtained a simpler solution by using combinatorial
sequences that are now known as Skolem sequences, see also [90].

In order to proceed with the discussion it is first necessary to introduce some
terms and notation that will be used throughout the thesis. Given an abelian
group G and a subgroup J, we write J as (s1,...,8,) if J is generated by a
subset {s1,...,84} of G. Moreover, a subset of G is said to be zero-sum if the
sum of its element is the identity of the group.

In order to show the connection between Heffter’s first difference problem
and Heffter arrays we also give the following definition:

Definition 1.1.2. Let J be a subgroup of an additive group G. A half-set of
G\ J is a subset L such that L and —L partition G \ J.

Clearly a half-set of G \ J exists if and only if the involutions of G are in J.
In the particular case J = {0} we simply say that L is a half-set of G. More
in general we define a half-set of S C G to be a subset L such that L and —L
partition S.

Example 1.1.3. The following is a half-set of Z45 \ (9):

{-1,2,3,-4,5,—6,—7,8,—10,11,12,-13,14, —15, —16, 17, —19, 20, 21, —22}.
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Note that the condition of the triples given in Heffter’s first difference prob-
lem can be equivalently restated as a +b—c=0or a+ b+ c =0 (mod v),
and that the underlying group of the problem is Z,, while the set considered by
Heffter is {1,...,%5*}. Thus we can see that Heffter’s first difference problem
asks for a partition of a half-set of Z, into zero-sum triples.

More in general one could ask for a partition of a half-set into zero-sum
subsets, see [71]:

Definition 1.1.4. A Heffter system D(nk, k) is a partition of a half-set of G\ J
having nk elements into zero-sum k-subsets called blocks.

We remark that in the original notation given by Archdeacon [0] a Heffter
system over a group of order v is written as D(v, k); here we follow the more
recent notation given in [23].

Definition 1.1.5. Two Heffter systems Dy and Dy are orthogonal if they are
defined on the same half-set, and for every pair of blocks B; € D1 and By € Do
it holds |Bl n BQ| < 1.

Example 1.1.6. The following set L is a half-set of Z,3 \ {0}:

L={-1,-2-3,-4,56,7,—8,-9,10,—11,12,
—13,14,15,16,17, 18,19, 20,21}.

Then, L can be partitioned into the following two Heffter systems D(21, 3):

Dy = {{~1,-9,10},{-2,—13,15}, {—3, 11, 14},
{—4,-8,12},{5,17,21},{6,18,19},{7,16,20} };

Dy = {{-1,-13,14},{—2, —8,10}, {—3, -9, 12},
{—4,-11,15},{5,18,20}, {6,16,21},{7,17,19}}.

It can be seen that D; and D5 are orthogonal. For instance, if we take By =
{71, *9, 10} S D1 and B2 = {72, *8, 10} € DQ, B1 N B2 = {10}

The concept of a Heffter array was given by Archdeacon in [6] as an array
whose rows and columns respectively form two orthogonal Heffter systems. In
particular, if D1 = {Ry,..., R} and Dy = {C4,...,C,} are two orthogonal
Heffter systems, then for each i € {1,...,m} and each j € {1,...,n} the (4, j)-
th cell of an m x n Heffter array is filled with the common element of R; and
Cj, if any, and the cell is empty otherwise. The standard definition that is given
now of a Heffter array is the following one:

Definition 1.1.7. Let v be a positive integer with v = 2nk+1. A Heffter array
A over Z,, denoted by H(m,n; h, k), is an m X n partially filled array A such
that:

(a) each row contains h filled cells and each column contains k filled cells;

(b) the entries of A form a half-set of Z,;

(¢c) every row and column is zero-sum in Z,.
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It is clear that a necessary condition for the existence of an H(m,n;h, k)
is nk = mh. Moreover, since the sum must be equal to 0 in each row and
each column, property (b) implies that h,k > 3. For simplicity we say that
a quadruple of integers (m,n,h, k) is admissible if mh = nk and 3 < h < n,
3 < k < m. Note that if a Heffter array is square, i.e. m = n, then necessarily
h =k, and we simply write H(n; k). If the array is completely filled, i.e. n = h
and m = k, then we write H(m, n).

Given an array A its skeleton skel(A) is the set its filled cells, while by £(A)
we denote its set of entries. For an array A containing elements in Z, we define
its support to be the set:

v
T ifx € 0,1,...,L7J ,
supp(A) = { 2 }
—T otherwise.

Example 1.1.8. In this example we construct the following Heffter array over
743 starting from the two orthogonal Heffter systems of Example in par-
ticular blocks of Dy correspond to rows of the array, while the blocks of Dy are
its columns, see Example 1.8 of [79):

-1 |-9] 10
—13 -2 15
14 | -3 —11
12| -8 | —4
5 |17 121
181191 6
20 7 |16

Definition 1.1.9. An integer H(m,n;h, k) is a partially filled m x n array
whose entries form a half-set of {—mh,...,mh} C Z, whose rows and columns
are zero-sum, and satisfying property (a) of Definition

Clearly any integer Heffter array can also be seen as a Heffter array over a
cyclic group, while the converse is not true, see for instance the array of Example
A simple counting argument shows that an integer H(m, n; h, k) may exist
only for admissible quadruples (m,n, h, k) with nk = 0,3 (mod 4).

Example 1.1.10. The following is an integer H(5;4) over Z4j:

1 18 -9 | —10
—6 2 19 | -15
—11 | -12| 3 20

16 | =7 | -13| 4
17 | =8 | =14 | 5

Since the introduction of Heffter arrays researchers found many results re-
garding their existence, and in what follows we report the main ones; we remark
that all of these statements are derived from a constructive approach. In par-
ticular a complete solution for the existence problem has been established when
the array is square, and when the array is rectangular and totally filled. As a
first step, in [, 48] it is proved that:
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Theorem 1.1.11. There exists an integer H(n; k) if and only if 3 <k <n and
nk =0,3 (mod 4).

In [29] it is shown the existence of an H(n; k) (that clearly cannot be integer)
for nk = 1,2 (mod 4), thus proving the following theorem:

Theorem 1.1.12. There exists an H(n; k) if and only if 3 < k < n.
The existence result on totally filled rectangular arrays is showed in [7]:

Theorem 1.1.13. There exists an H(m,n) if and only if m,n > 3. Moreover,
there exists an integer H(m,n) if and only if mn = 0,3 (mod 4).

The existence problem of rectangular Heffter arrays having empty cells is
still open even if throughout the years a lot of partial results have been found,
especially focused on the integer case [(6]. Here, we summarize these results.
In [76] it has been shown that:

Theorem 1.1.14. Let (m,n,h,k) be an admissible quadruple, and set d =
ged(h, k). There exists an integer H(m,n; h, k) in each of the following cases:

(1) d=0 (mod 4);

)
(2) d=1 (mod 4) with d > 5 and nk =3 (mod 4);
(3) d=2 (mod 4) and nk =0 (mod 4);
(4) d=3 (mod 4) and nk = 0,3 (mod 4).

It is then proven in [76] that:

Theorem 1.1.15. There exists an integer H(m,n;h, k) for any admissible
quadruple (m,n,h, k) with h =0 (mod 4) and k # 5 odd.

To conclude, in a recent article [80] the authors show:

Theorem 1.1.16. Let (m,n,h,k) be an admissible quadruple with nk = 0,3
(mod 4). Then, there exists an integer H(m,n; h, k) whenever k > 7 - ged(h, k)
s odd and h # 3,5,6, 10.

1.2 Construction methods

In this section we briefly examine the main tools and construction methods
that have been employed to build square Heffter arrays and their variants. In
general, an H(n; k) is constructed recursively starting from an H(n; k') where
k' <k and k' =k (mod 4), and then by adding suitable zero-sum blocks in the
empty cells of the starting array.

First, if a < b are two integers by [a,b] we denote the set {a,a + 1,...,b},
and given a set S = {aj,...,ar} and an integer z, by S + z we mean {a; +
Z,...,ax +x}. A shiftable (Heffter) array is an (Heffter) array containing in
each row and in each column k/2 positive numbers and & /2 negative numbers for
some positive even integer k. For instance, the Heffter array in Example [I.1.10]
is shiftable. If A is a shiftable array by A + z we denote the array obtained by
adding 4=z to the positive entries of A and —x to the negative entries of A. It
can be seen that the row and column sums of A £ x are the same as those of A,
while supp(A + ) = supp(A) + x. Moreover, A & x is shiftable as well.
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Example 1.2.1. Let A be the shiftable Heffter array H(5;4) of Example(1.1.10
As an example of a shift of A, let = 10; then A + x is the following array:

11 28 | —19 | =20
—16 | 12 29 | =25
—21 | -22| 13 30

26 | -17| —23 | 14
27 | —18 | =24 | 15

It can be seen that supp(4) = [1,20], and that supp(4A + =) = [11,30] =
supp(A) + 10.

It has then been shown in [§] that:

Theorem 1.2.2. There exists a shiftable integer H(n; k) if and only if k is even
and nk =0 (mod 4).

Shiftable integer Heffter arrays are then used as a building block for the
construction of Heffter arrays having a large number of filled cells in each row
and column. The idea, that we show in more detail in Example [I.2.3] is to
construct an integer H(n;k), say A, with a small value of k, and a shiftable
integer H(n; k'), say B, such that the two arrays have disjoint skeletons. One
can then construct a Heffter array H(n; k + k') by overlapping A with B + nk.
The resulting array is zero-sum in the integers and its support is [1,nk| U [nk +
1,n(k+ k"] = [1,n(k + k)], hence it is an H(n; k + £').

To explain in detail this strategy we need to give some further remarks
on the structure of the arrays that have been built in the literature. Indeed,
many Heffter arrays have been constructed with a diagonal structure in order
to apply the recursive construction and for their applications to biembeddings
(see Section . Moreover, this structure is particularly suited for computer
searches. Given a square array A of size n, for every i € [1,n] we define the i-th
diagonal D; as the set of cells:

D; ={(i,1), (i +1,2),...,(i — 1,n)},

where the elements are seen in Z, using the reduced residues [1,n]. Given
n > k > 1 a partially filled n x n array A is k-diagonal if its nonempty cells are
exactly those of k diagonals. Then an n x n array A is cyclically k-diagonal if
its filled cells are precisely k consecutive diagonals.

In [48] the authors introduced the following concise notation to describe
a diagonal array. We point out that this notation has been used in several
subsequent papers including [40] [43], and it is also used in Chapter [7| of this
thesis where we report the results that we obtained in [2I]. This procedure for
filling a sequence of cells on a diagonal is termed diag and it has six parameters,
as follows.

Let A be an n x n partially filled array; the procedure diag(r, ¢, s, A1, Ag,
¢) fills the entries

Alr +iAy,c+iA] = s+ i, for i € [0,¢ —1].
The parameters used in the diag procedure have the following meaning:

(1) r denotes the starting row;
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2) c denotes the starting column;

3) s denotes the entry Alr, c[;

)
6

(2)
3)
(4) A; denotes the increasing value of the row and column at each step;
(5) Agy denotes how much the entry is changed at each step;

(6)

¢ is the length of the chain.

The construction of integer Heffter arrays has been established using some
diagonal shiftable Heffter arrays in [8] and the diag method introduced above

in [48], hence proving Theorem [1.1.11

Example 1.2.3. In this example we show how to construct an integer H(11;9)
starting from an integer 5-diagonal H(11;5) that we call A:

10 93 24 | =33 —54
-36| -9 | 44 32 | =31
—45 | —8 | 52 30 | —29
=37 | =7 | 43 28 | =27
—46 | —6 | 51 26 | —25
—21 —38 | —11 | 47 23
12 | -13 —42 | 4 39
14 | —15 -50 | 3 48
16 | —17 —41 | 2 40
18 | —-19 —49 | =5 | 55
35 20 | =22 =34 1

As a first step we construct a shiftable and integer H(11;4) with a diagonal
structure, that we denote by B, such that skel(A) N skel(B) = 0. As shown
in Theorem 2.2 of [48], if we choose two pairs of consecutive diagonals that are
not filled in A, say {D4, D5} and {Ds, D9}, then the array B constructed by
applying the following procedures

diag(4,1,1,1,2,11), diag(4,8,—23,1,-2,11),
diag(5,1,-2,1,-2,11), diag(5,8,24,1,2,11),

is an integer and shiftable H(11;4). In fact, every row except for the 4-th one
is filled with {—a,a + 1,b, —(b + 1)} for some a,b € Zsgg, hence it is zero-sum.
It can be immediately seen that the 4-th row is zero-sum as well as it contains
{1,-2n,—(2n + 1),4n}, where n = 11 is the dimension of the array. A similar
argument can be done on the columns of the array. Here we explicitly write B:

38 | =39 —-16 | 17
40 | —41 —18 | 19
42 | —43 -20| 21
1 44 | =23 —22
—2 3 24 | =25
—4 5 26 | =27
—6 7 28 | —29
-31 -8 9 30
32 | —33 —10| 11
34 | =35 —-12 | 13
36 | =37 —14 | 15
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We have then that supp(A4) = [1, 55] and supp(B) = [1, 44]; in order to construct
an H(11;9) we consider the array B + 55 having support [56, 99]:

93 | —94 71| 72
95 | —96 73| T4
97 | —98 =75 | 76
56 99 | —78 —77
=57 | 58 79 | =80
-39 | 60 81 | —82
—61 | 62 83 | —84
—86 —63 | 64 85
87 | —88 —65 | 66
89 | —90 —67 | 68
91 | —92 —69 | 70

The array obtained by overlapping A and B+55 is an integer 9-diagonal H(11;9):

10 53 93 | -94| 24 | 33|71 | 72 —54
—36| -9 | 44 95 | 96| 32 | =31 | =73 | 74
—45 | -8 | 52 97 | —98| 30 | =29 | =75 | 76
56 =37 | =7 | 43 99 | =78 | 28 | =27 | =77
—57 | 58 —46 | —6 | 51 79 | =80 | 26 | —25
—21 | =59 | 60 —38 | —11 | 47 81 | =82 | 23
12 | =13 | —=61 | 62 —42 | 4 39 83 | —84
—86| 14 | —15| —63 | 64 =50 | 3 48 85
87 | —88 | 16 | =17 | —65 | 66 —41 | 2 40
89 | =90 | 18 | =19 | —67 | 68 —49 | =5 | 55
35 91 | -92| 20 | -22 | —-69 | 70 -34| 1

In the remainder on this section we discuss some further construction meth-
ods that have been used to build rectangular Heffter arrays. The existence of
some rectangular Heffter arrays without empty cells has been established in [7]:
as for the case of the H(n; k), the provided construction relies on a recursive
method that has been divided in 8 different cases depending on the parity of
n and k. Without entering into the details of their construction, we remark
that some existence results are obtained starting from particular solutions of
Heffter’s first difference problem by means of suitable Skolem sequences, see
[92].

A different construction for rectangular and completely filled Heffter arrays
has been recently obtained in [I9] in some particular instances of the problem.
Given m,n > 3 odd and coprime integers with 2mn + 1 prime, let £ and €
respectively be an n-th and an m-th root of unity in Zgy,,+1. Let then A,, ,, be
an m x n array whose (i, j)-th cell is €71¢7=! (mod 2mn + 1). Then:

Theorem 1.2.4. A,, ,, is an H(m,n) over Zaymny1.

This result is a corollary of more general results proved in [19], where the
author studies the concept of Heffter arrays over a finite field that moreover
have rank one in the standard sense of linear algebra (see also Section .
Some further existence results on rectangular Heffter arrays with empty cells
can be found in [77].
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1.3 Main variants and generalizations

The variety of problems and applications related to Heffter arrays paired with
the flexibility provided from their definition lead to the study of numerous vari-
ants and generalizations, each with its own set of applications and relations with
other topics of Discrete Mathematics. In this section we give a brief overview
of the main variants and generalization of Heffter arrays that have been intro-
duced throughout the years. Many of these classes of arrays are studied in more
detail in other parts of this thesis, hence here we focus on the definitions, the
motivation for their introduction, and the main known results.

1.3.1 Weak Heffter arrays

In the same paper that first defined Heffter arrays Archdeacon proposed the
notion of a variant of Heffter arrays, called weak Heffter arrays. In a weak
Heffter array the entries are allowed to have two distinct signs, the row sign and
the column sign; as explained in more detail in Chapter [4] the application to
orthogonal cycle decompositions is maintained, while the 2-colorable embedding
may be over a non-orientable surface. For many years the only paper that
discussed weak Heffter array was [6], with only one example available that is
Example below. In [37], we studied this family of array together with their
connection with some variants that have been introduced after [6].

Definition 1.3.1. Let v be a positive integer with v = 2nk+1. A weak Heffter
array WH(m,n; h, k) is an m x n partially filled array A such that:

(a) each row contains h filled cells and each column contains k filled cells;

(by) for every x € Zanpt1 \ {0}, there is exactly one cell of A whose element
is one of the following: x, —z, £x, Fx, where the upper sign on + or F is
the row sign and the lower sign is the column sign;

(¢) every row and column, read with the corresponding signs, is zero-sum in
Zan+1~

Example 1.3.2. A weak Heffter array over the group Zos:

1] 7] 612
—4 | £10 | F8
3 F11]| 49 | 5

Clearly the necessary conditions for Heffter arrays on the set of parameters,
that are nk = mh,n > k > 3 and m > h > 3, are also necessary for weak Heffter
arrays. Moreover, any Heffter array is also weak. It is also possible to apply
trivial transformations to the elements of a Heffter array in order to obtain a
weak Heffter array whose elements have distinct row and column sign. However,
the converse is not true; for this reason, in [37] we studied the concept of strictly
weak Heffter arrays, that are weak Heffter arrays that cannot be obtained from
standard Heffter arrays. In this thesis the results on weak Heffter arrays are
presented in Chapter
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1.3.2 Relative Heffter arrays

As mentioned in the previous section, Heffter arrays have been introduced as a
tool to construct graph decompositions of the complete graph (see Section
for further details). The following class of arrays, introduced in [40], has been
defined as a generalization of the classical concept of Heffter arrays in order to
consider decompositions of a complete multipartite graph.

Definition 1.3.3. Let t be a positive integer dividing 2nk, and let J = <%>
be the subgroup of Zs, 4+ of order t. A Heffter array A over Zopk4+ relative to
J, denoted by Hy(m,n; h, k), is an m x n partially filled array with elements in
Z2nk+t such that:

(a) each row contains h filled cells and each column contains k filled cells;
(bg) the set of entries of A is a half-set of Zongis \ J;
(¢) every row and column is zero-sum in Zoy, k¢

Note that the original definition of a Heffter array can be recovered by con-
sidering ¢ = 1. Clearly, the previously established necessary conditions on the
set of parameters hold also for this class of arrays. We remark that v is even
if and only if ¢ is even, and in this case the subgroup J contains the involution
v/2, and property (bs) ensures h, k > 3.

Example 1.3.4. A relative Heffter array Hyg(4;4) over the group Z,s, whose
subgroup of order 16 consists on the multiples of 3, see Example 1.4 of [40]:

1 -7 | —16 | 22
23 2 -8 | —17
—13| 19 4 | —-10
—11 | —-14| 20 )

We recall that a Heffter array can be equivalently seen as two orthogonal
Heffter systems; similarly, relative Heffter arrays are two orthogonal Heffter
systems over Zoppis \ (2254) | where t is a positive integer dividing 2nk.

In [40] it was shown that a relative integer Heffter array must satisfy the

following necessary conditions:

Proposition 1.3.5. Suppose that there exists an integer Hy(n; k).
(1) Ift divides nk, then
nk=0 (mod4) ornk=—t==1 (mod 4).
(2) Ift =2nk, then k must be even.
(3) Ift # 2nk does not divide nk, then

t+2nk=0 (mod 8).

In [40] it has also been shown that these conditions are not sufficient for
the existence of a relative Heffter array, as they do not grant the existence of a
relative Heffter system.



1.3. MAIN VARIANTS AND GENERALIZATIONS 19

Proposition 1.3.6. For every n > 3 there does not exist a Heffter system
D(3n;3) over Zgy, \ (3).

The most complete existence result regarding square relative Heffter arrays
is the following:

Theorem 1.3.7. Let 3 < k < n with k # 5. There exists an integer Hy(n; k) if
and only if one of the following holds:

(1) k is odd and n = 0,3 (mod 4);

(2) k=2 (mod 4) and n is even;

(3) k=0 (mod 4).
Furthermore, there exists an integer Hs(n;5) if n = 3 (mod 4) and it does not
exist if n = 1,2 (mod 4).

Note that for k¥ = 5 the existence problem of integer relative Heffter ar-
rays Hs(n;5) has been proved only for n = 3 (mod 4), leaving the case n = 0
(mod 4) open. For this class in [40] there are only two examples for n = 8 and
n = 16.

Other results on relative Heffter arrays can be found in [43][75] and in Chap-
ter [7] of this thesis as an intermediate step for the construction of Heffter spaces.

1.3.3 Non-zero sum Heffter arrays

The property of a (relative) Heffter array to be zero-sum provides cycle decom-
positions of the complete graph and their 2-colorable embedding. The variant
of non-zero sum Heffter arrays was introduced in [35] as a way to provide path
decompositions of a complete graph. Moreover, these arrays are related to a
conjecture due to Alspach regarding the sequentiability of a group, see Section

24

Definition 1.3.8. A non-zero sum Heffter array A over Zonk+1, denoted by
NH(m,n; h, k), is an m x n partially filled array with elements in Za,k11 such
that:

(a) each row contains h filled cells and each column contains k filled cells;
(b) the set of entries of A is a half-set of Zopk11;

(¢1) every row and column is not zero-sum in Zoy,gi1-

For these arrays, the necessary conditions for their existence are mh = nk
andm>h>1,n>k>1.
Example 1.3.9. An NH(3,4) over Zos:
10 | 1] —11| 12
8 |6 =3 | -5
-712] 9 4

Clearly, these arrays are much easier to construct compared to the Heffter
arrays. As we will see in Chapter [5 in the same paper [35] that introduced this
variant the authors provided a complete result for NH(n; k) and NH(m, n;n,m)
that moreover satisfy a very strict additional property. As for Heffter arrays
it is possible to extend the definition of non-zero Heffter arrays to the relative
case; we discuss this topic more extensively in Chapter
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1.3.4 )\-fold Heffter arrays

A-fold Heffter arrays were introduced in [40, [41] in order to exploit the rela-
tionship standing between Heffter arrays and a generalization of the concept of
difference families.

Definition 1.3.10. Let v = % + t be a positive integer, where t divides %
Let J be the subgroup of Z,, of order t. A A-fold Heffter array A over Z,, relative
to J, denoted by *H;(m,n; h, k), is an m x n partially filled array with elements
in Z, such that:

(a) each row contains h filled cells and each column contains k filled cells;
(b3) the multiset {£z : © € A} contains each element of Z, \ J exactly A times;

(¢c) every row and column is zero-sum in Z,.

Example 1.3.11. An ?H;(5;3) over Zig, see Example 1.8 of [41]:

3 5 | -8
2 5 | =7
3 1 |4
—4 6 | -2
1 | =7 6

Note that 8 is the involution of Z;4, hence it appears once in the array, while
every other element appears twice.

Some necessary conditions regarding this class of arrays have been estab-
lished in [41]:

Proposition 1.3.12. Suppose that there exists a *Hy(m,n;h, k) and set v =
% +t. If either v is odd or v and t are even, then A has to be a divisor of nk.
Proposition 1.3.13. IfA =2 (mod 4), 22* +¢ =2 (mod 4) and t is odd, then
a *H¢(m,n; h, k) cannot exist.

Some further necessary conditions have been obtained in [41] by generalizing
the argument of Proposition [1.3.5

Proposition 1.3.14. Suppose that there exists an integer » Hy(m,n; h, k) with
A odd.

(1) If t divides ™, then £ =0 (mod 4) or %

—t==1 (mod 4).
(2) Ift = 22k then h and k must be even.
(3) If t # 2%% does not divide E, then 2% +¢ =0 (mod 8).

For further existence results regarding this type of arrays, see Section 6.2 of
[79) and its references therein.
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1.3.5 Simple and globally simple Heffter arrays

Heffter arrays were introduced in order to construct orthogonal cyclic cycle de-
compositions of complete graphs using difference families, and their embedding
on orientable surfaces. As we will see in Section 2:4] in order to construct the
cycle decompositions one has to find for each row and each column of the array
an ordering of its elements satisfying the following property:

Definition 1.3.15. Given a k-subset T of a group (G,+), let w = (¢1,...,t%)
be an ordering of its elements, and let s; = > ¢; for each i € [1,k]. Then w
is simple if the partial sums s, ..., s, are pairwise distinct and different from
zero, except possibly for si. A Heffter array is said to be simple if every row
and every column admits a simple ordering.

Example 1.3.16. Consider the following H(3,8) over Zyg:

-13| -1 14 6 10 | =8 | =11 | 3
4 | =20 | -2 17 5 |—16| =7 | 19
9 21 | -12| =23 | -15| 24 18 | —22

It can be readily verified that the following are simple orderings for the rows of
the array:

wy =(—13,-11,14,6,3,10, -8, —1),
wy = (4,-7,17,19,5,—16, —2, —20),
w3 = (9,18, 23, -22, 15,24, —12, 21).

For instance, the partial sums (sq,...,ss) of w; are:
(—13,—24,-10,—4,-1,9,1,0),

that are distinct and non-zero, except for the last term. It is easy to see that a
simple ordering of the columns is provided by reading the elements from top to
bottom, hence the array is simple.

Clearly, providing a simple ordering could be a long and tedious task for large
arrays containing many element in each row or column, and it is not known if it
is granted to exist (see Sectionfor further details). It would then be desirable
to find arrays where the simple ordering is already known from the construction
and in particular it is the most “natural” one: the natural ordering of a row of
an array is the one given by reading its elements from left to right; similarly,
the natural ordering of a column is given by reading its elements from top to
bottom. For this reason, in [39] the following special class of Heffter arrays has
been introduced:

Definition 1.3.17. A Heffter array is globally simple if for every row and every
column the natural ordering is simple.

Example 1.3.18. A globally simple H(8;7) over the group Zi13, see Example
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1.7 of [39):
4 [ 35 | —45] 46 20 | —36 | —24
48 | —5 | 23 | —47| —18 37 | —38
—32[—10| —6 | 31 | —41| 42 16

33 | —34| 44 3 11 | —-43 | —-14
15 | =28 | =22 | 7 27 | =583 | 54

—13 29 | =30 | 56 1 12 | =55
—49 | 50 19 | —40 | -21| 2 39
9 | =51 |-17 25 | =26 | 52 8

For instance, the partial sums of the first row read under the natural ordering
are:
(4,39, —6,40, 60,24, 0),

which are pairwise distinct in Zq13.

As remarked in Section the construction methods of Heffter arrays hav-
ing many filled cells in their rows and columns are mainly focused on the addition
of zero-sum blocks, hence most of the already known Heffter arrays are not glob-
ally simple. In general globally simple arrays are quite difficult to construct,
and there are many open cases left regarding their existence.

In [39] the authors showed that:

Theorem 1.3.19. Let 3 < k < 10. Then there exists an integer globally simple
H(n; k) if and only if n > k and nk = 0,3 (mod 4).

Later, in [27] it has been proven that:
Theorem 1.3.20. Let n > k > 3. There exists an integer globally simple
H(n; k) when:
(1) k=0 (mod 4);
(2) n=1 (mod 4) and k =3 (mod 4);
(3) n=0 (mod 4), k=3 (mod 4) and n >> k.

The following result, proven in [47], shows the existence of globally simple
Heffter arrays in the rectangular case where the number of rows is 3 or 5.

Theorem 1.3.21. There exists a globally simple H(3,n) for everyn >3 and a
globally simple H(5,n) for all 3 <mn < 100.

In a recent paper [19] the author studies Heffter arrays over finite fields,
in which one finds the classic notion of Heffter arrays whenever the group has
prime order. In many of these cases the constructed arrays are globally simple:

Theorem 1.3.22. If ¢ = 2mn + 1 is a prime number, with m, n odd and
coprime, then there exists a globally simple H(m,n).

Globally simple arrays are also interesting from the point of view of their
application to graph embeddings: indeed, as discussed in Section [3.4] a crucial
role in the construction of the embedding is played by the row and column
orderings, that should be chosen to be simple. In the case of globally simple
arrays it can be shown that this is equivalent to finding the solution of a tour
problem over the filled cells of the array, see Section for more details.
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1.3.6 Heffter arrays over finite fields

In this section we present a generalization of the concept of a Heffter array
recently introduced in [19].

Definition 1.3.23. For a prime power ¢ = 2nk + 1, a Heffter array over Iy
denoted by H(m,n;h, k) is an m x n partially filled array with elements in F,
such that:

(a) each row contains h filled cells and each column contains & filled cells;
(bs) the entries of A form a half-set of F;

(c) every row and column is zero-sum in Fy.

As for classical Heffter arrays we write H(n; k) if n = m, and H(m,n) for
the totally filled case. Clearly if ¢ is a prime number a Heffter array over I, is
a classical Heffter array over Z,.

In [T9] the author focuses on totally filled Heffter arrays over finite fields that
moreover satisfy the restrictive property of being rank-one in the standard sense
of linear algebra. In particular, it is shown that this requirement is equivalent
to finding a half-set L of F, admitting two subsets X = {z1,...,2z,} and
Y ={y1,...,yn} such that L = {z-y: 2z € X,y € Y}. Then, the array A,,
whose (4, j)-th cell is ; - y; is a rank-one Heffter array over Fy.

Example 1.3.24. Here we construct a rank one Heffter array over o5, see
Example 1.3 of [I9]. Let g be a root of the primitive polynomial z2? + z + 2 over
F5. Let L be the following half-set of Fo5:

L={1,3,9,9+1,9+4,29+3,39,39 +1,3g + 3,3g + 4,49 + 2,49 + 3}.

Define the following subsets X = {1,9,9+4,3¢g} and Y = {1,3¢g+ 1,29 + 3}; it
can be seen that L = {z-y:z € X,y € Y}. A rank-one Heffter array over Fas
is:

1 g g+4 3g
3g+1]|3g+4 3 4g + 2
29+3| g+1 |49+3|39+3

In [19] it is shown that:

Theorem 1.3.25. Let m,n be two integers such that ¢ = 2mn + 1 is a prime
power such that there exist two distinct odd primes p,p’ dividing m and n,
respectively. Then there exists a rank-one H(m,n) over F,.

In Section we study the embeddings that can be constructed from class
of arrays in the particular case of ¢ being a prime number, following the results
that we obtained in [30].

1.3.7 Archdeacon arrays

The following generalization of Heffter arrays has been introduced in [43].

Definition 1.3.26. An Archdeacon array A over an abelian group (G, +) is an
m X n partially filled array with elements in G such that:

(by) if g € E(A), then —g & E(A);
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(¢) every row and column is zero-sum in G.

Note that in this definition there is no condition on the number of filled
cells in the array and the entries may not be necessarily a half-set of G; for
simplicity, here we assume that an Archdeacon array may not contain empty
rows or columns. The classical notion of (relative) Heffter array can be recovered
if G =27Z,, £E(A) = G\ J, where J is a subgroup of Z,, and

(a) every row has h filled cells and every column has k filled cells.

These arrays can then be used to construct graph decompositions that are in-
variant under the action of the group G, see also Section [2.3]

Example 1.3.27. An Archdeacon array over Z4y & Zg for every d > 3:

(—1,1) | (0,—1) | (=14,0) [ (9,0) | (6,0)
(2, -1 ) (—5,0) | (10,0)
(17,0) ) | (=16,0) (—13,0)
(—18,0) | (15,0) | (1L,0) | (=8,0)

(—20,0) | (19,0) | (4,0) | (=3,0)

Since the definition of an Archdeacon array is quite general the known result
focus on the property of being globally simple. Given two m x n partially filled
arrays A = [a, ;] and B = [b; ;] respectively defined on two abelian groups G1
and Gg, the array E = A® B = [e; ;| is the m X n partially filled array having
entries in G; @ G2 so defined:

(@i,5,bi5) if (i,7) € skel(A) N skel(B),
ei; =1 (a;;,0qG,) if (i,7) € skel(A) \ skel(B),
(0c,, bi ;) if (i,7) € skel(B) \ skel(B).
In [43] it has been shown that:

Theorem 1.3.28. Let A, B be m X n globally simple Archdeacon arrays over
two abelian groups G1 and Gy respectively, such that:

(1) for each row there exists at least one cell that is filled in both A and B;

(2) for each column there exists at least one cell that is filled in both A and
B,

J

(3) each row and each column of A and B is zero-sum in their respective
groups.

Then, the array A ® B is a globally simple Archdeacon array over Gy ® Gs.

In Chapter [6] we consider a generalization of this concept that merges the
notions of A\-fold Heffter arrays, non-zero sum Heffter arrays and Archdeacon
arrays.



Chapter 2

Graph decompositions

In this chapter we show the connection standing between Heffter arrays and de-
compositions of a complete (multipartite) graph whose order is determined by
the parameters of the Heffter array. Firstly, in Section we define some classi-
cal terms of Graph Theory, while in Section [2:2) we discuss the concept of graph
decompositions. In Section[2.3]we describe difference families, that are combina-
torial structures that can be employed to easily construct graph decompositions
admitting a large group of automorphisms. Finally we show the connections of
Heffter arrays with difference families, and with graph decompositions.

2.1 Graphs

In this section we recall some elementary definitions about graphs; good refer-
ences for this topic are [45], [95]. We remark that in this thesis we discuss simple
graphs.

Definition 2.1.1. A graph I is a pair (V, E)) where V is a set of elements, called
vertices, and F is a set of unordered pairs of distinct vertices of I', called edges.
Two graphs I' = (V, E) and I'" = (V’, E’) are isomorphic, denoted as I" = I”,
if there exists a bijection, called graph isomorphism, f : V — V' such that for
every u,v € V it holds {u,v} € E if and only if {f(u), f(v)} € E’. A graph
isomorphism from V' to itself is called an automorphism of T.

Given a graph T' we also denote by V(T') its set of vertices and by E(T)
its set of edges. The automorphisms of a graph can be intuitively seen as
its symmetries; for this reason we say that a graph having a rich group of
automorphisms is highly symmetric.

The number of vertices of a graph I is called order of I', while the number
of its edges is called size of I'. A subgraph T of a graph T is a graph such that
V({I) c V(T') and E(I") C E(I"). Two vertices u,v are adjacent if e = {u,v}
is an edge of T', and in this case u and v are said to be the endvertices of e.
The degree of a vertex v is the number of vertices that are adjacent to v, and a
graph is said to be regular of degree d (or d-regular) if every vertex has degree
d. A walk is a sequence of vertices (v, ve,...,v,) with v; adjacent to v,y for
every i € {1,2,...,n — 1}; a walk is closed if v1 = v,, and it is open otherwise.

A graph I' is said to be bipartite if its vertex set can be partitioned into two
disjoint sets A and B such that every edge of I' has one endvertex that belongs
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to A, and the other one belongs to B. A simple and very well known result
shows that a graph is bipartite if and only if it does not contain any cycle of
odd length.

We now define some significant classes of graphs that will be used in the
whole thesis. The path graph P, of order n is the graph having {v,...,v,}

as set of vertices, and {{v;,v;41} : 4 € {1,...,n — 1}} as set of edges. Note
that a path is an open walk over distinct vertices. The cycle graph C, of
order n is the graph having {v1,...,v,} as set of vertices, and {{v;,v;41}:1 €

{1,...,n—1}}U{v,,v1} as set of edges. Equivalently, a cycle graph is a closed
walk over distinct vertices.

The complete graph K, of order n is the graph having n vertices, such that
every pair of distinct vertices is adjacent. Let p,m be any pair of positive
integers, and let Pj,..., P, be m mutually disjoint sets of vertices, each one
having size p. Then, the complete multipartite graph K,y is the graph having
U™, P; as vertices, and such that two vertices are adjacent if and only if they lie
in different sets. The sets P; are also called the parts of K,y ,. In the particular
case m = 2 the graph is bipartite and it is denoted as K, , instead of Kay,.

2.1.1 Cayley graphs

The description of some highly simmetric graphs can be simplified by considering
graphs whose vertices are elements of a suitable group. In this section we denote
by (G, +) a group having neutral element 0, where for every € G\ {0} by —x
we denote its inverse.

Definition 2.1.2. Let @ C G\ {0}, such that w € Q implies —w € Q. The
Cayley graph on G with connection set €, denoted as Cay|[G : €], is the graph
(V, E) such that:

V=G, {uveEsu—veq

It then easily follows that || is even if it does not contain involutions, and
that Cay[G : Q] is |Q]-regular.

Remark 2.1.3. Some classes of graphs previously defined are particular Cayley
graphs, namely:

(1) the cycle graph C), is isomorphic to Cay[Z,, : {£a}], where a is a generator
of Zy;

(2) the complete graph K, is isomorphic to Cay[G : G \ {0}], for every group
G of order n;

(3) the complete multipartite graph K, x, is isomorphic to Cay[G : G \ J],
where G is any group of order mp and J is a subgroup of G having order
.

Example 2.1.4. In what follows we show an example of the cycle graph Cy,
seen as the Cayley graph Cay[Zs : {£3}], and of the complete graph Kg, seen
as Cay|Ze : Z¢ \ {0}] (to avoid confusion in the picture we have shown the
differences only for the cycle graph):
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In the following figure we show the complete multipartite graph K x3 on 12
vertices, having 4 parts of 3 vertices, seen as the Cayley graph Cay[Zis : Z12 \
{0,4,8}]:

11 2

.

Assume now that I' = (V| E) is a subgraph of a Cayley graph Cay[G : Q] for
some group (G, +) and some connection set 2. We can then label the vertices of
I' with the elements of the group G and, in order to simplify the exposition, we
identify the vertices of I" as elements of G. Moreover, one can define a natural
action of G on the vertices of Cay[G : Q]: for every g € G the action of g is the
map ¢g : x — x + g. For simplicity we directly denote by I' 4 g the image of
I through ¢,. It can be easily seen that ¢, is an automorphism of Cay[G : €],
while the graph I' may be distinct from the graph I' + ¢g. In general the set
{T'+g:g € G} is said to be the orbit of I'. We develop this concept in the
following sections, when dealing with the topics of graph decompositions and
difference family.

2.2 Designs and graph decompositions

In this section we consider two important topics of Discrete Mathematics. The
first one, called 2-designs, is a class of combinatorial structures whose introduc-



28 CHAPTER 2. GRAPH DECOMPOSITIONS

tion can be traced to the 19th century by Pliicker [82] during his studies on
algebraic curves. Some examples of these structures are Steiner triple systems,
that we briefly discussed in Section[I.1] 2-designs have been studied due to their
various connections with topics of finite geometry and the design of experiments.

Then we consider a generalization of the concept of a 2-design, called graph
decompositions, and some of their related topics.

2.2.1 2-designs

In this subsection we consider a particular class of block designs that has been
widely studied in the literature (see for instance [67]):

Definition 2.2.1. A 2-(v,k, A) design is a pair (V, B), where V is a set of v
points and B is a set of k-subsets of V, called blocks, such that every pair of
points is contained in exactly A blocks. Two designs (V,B) and (V',B’) are
isomorphic if there exists a bijection f : V — V', called isomorphism, such
that for every subset B of V it holds B € B if and only if f(B) € B'. An
automorphism is an isomorphism of a design with itself.

A 2-(v,k, 1) design is also called a Steiner system, denoted as S(2, k,v). For
k = 3 the design is called a Steiner triple system of order v, denoted as STS(v).

One can easily deduce some necessary conditions on the parameters for the
existence of a 2-(v, k, \) design: clearly k < v (the case k = v leads to trivial
block designs); the replication number r, that is the number of blocks containing
a fixed point, is given by )‘g’:ll), while the number of blocks b is );g’(%:ll)). Since
both 7 and b have to be integers we have:

AMv—=1)=0 (mod k—1), A(v—1)=0 (mod k(k—1)).

Finally, Fisher’s inequality b > v implies that A(v — 1) > k(k — 1). A set of
parameters satisfying the trivial necessary conditions stated above is said to be
admissible.

It has been proven in [55] that these conditions are also sufficient for k& =
3,4,5, while in 1972 it has been proven by Wilson [97] that:

Theorem 2.2.2. The necessary conditions for the existence of a 2-(v,k,\)
design are also sufficient for sufficiently large values of v.

This result, while being very important for the solution of the existence
problem, gives no bounds on the minimum value of v for which there exists a
2-(v, k, \) design for fixed values of k and A.

Among the various block designs that one can consider, the most noble and
difficult to construct are those with A = 1, i.e. the Steiner systems. As for
classical designs, given a parameter k it is not easy to find a value v for which
there exists an S(2,k,v), except for the notable cases where k or kK — 1 is a
prime power, k > 2 (in this case, the designs are given by projective and affine
geometries over finite fields). Indeed, the existence of an S(2,15,v), where
k = 15 is the smallest integer such that neither k = p™ or k = p™ + 1 for some
prime p, remained an open problem until 1972 when Wilson showed in [96] the
existence of an S(2, 15, 76231).

A complete existence results can be found for small values of k and in partic-
ular for k = 3. As already mentioned in Section [I.1] a complete existence result
for these structures is due to Kirkman [61].
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2.2.2 Graph decompositions

While some pioneering results can be framed in terms of graph decompositions,
the subject took off in the second half of the twentieth century as a generalization
of the concept of block designs, see for instance [I1],[15]. Indeed, 2-(v, k, A) block
designs can be seen as a particular class of graph decompositions.

Definition 2.2.3. Given a graph K, a decomposition of K is a collection B =
{B1,...,Bn} of subgraphs (blocks) of K whose edges partition E(K). If all
blocks are isomorphic to a given graph I' the decomposition is said to be a
(K,T)-design or a I'-decomposition of K.

Let K be a graph whose vertex set is an additive group G. A (K, T')-design
B is said to be G-regular, or reqular under G, if B + g € B for every B € B.
A (K,T')-design is said to be cyclic, abelian, ... if is regular under a group G
having the respective property.

For a graph K = (V, E) having I = (V’, E’) as a subgraph, a simple counting
argument shows the following necessary conditions for the existence of a (K, T')-
design:

(1) |E'| is a divisor of |E|;

(2) if K and T are regular of degree d and d’ respectively, then d’ is a divisor
of d.

The most studied (K, T')-designs in the literature are those where K = K,,, and
I is either a complete graph K}, or a cycle graph C}, for some positive integers
v and k, with v > k.

It is not hard to see that the former case is equivalent to a S(2, k,v) Steiner
system (V, B) where the points of V are identified with the vertices of K, and
the blocks correspond to the vertex set of the copies of Ki. The latter class
of graph decompositions are called k-cycle systems of order v, see for instance
[14]. We remark that in particular a 3-cycle system of order v is precisely an

STS(v).

Example 2.2.4. An example of a Steiner system is the Fano plane given in
Section The blocks of the Fano plane can then be seen as the following

3-cycles:
3 1 4 2 5 3 6 4
4 5 6

These blocks form a (K7, Cs)-design (or, equivalently, a 3-cycle system of
order 7):
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The existence of a S(2,k,v) for a set of admissible parameters is in general
an unsolved problem; indeed, the best known result in this direction is Theo-
rem [2.2.2] This is not the case for k-cycle systems: in fact, a series of papers
published over the course of more than 30 years showed constructively that the
necessary conditions for the existence of a k-cycle system of order v are also
sufficient:

Theorem 2.2.5. There exists a k-cycle system of order v if and only if k < v,
v is odd and v(v — 1) =0 (mod 2k).

The first construction of k-cycle systems, apart from the case k = 3 (that
corresponds to a STS, already discussed in the previous section), is the one
given by Walecki, and described in [66], where k = v. Several other results were
then established throughout the years, see for instance Kotzig [63] and Rosa
[85] [86], who constructed decompositions that were moreover cyclic. A major
breakthrough was then reached in 1978, when it was showed in [9] that if for
an even k there exists a k-cycle system for every admissible order v € [k, 3k],
then there exists a k-cycle system for every admissible order. In [59, [84] an
analogous result was proven for every odd k. The proof of Theorem was
then completed when a k-cycle system of order v € [k, 3k] was constructed in [3]
for every odd k (see also [I7] for an alternative proof) and in [88, 7] for every
even k.

In [T6] 20], the authors studied cyclic k-cycle systems, showing that:

Theorem 2.2.6. There exists a cyclic k-cycle system of order v for everyv =1
(mod 2k).

We remark that it has been shown in [I8] O8] that there are infinitely many
pairs (v, k) satisfying the trivial necessary conditions for the existence of a cyclic
k-cycle system of order v, for which such a decomposition does not exist. We
highlight the fact that as a consequence of a classical result that we show in
Section [2.3] namely Corollary the previous statement implies the follow-
ing:

Corollary 2.2.7. There exists a D(nk; k) Heffter system for every n >k > 3.

We recall the definition of orthogonal decompositions, which will be useful
to explain the connection between Heffter arrays and this topic:

Definition 2.2.8. Two graph decompositions of a graph K are said to be
orthogonal if any block of the first shares at most one edge with any block of
the second.
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2.3 Difference families

In this section we introduce a tool, called difference family, that has been used
throughout the literature in order to construct regular graph decompositions
and in particular to prove Theorem [2.2.5] We moreover discuss two problems
introduced by Heffter, that link Steiner systems with difference families, and
direct the attention towards Heffter arrays and their relation with cycle systems,
as discussed in Section [2.4]

The tool of difference families was introduced by Anstice in 1852 [4] (see also
[1]) as a method to construct various combinatorial structures, like cyclic Steiner
systems and Kirkman systems. Difference families can also be used to construct
finite projective planes, as done by Kirkman in 1857 [62], Hadamard matrices
[94], cycle systems and graph decompositions. Firstly, we give the original defi-
nition of a difference family over blocks, and then we consider its generalization
over graphs introduced in [22]. We show in Theorem and in Corollary
[2:326] the connection between difference families and graph decompositions.

2.3.1 Classical Definition

Let B = {b1,...,b} be a subset of an additive group G. Its list of differences
is the multiset A(B) = {b; —b; : i,j € [1,k],i # j}. f B={B1,...,Bs} isa
collection of sets, its list of differences is the multiset given by the union of the
lists of differences of the B;s, namely A(B) = |JA(B;).

Definition 2.3.1. Let B be a collection of subsets of a group (G, +), and let J
be a subgroup of G. Bis a (G, J, k, 1) difference family over G relative to J (in
short, RDF) if its list of differences covers each element of G \ J exactly once,
that is A(B) = G\ J.

As for (K, T')-designs, a difference family is said to be cyclic, abelian, ... if G
has the respective property. A (G, {0}, k,1) RDF is denoted as (G, k,1), and it
is simply called difference family (in short, DF). A (Z,, J, k, 1) difference family
is usually denoted in the literature as a (v, J, k, 1) RDF. Moreover, a difference
family that consists of a single block is called a difference set.

As for 2-designs there are some necessary conditions that have to be satisfied
by the parameters for the existence of a (G, J, k, 1) difference family, namely:

|G| =1J] (mod k(k —1)).

Finally, the development of a collection of sets B under the action of G is
the multiset dev(B) = {B+g¢| B € B,g € G}.

Example 2.3.2. Let B = {0, 1, 3} be a subset of Z;. It is immediate to see that
A(B) = £{1,2,3}, hence B = {B} isa (7, 3,1) difference set whose development
is the Fano plane, as shown in the following figure:
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In other words, dev(B) is a cyclic STS(7).

Difference families have been used in many constructions of Steiner systems:
for instance, these structures were implicitly employed by Skolem in [92] 093] to
construct cyclic STSs.

2.3.2 Difference family over graphs

The concept of a difference family can be generalized to the context of graphs,
see [22]. Given a graph I = (V, E) whose vertices are elements of a group
(G, +), we say that its list of differences is the following multiset:

A) ={u—v,v—u| {u,v} € E}.

We remark that if z € G is contained in the list of differences, —x is in the
list of differences as well. For a collection F of graphs [';, its list of differences
is the multiset given by the union of the lists of differences of the I';s, namely

A(F) =UA().

Definition 2.3.3. Let F be a collection of graphs isomorphic to a given graph
I’ with vertices in a group (G,+), and let J be a subgroup of G. F is called
a (G, J,T,1) difference family over G relative to J (in short, RDF) if its list of
differences covers each element of G \ J exactly once, that is A(F) = G\ J.

Also in this case, a difference family is said to be cyclic, abelian, ... if G
is cyclic, abelian, .... As for classical relative difference families, a (Z,, J,I',1)
relative difference family is denoted as (v, J,T', 1), and if F consists of a single
block T' it is also called difference graph. In the case J = {0}, the difference
family is more simply denoted as (G, T, 1).

Remark 2.3.4. A (G, J, Kj, 1) RDF is nothing but a classical (G, J, k,1) RDF.
The effectiveness of this tool is shown in the following well-known result [22].

Theorem 2.3.5. Let J be a subgroup of order n of an additive group G of order
mn. If there exists a (G, J,T',1) relative difference family F, then dev(F) is a
(Kmxn,')-design reqular under G.

Conversely, every (K xn,')-design reqular under G is the development of
a (G, J,T, 1) relative difference family.
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Proof. To prove the first part of the statement, let F = {I'1,...,I',} be a
(G, J,T', 1) relative difference family, where I'; is isomorphic to I' for each ¢ €
{1,...,n}. Let 2,y € G be two elements that do not belong to the same coset
of J. We show that there exists an index ¢ and an element ¢ € G \ J such that
T'; +t contains the edge {z,y}. Let § := y — x, and let ¢ be the index such that
0 € A(T;) (that exists since x, and y belong to different cosets of J, and it is
unique by the definition of a difference family): since x # y, we have § # 0.
Denote by {u, v} the edge of T'; having difference v — u = 4, and let g := u — x.
It can immediately be seen that:

v—g=u+d—g=x+I=y,

hence the edge {x,y} belongs to the graph I'; — g.

To prove the second part of the statement, let B be a (K, xn,[')-design
regular under a group G. By definition for every block B € B and g € G it
holds B 4+ g € B, hence B can be partitioned into orbits. Let now F be a
collection of blocks such that they pairwise belong to different orbits: it can
be easily seen that these are pairwise edge-disjoint graphs, and that the set of
differences of F contains every element of G \ J exactly once. We can then
conclude that F is a (G, J,T', 1) difference family. O

We highlight the following particular case:

Corollary 2.3.6. Let G be an additive group of order m. If there exists a
(G,T,1) difference family F, then dev(F) is a (K,,,')-design reqular under G.

By generalizing the previous result, we can state the following remark that
will be of particular interest when dealing with certain classes of Heffter arrays.

Remark 2.3.7. If F is a collection of isomorphic copies of a graph I' with
vertices in a group G, then dev(F) is a I'-decomposition of Cay[G : A(F)].

We furthermore remark that to construct a decomposition of a Cayley graph
[G : Q] the important condition is that for a set B of graphs it holds A(B) = €,
and the definition of a difference family can be relaxed to include collections of
non-isomorphic graphs.

2.3.3 Heffter’s difference problems

As discussed in the previous sections, one of the first classes of block designs
whose existence has been extensively studied is the one of Steiner triple systems.
While their existence result was completely established by Kirkman in 1847, the
constructions that he provided were rather complicated and not easy to follow.
In particular, they lacked many desirable features, like symmetries, in order to
get simpler representations of these designs. For this reason, researchers tried
to construct Steiner triple systems having a large automorphism group: the first
and most obvious case to consider was the one of cyclic Steiner triple systems.
Indeed, at the end of 1800s Heffter introduced in [57, [58] two difference problems,
that were later named after him, whose solutions allow the construction of cyclic
Steiner triple systems. Both difference problems were solved by Peltesohn in
[81], and later by Skolem in [92] 93] by using a different approach that involves
the so-called Skolem sequences.
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The first Heffter’s difference problem asks for a partition of the set {1,...,
3n} into triples {a,b,c} such that a +b =cor a+ b+ ¢ = 0 (mod 6n + 1).
Hence:

Proposition 2.3.8. Let {{a;,b;,c;} | i € [1,n]} be a solution to Heffter’s first
difference problem. The set {{0,a;,a; + b;} | i € [1,n]} is a (6n + 1,3,1)
difference family whose elements are the base blocks of an STS(6n + 1).

Meanwhile, the second Heffter’s difference problem asks for a partition of
the set {1,...,3n + 1} \ {2n + 1} into triples {a,b,c} such that a + b = ¢ or
a+b+c=0 (mod 6n+ 3).

Proposition 2.3.9. Let {{a;,b;,¢;} | i € [1,n]} be a solution to Heffter’s second
difference problem. The set {{0,a;,a; + b;} | i € [1,n]} is a (6n + 3,3,3,1)
difference family, and together with {0,2n + 1,4n 4 2} it forms the base blocks
of an STS(6n + 3).

From the name and the statement of these problems one can easily deduce
their relevance in this thesis: indeed, a Heffter system D(nk, k) with k =3 is a
solution to the first Heffter’s difference problem.

2.4 Connection with Heffter arrays

In this section we discuss the connection between difference families and Heffter
arrays. Firstly, we show that from a Heffter system whose blocks admits a
simple ordering it is possible to construct a cyclic difference family whose base
blocks are cycles. As a consequence we obtain that it is possible to construct
orthogonal cyclic cycle systems from a simple Heffter array (see Section .

Let R = {r1,...,7n} be the set of elements of a row of a Heffter array
H(m,n;h, k) and let wr be an ordering of R. Denote by s1, sa, ..., s, the partial
sums of wgr. Note that since R is zero-sum, wg is simple if and only if it does
not contain any proper subsequence that sums to 0. Construct the following

walk:
W(UJR) = (07517827"'78}1—178}7,)' (241)

We prove the following simple lemma:

Lemma 2.4.1. The walk W(wgr) of Equation is
(1) closed with no repeated edges;
(2) a cycle if and only if wr is simple.

Proof. (1) Since R is zero-sum, it follows that the last element of the vertex
sequence Sp = Z}f r; is the vertex 0, hence the walk W (wg) is closed. Assume
now that two edges {s;,s,+1} and {s;,s;11} coincide: this would imply that
Sit+1 — 8i € {£(sj+1 — sj)}. However, it would follow that

Sit1 — 8 = Tip1 € {Erjp1} = {£(s541 — 85) }-

By the property (b) of a Heffter array, exactly one between ;11 and —r; 1 may
appear (precisely once) in the array, that is a contradiction.

(2) By definition of simplicity the s;s are pairwise distinct and different from
0 for ¢ # h, thus W(wg) is a cycle; the converse immediately follows. O
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We can then state the main connection between graph decompositions and
Heffter arrays.

Proposition 2.4.2. Let A be an H(m,n; h, k) Heffter array such that for every
row and for every column there exists a simple ordering. Then:

(1) there exists a (Zonk+1,Ch, 1) difference family, hence a cyclic h-cycle sys-
tem of order 2nk + 1;

(2) there exists a (Zong+1,Ck, 1) difference family, hence a cyclic k-cycle sys-
tem of order 2nk + 1.

Moreover, the two cycle systems are orthogonal.

Proof. To prove (1) (respectively (2)) it is sufficient to apply Lemma to
every row (respectively column) of the Heffter array A, considering its simple
ordering. For every row R; = {r1,...,r,}, with i € [1,m], let Bgr; = W(wg,) be
the cycle obtained from R; using its simple ordering wg,. Then, A(Bg,) = £R;,
hence A(J Br;) = Zank+1\{0} and | Bg, is a (2nk + 1, C, 1) difference family.
The same reasoning can be applied to every column of A.

Let D and D¢ respectively be the two cycle systems of (1) and of (2), and
let B € D and B’ € D¢; by construction, A(B) = +R; for some row R;, and
A(B'") = £Cj for some column Cj. It is trivial to observe that a necessary
condition for two edges to coincide is that they have the same difference; B and
B’ might share an edge having difference £z only whenever x € R; N C;. Since
a row and a column can meet in at most one cell, the statement follows. O]

Some easy considerations derived from the properties of a Heffter array show
that an H(m,n; h, k) is always simple for h, k < 5. More in general the study
of the simplicity of a subset of a finite group has been a subject of research
before the introduction of Heffter arrays. Indeed, Alspach proposed the following
conjecture, studied in [10]:

Conjecture 2.4.3. For every T C Zy, \ {0} such that ), .t # 0 there exists
an ordering of the elements of T such that the partial sums are all distinct and
non-zero.

In view of the application to Heffter arrays, in [38] the authors proposed the
following conjecture, that is related to the previous one:

Conjecture 2.4.4. Let (G, +) be an abelian group. Let T be a zero-sum finite
subset of G\ {0} with no zero-sum 2-subset. Then T admits a simple ordering.

Clearly the validity of Conjecture for cyclic groups would imply that
every Heffter array is simple. It has been proven in [38] that Conjecture
holds for every abelian group if |T'| < 10 and for every subset T if the order of
the abelian group G is smaller or equal than 27.

Remark 2.4.5. Since a Heffter array over Z, relative to the subgroup J of order
t (see Definition is filled with elements in Z, \ J, it follows that if such
an array is simple it is possible to construct cyclic cycle systems of a complete
multipartite graph. In particular from a simple H;(m, n;h, k), there exist a
(Ky/¢xt, Cn)-design and a (K, /¢, Cr)-design, and the two decompositions are
orthogonal.
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Remark 2.4.6. Assume that there exists a simple array satisfying Conditions
(a) and (c) of Definition [1.1.7} and the following condition:

(bcay) the set {£x : 2 € A} contains each element of G'\ S exactly once,

where S is a subset of a group (G,+), such that —S = S, 0 € S. Then, it is
possible to construct G-regular (Cay[G : G\ S],C}) and (Cay[G : G\ S], Cy)-
designs, that are moreover orthogonal.



Chapter 3

Biembeddings

In this chapter we show an interesting connection between a classical concept of
Topological Graph Theory and Heffter arrays; indeed, this relation is one of the
reasons for which Heffter arrays were introduced in the first place by Archdea-
con in [6]. In particular, we define the problem of the embedding of a graph
on a surface and its face coloring. We show that Heffter arrays can be used
to construct 2-face colorable embeddings of the complete (multipartite) graph.
Moreover, the construction of these embeddings depends on the concept of or-
derings introduced in Section and the natural orderings play an interesting
role in the definition of a tour problem over the filled cells of the Heffter array,
proposed in [33]. In Section we introduce some notions of Topological Graph
Theory, that give the basic definitions regarding the embedding of graph over
surfaces. In Section we further develop this theory thanks to the concept of
current graphs. In Section we introduce the problem of the coloring of the
faces of an embedding. In Section [3.4] we discuss the relation between Heffter
arrays and biembeddings, while in Section we study the aforementioned tour
problem whose solution allows the construction of a biembedding, showing some
results obtained in [68]. Finally in Sectionwe study the automorphism group
of the biembedding that can be constructed from a Heffter array, contained in
a joint work with Costa in [36].

3.1 Graph embeddings

In this section, following Chapter 3 of [54], we introduce the classical definition
of a graph embedding over a (closed) surface, showing some tools that have
been developed throughout the years to efficiently represent these embeddings.
Other references that discuss graph over surfaces are [73, [74]. As we will see it
can be proved that to construct an embedding it is sufficient (and it is actually
equivalent) to know whether a given edge preserves or reverses the orientation of
the surface, and to know a cyclic orientation of the edges that are adjacent to a
vertex. We highlight that in this whole chapter we assume for simplicity, unless
explicitly stated, that the surfaces that we consider are closed and orientable.
We recall that an edge e in a graph I' is an unordered 2-subset of the set of
vertices of I'. In this section we need to introduce the notion of a directed graph.
Given a set V of vertices a directed edge is an ordered pair of distinct vertices.

37
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A directed graph (also called digraph) is a pair of a set of vertices and a set of
directed edges. From an unordered edge e = {u,v} we can naturally construct
two directed edges, that we denote as e™ = (u,v) and e~ = (v,u). If ' = (V, E)
is a graph where every edge is undirected, we denote by ' = (V, D) the graph
having V as set of vertices and {et,e™ : e € E} as its set of edges. We also
write D(I") to denote the set of edges of [. We now introduce a topological
structure over a graph.

Any graph T' = (V| E) can be represented by a topological space, called
topological representation of T, in the following way: each vertex v € V is
represented by a distinct point and each edge by a distinct arc homeomorphic
to the interval [0, 1]. To do this, we recall that two topological spaces X and Y
are homeomorphic if there exists a function f : X — Y, called homeomorphism,
that is bijective, continuous, and with continuous inverse. We moreover require
that the interiors of the arcs are mutually disjoint, and two arcs intersect in at
most one of the points of their boundary. We can define then an embedding of
a graph over a surface, see [73]:

Definition 3.1.1. Given a graph I" and a surface X, an embedding of T in X
is a continuous injective mapping ¢ from the topological representation of I' to
the surface X.

Informally speaking an embedding of a graph I' in ¥ is a drawing of I" over
¥ such that no two edges cross each other, as shown in the following example.

Example 3.1.2. In the figure below we show an embedding of the complete
graph Kjg over the torus:

The connected components of X \ ¢(T") are called 1)-faces, that we more
simply call faces if the function v is clear from the context. If each face is
homeomorphic to an open disc, the embedding v is said to be cellular. From
now on, we implicitly assume that all embeddings are cellular. Two embeddings
Y : ' —= Y and ¢ : IV — X/ are isomorphic whenever there exists a graph
isomorphism o : ' — T such that o(F) is a ¢'-face if and only if F' is a 1-face.
For an embedding of a graph I' = (V| E), whose set of faces is F, the Euler
characteristic of T', denoted by x(T'), is given by:

x(@) = V[ = [E| +|F].
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From Example for instance, we can see that for an embedding of Kg on
the torus we have |V| =6, |E| =15 and |F| =9, hence x(Kg) = 0.

A simple observation shows that every graph can be embedded in a suitable
surface:

Remark 3.1.3. Given a map v from a graph I' to a surface ¥ admitting two
edges e and €’ that cross each other, construct a surface ¥/ from X as follows:
cut two small disks on each side of one of the two edges, say €', and attach a
handle between the two holes. Let now 1’ be the map from I to ¥’ that reroutes
the edge e along new handle: it is easy to see that e and €’ are now disjoint in
Y. If this procedure is repeated until all crossings are eliminated, we get an
embedding of ' on an orientable surface.

Clearly, if a graph can be embedded in a surface ¥, then it can be em-
bedded in every surface ¥, obtained by attaching n-handles to ¥. Moreover,
the classification theorem of closed surfaces states that every connected, closed
and orientable surface ¥ is homeomorphic to a surface obtained by attaching
n-handles to a sphere, for some positive integer n > 0. The number n of handles
is called the genus of the surface 3 and is denoted by ().

Given a graph I, it is interesting to study which is the minimum integer
n such that I' can be embedded in a surface having genus n. This parameter,
called genus of the graph and denoted as (I'), is of much interest in research
and in general it is quite hard to determine. It is worth pointing out that the
procedure given in Remark does not give very good upper bounds on the
genus of the graph: for instance, any drawing of Kg on the sphere results in at
least three edge crossings, but they can be removed by adding just one handle;
indeed, as shown in Example K¢ can be embedded in the torus.

An important class of graphs that it is worth mentioning is the one of the
so-called planar graphs, that are those graphs that can be embedded in the
euclidean plane. As a first remark it is not hard to see that by means of a
stereographic projection a graph is planar if and only if it can be embedded on
a sphere, i.e. it has genus 0. A very classical characterization of planar graphs
is the following, due to Kuratowski [65]:

Theorem 3.1.4. A graph is planar if and only if it does not contain a subgraph
that is homeomorphic to K33 or Ks.

We conclude with the following important relation between the genus of a
graph and its Euler characteristic:

Theorem 3.1.5. Let T' be a graph having genus v(T') = g. Let ¢ be an embed-
ding of T on a surface of genus g and let x(I") be the Euler characteristic of the
graph embedding. Then:

x(I') =2-2g.

Note that the embedding of K on the torus of Examplehas X(Ks) =0,
hence g = 1; indeed the torus has genus 1.

Given a graph embedding on a surface 3, one can conveniently describe the
embedding by means of a schematic called band decomposition, that can be
further simplified in the form of a rotation system. In what follows we describe
these two structures.
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Band decomposition

A band decomposition is a topological structure that allows to simplify the
description of an embedding. Informally speaking, a band decomposition of an
embedding is obtained by removing from the surface the interior of the faces
of the embedding, except for a sufficiently small neighbourhood of the vertices
and of the edges of the embedded graph.

A 0 band is a topological space homeomorphic to an open disk, while a 1
band is a topological space b that is homeomorphic to [0,1] x [0, 1] through a
map h : [0,1] x [0,1] — b. The arcs h([0,1] x i), for ¢ = 0,1 are called the ends
of b. A (reduced) band decomposition is a collection of 0 bands and 1 bands such
that:

(1) different bands intersect only along arcs in their boundaries;
(2) the 0 bands are pairwise disjoint;
(3) the ends of a 1 band are contained in a 0 band.

A band decomposition of a graph embedding I' — ¥ is a band decomposition of
Y such that:

(1) there exists a bijection between vertices of I' and 0 bands;

(2) if {u,v} is an edge of T', then there is a 1 band having non empty inter-
section with the 0 bands corresponding to u and v.

Starting from a graph embedding I' — X, a band decomposition is obtained
from the union of a sufficiently small tubular neighbourhood of the image on %
of each edge of ', and a sufficiently small disk around the image of each vertex.

Example 3.1.6. In this example we show the band decomposition of the follow-
ing embedding of the complete graph K5 over the Klein bottle (we considered
a non-orientable surface in order to show the possible 1-bands that can be ob-
tained):

N

A band decomposition is then shown in the following figure:
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Notice that the Klein bottle is a non-orientable surface, and one might think
that this can be easily seen by the twisted 1 band corresponding to the edge
{vq9,v4}. However, this condition turns out to not be sufficient, as in order to
identify the orientability of the surface from a band decomposition, one has to
verify if the twisted 1 band is a part of a larger orientable part of the surface.
In the following part we give a more formal description of this concept.

Orientation and rotation systems

Given a band decomposition of a graph embedding an embedding is said to
be locally oriented if an orientation is assigned to each 0 band. A 1 band is
orientation preserving if the directions induced on its ends by adjoining 0 bands
are the same as those induced by one of the possible orientation of the 1 band. If
this is not the case the 1 band is called orientation reversing; the four different
possibilities are shown in the following figure, where the 1 bands on the left are
orientation preserving, and the 1 bands on the right are orientation reversing:

7 N 7Y N
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An edge of the graph embedding is of type 0 if the corresponding 1 band is
order preserving, and of type 1 otherwise. For instance, assuming that every 0
band has the same local counterclockwise orientation, the 1 band correspond-
ing to the edge {vs,v4} of Example is orientation reversing and {vg,v4}
is a type 1 edge, while every other 1 band is orientation preserving and the
corresponding edge has type 0.
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A subgraph of the graph embedding is of type 1 if it contains an odd number
of edges of type 1, and is of type 0 otherwise. It can then be proven the following
statement:

Theorem 3.1.7. Let I' — X be a graph embedding. 3 is a non orientable
surface if and only if there exists a cycle of type 1 in the graph embedding.

It then can be clearly seen that the cycle of Example[3.1.6] having as sequence
of vertices (v1,v4,v2) is of type 1, hence the surface is non-orientable: indeed,
the surface is a Klein bottle. We point out the following operation that preserves
the surface and can be used to reverse the orientation of some 0 bands:

(1) let p, be the orientation of the 0 band corresponding to the vertex v;
(2) reverse the orientation p,;

(3) change the orientation type of every edge that is incident to v in the
embedding.

We now are ready to introduce a key concept in the description of an embedding,
see also Example [3.1.10

Definition 3.1.8. A (local) rotation of a vertex v is an ordered list, up to a
cyclic permutation, of the directed edges originating at v in the graph embedding
read with respect to the occurrences of their corresponding 1 bands in the local
rotation given by the 0 band corresponding to v. A rotation system is an
assignment of a rotation to each vertex, and an orientation type to each edge.

The importance of this definition is then clear from the following result:

Theorem 3.1.9. Every rotation system defines (up to isomorphism) a unique
locally oriented graph embedding. Conversely, every locally oriented graph em-
bedding defines a rotation system for the graph.

Moreover, if the graph I' has no vertex of degree 2, then the faces of the
embedding can be reconstructed with the so-called face tracing algorithm,
see [6l, [54):

Let vg be an initial vertex for a face, and let e; = {vg, v1} be any edge
that is incident to vg. If p,, is the rotation of vy, then the second
edge ey of the boundary of the face is obtained by pi (e1), where
= +1 if e; is of type 0, and —1 otherwise. Iterate this process,
where the edge e; 41 is ph, (e;), where p = +1 if the walk (e1,...,e;)
is of type 0, and —1 otherwise. The face is then completely traced
when, by iterating the previous procedure, we find again e; followed
by es.

Example 3.1.10. Consider again the embedding of K5 on the Klein bottle of
Example [3.1.6] It is clear that, for instance, one of the faces of the embedding
is the one having the following sequence of vertices (see also the figure below):

f = (1)171)3,’1}2, 'U4,’U1,’l)3,U4,’02).
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We now verify that the face tracing algorithm applied to a rotation sys-
tem of K5 produces the same face, when the starting edge is, for instance,
(v1,v3). We begin with the following drawing of K5 where, as it is standard,
an edge of type 1 has the x symbol drawn on top of it. For simplicity we
assume that the rotation assigned to every vertex is counterclockwise: for ex-
ample, the local rotation assigned to the vertex vy is the cyclic permutation
((v1,v3), (v1,v4), (v1,05), (V1,v2)).

U3

We then apply the face tracing algorithm in the following table, where we give
the face in terms of its vertex sequence; we recall that, if u = +1, then the next
edge is given by a counterclockwise rotation, and a clockwise rotation otherwise:

Edge Edge type Next vertex p Face

(’Ul, ’03) 0 V3 +]. (Ul

(vs,v2) O vg +1  (v1,v3

(’02, ’U4) 1 (0 -1 (’Ul, V3, U2

(’U4,’Ul) 0 V1 —1 (’U1,1)3,U2,1}4

(’Ul,’Ug) 0 U3 -1 (Ul,’Ug,’Ug,U4,’U1

(v3,va) O Vs =1 (v1,v3,v2,04,01,03
(v4,v2) 1 U2 +1 (v1,v3,v2,v4,v1, 03,04
(’UQ,’Ul) 0 V1 +1 (1)17’03,1}2,7}4,’1}1,’U37’U4,’U2)



44 CHAPTER 3. BIEMBEDDINGS

We end the algorithm since the next vertex would be v, and the edges of the
following iterations would be again (vi,v3) and (vs,v2) (equivalently we meet
the edge (v, v3) with the same parameter p).

An embedding can then be equivalently defined in purely combinatorial
terms by means of its rotation system, see [52] [91]:

Definition 3.1.11. Let I' be a graph, a combinatorial embedding of T" is a pair
IT = (T, p) where p: D(T') = D(T) is a map such that:

(1) for every (u,v) € D(T') there exists (u,v’) € D(T') such that p((u,v)) =
(u,v");

(2) for every vertex v € V(I') the restriction p, of p is a permutation of
maximum length.

3.2 Embedding of Cayley graphs and current
graphs

As discussed in the previous section many tools have been developed to simplify
the description of the embedding of a graph on an (orientable) surface. Here
we focus on a method that has been introduced to describe a particular class
of embeddings of Cayley graphs. Indeed, the rotation system by itself might be
unpractical to use for depicting embedding of graphs having a large number of
vertices: in particular it would be desirable to find a more efficient method to
describe these embeddings whenever the graph admits some symmetries, like for
Cayley graphs. As we will see such a description can be efficiently achieved using
the so-called current graphs, introduced by Youngs in [99] (see also Chapter 4
of [54]). Moreover, the description of the embeddings that arise from Heffter
arrays relies on current graphs, and some Heffter arrays have been constructed
in the literature using current graphs [g].

Definition 3.2.1. Given a graph I' = (V, E), a current assignment of T is a
function « from the directed edges of I' = (V, D) to a group (G, +), such that:

alet), ale™) #0, alet)=—a(e”) foreveryec E.

A current graph is defined as a triple (I', p, ), where I" is an undirected graph,
p is a rotation system, and « is a current assignment of T'.

We now show how one can use a current graph to construct an embedding.

Let F be the set of faces of the embedding associated to the pair (T, p), that
can be found from the face tracing algorithm. The derived graph T',, of a current
graph (T, p, @), where a maps the directed edges of I to a group (G,+), is the
graph having as vertex set the cartesian product F' x G, and having the following
edge set: an edge of T, is for convenience denoted by a pair (e, g), where e is an
edge of T" and g € G; (e, g) is incident to the vertices (f1,¢g) and (fa2, a(e™) +g),
where fi; and f, are the faces in I containing et and e~ respectively.

It is then possible to define in a natural way a rotation system, hence an
embedding, for the derived graph I'y. Indeed if f = (eg,e1,...,€,—1) is a face
of the embedding associated to the rotation system (I, ¢), then the derived
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rotation system p, is the cyclic permutation that maps the oriented edge (e;, g)

to the oriented edge (e;41,9), for i =0,1,...,n — 1, and where indices are read
modulo n.
The faces can then be found by considering the rotations eg, ..., e,_1 of the

oriented edges originating at a vertex v of I'. In view of the application to Heffter
arrays and to slightly simplify the exposition, we assume that for every vertex
v of the current graph (T, p, &) Kirchhoff’s current law holds at v, namely:

alef_1) +aler o) + ... +aleg) =0.

The faces can be found by considering the following collection of directed edges
(we recall that we use the convection of labeling the directed edges of the derived
graph as a pair (e, g) for some ¢ € E and g € G):

(6079)? (6170‘(63) +9), (6270‘(61+) + a(e(JJr) +9)seees (en*ha(e:—Z) +.t a(eg) + g)'

Remark 3.2.2. If F' = {f} is a singleton it is then easy to see that the derived
graph is the Cayley graph Cay[G : {£a(et) : e € E}].

If F' is not a singleton the derived graph is the graph having F' x G as vertex
set, and as edges those having difference:

(E(f2 = f1), £a(e™)),

where eT ranges in D, and f; and fo are the faces in F containing et and e~
respectively. The difference fo — f1 can be seen as a word of length 2 in the free
group having free generating set {£f : f € F}.

3.3 Face colorings

In this section we introduce some classical Graph Theory notions that are related
to the embedding of a graph over a surface. Some references for this topic are
[45] 54].

Definition 3.3.1. Given a graph I' and a positive integer k, a k-coloring of
I' is a function from the set of vertices of I' to a set of labels, called colors
and usually denoted with the integers {1,2,...,k}, such that adjacent vertices
receive distinct colors.

We remark that in the literature these colorings are also called proper. Ver-
tices that receive the same color are said to belong to the same color class.
A graph is k-colorable if it admits a k-coloring. The chromatic number of a
graph is the minimum integer k such that I' is k-colorable. We remark that a
2-colorable graph is precisely a bipartite graph (see Section and the two
parts of the graph are the two color classes.

The topic of graph colorings has been subject of study due to its many
applications and open problems. Moreover, one can consider a coloring of the
edges of the graph (where edges incident to the same vertex receive distinct
colors) or, given a graph embedding, a coloring of the faces of the graph (where
faces that have an edge in common receive distinct colors). It can be shown
that these problems are related to the classical vertex coloring problem, that
is applied to an auxiliary graph constructed from the original one. Here we
consider the latter problem of coloring the faces of an embedding.
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For a graph embedding ¢ : I' — X let F' be the set of its faces. We define the
face dual of the embedding as the graph I'pr = (Vp, EF) that has |F| vertices,
and that admits a bijection ¢ : Vg — F such that {f1, fo} € EF if and only if
¢(f1) and ¢(f2) are faces having at least one edge in common. An embedding
Y I' = X is k-face colorable if the face dual is k-colorable.

Many interesting problems have been raised in relation to the face colorabil-
ity of an embedding. Perhaps the most important result on this topic is the
well known Four colors Theorem, proven by Appel and Haken [5] in 1976 using
a computer-assisted proof:

Theorem 3.3.2. Every planar graph is 4-face colorable.

For a general orientable surface of genus g > 0, Heawood [56] conjectured in
1890 that the maximum number of colors needed to color a graph embedded in

the surface is:
7+ 1+ 48¢g

The validity of this upper bound was then shown by Ringel and Youngs [83] in
1968. Note that for the planar case we have g = 0 and v(0) = 4, hence this
upper bound is also tight.

Remark 3.3.3. Regarding the context of Heffter arrays, in the following sec-
tions we consider graph embeddings that are 2-face colorable, also called biem-
beddings.

It is easy to notice that a necessary condition for the existence of a biem-
bedding of a graph is that the degree of each vertex must be even: indeed, the
face dual of a biembedding is 2-colorable, thus it is a bipartite graph, and a ro-
tation around a vertex corresponds to a cycle subgraph on the face dual. Since
a graph is bipartite if and only if it does not contain odd cycles (see Section [2.1])
we conclude that every vertex has even degree.

3.4 Biembeddings and Heffter arrays

In this section we follow the construction given by Archdeacon in [6] to show
that, under suitable assumptions, it is possible to construct biembeddings of
cycle systems starting from a Heffter array. This connection has been studied
in many articles on Heffter arrays, see for instance [30, 39, 42, @7]. In the
literature a lot of attention has been devoted to the construction of embeddings
of cycle systems, see for instance [50, 51l 52 53]. Moreover, the faces of the
embedding can be easily determined from some properties of the array. To
conclude, the constructed embedding has a quite large group of automorphisms,
see also Section

Remark 3.4.1. Following [32] we call an embedding arising from a Heffter
array Archdeacon embedding, or embedding of Archdeacon type.

For a vertex u of a directed graph T' = (V, D), let D, = {(u,w) € D} be the
set of directed edges originating from w. Given a current graph (T, ¢, ), where
(T, ¢) has only edges of type 0 and « is a current assignment from the directed
edges of r= (V,D) to Z, for some positive integer v, we define the following
properties:
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(1) Kirchhoff’s current law: for every u €V, > ., a(e) =0.
(2) Unique currents: « is a bijection between D and Z, \ {0}.

(3) Monofacial embedding: the embedding constructed from (I', ¢) has a
single face.

Archdeacon showed the following;:

Theorem 3.4.2. Let T' = (V, E) be a bipartite graph having one color class
with m vertices of degree h and the other with n vertices of degree k, for some
m > k and n > h positive integers. Let (T',¢,a) be a current graph satisfying
Conditions (1), (2), and (3). Then there is an embedding of Kong+1 on an
orientable surface such that each edge lies on a face of length h and on a face
of length k. Moreover, if each local rotation on (T, @) is simple with respect to
a, then the faces of Konk41 are cycles.

Proof. As shown in the previous section, from a current graph (I', ¢, ) one can
construct an embedding of the derived graph. In what follows we show that the
current graph (T', ¢, &) as in the statement has Ko, ;1 as derived graph.

Vertex set: The derived graph of a current graph (I, ¢, ) has as vertex set
the cartesian product F' x G, where F' is the set of faces of the embedding
constructed from the rotation system (T, ¢), and G is the underlying set of the
group (G,+) to which the currents belong. Since (T', ¢, ) satisfies Condition
(3) the set F' = {f} is a singleton, and F' x G = G; in particular (G,+) =
(Zank+1,+), hence the vertex set of the derived graph can be identified with the
vertex set of Koppt1.

Edge set: The edge set of the derived graph has elements labelled with the
pair (e, g) for every e € E and g € G: the edge (e, g) has as endvertices (f1,g)
and (fa,a(et) + g), where f; and fs are the faces containing respectively e
and e”. Again, by Condition (3) the edge (e, g) is incident to the vertices
having labels (f,g) and (f,a(et) + g). As g varies in Zougi1 it is easy to
see that {(e,g) : ¢ € Zank+1} is precisely the set of edges in Kapri1 having
differences +a(e™): by Condition (2) we deduce that as the edge e varies in
E we construct the Cayley graph Cay|Zonk+1 : Zonk+1 \ {0} = Kopkt1, thus
achieving the statement (see also Remark .

Face set: We recall that given a rotation e, es, ..., ey of the oriented edges
originating at a vertex u of I', under the assumption of Condition (1) a face of
the embedding is given by

(6179)7 (62’ O‘(e—l‘_)+g)v (637 a(6;)+a(ef)+g), RS (ekv 05(62__1)+. : .+Oz(€-1i_()+g)).
34.1
Since the vertices of the two color classes of I" have respectively degree k and h,
it follows that every face of the embedding has either length k or h (hence £ = k
or £ =h). As T is bipartite every edge is incident with one vertex belonging to
each color class, thus every edge of the derived graph lies on a face of length
k and one of length h. It can be seen that the sequence of vertices relative to

the edges of Equation (3A.1) is given by § = ((f,51), (f, 52), (fs 53)s- - (f, 1),
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where s; = (Z§'=1 a(e}")) + g. Hence if the rotation is simple, i.e. the partial

sums of (a(ef),...,a(e))) are all distinct, the vertices of S are all distinct and
the face is isomorphic to a cycle. O

Remark 3.4.3. From now on if the embedding of the current graph is monofa-
cial, i.e. F'={f}, we may omit for simplicity the first component of the vertices
in the derived graph, as it would always be f. For instance we write a vertex
(f,g) of the derived graph simply as g.

Remark 3.4.4. From the proof of the previous theorem it can be easily deduced
that, given a graph I' = (V, E) and its directed version I' = (V, D), if o is a
current assignment between D and a subset Q C Z, \ {0} (for v odd), by the
current assignment definition we have that 2 = —(), and the derived graph is
isomorphic to Cay[Z, : Q]. In particular if Q = Z, \ J, where J is a subgroup
of Z,, then the derived graph is a complete multipartite graph (see Remark
[2.1.3). It follows from Theorem [3.4.2 that under Conditions (1), (2), and (3), it

is possible to construct a biembedding of these derived graphs.

Example 3.4.5. In this example we construct the embedding given in Theorem
starting from a current graph I' satisfying Conditions (1), (2), and (3) and
having the characteristics given in the statement of the theorem. We highlight
that this example was given in [0].

Let (T, p,«) be following current graph, where p is the counterclockwise
rotation for each vertex, and a maps the directed edges of T to elements of Zos
(following [6] the current assigned to a directed edge originating in a vertex v is
the one that is written closer to v):

It can be easily seen that « is a unique-current assignment and that it satisfies
Kirchhoff’s current law: for instance, if we consider the vertex as we find the
directed edges having currents {7,9, —4, —12}, and this set is zero-sum in Zsgs.
Moreover the rotation p is monofacial, as the unique face f is given by:

(1,8,6,4,—12,10,11, -5, -8, -7, —4,2,-10,3,5,—9,7, -1, -2, -6, —3,12,9, —11).
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Construct now the derived graph T, having {f} X Zos = Zo5 as vertex set, and
fix any directed edge in T, say e = (b, a1). It can be seen that a(e) = 2, hence
the edges in T',, labelled (e, g) are those having endvertices of the form {g, g+2},
as g varies in Zsos. It then follows that we obtain Kos5 as the derived graph of
(T, p, ).

Fix now a vertex of I, say again ag, and let (9,7, —4, —12) be a local rotation
of the edges originating in as. As g ranges in Zos the faces that are obtained
from as have as sequence of vertices

(9,94+9,7+949,—4+7+9+g).

It immediately follows that if the local rotation around a vertex is simple, then
the faces obtained are isomorphic to cycle graphs.

To explain the relationship between Heffter arrays and the current graph of
Theorem [3.4.2] we have to introduce the concept of compatible orderings, see

[6].

Definition 3.4.6. Given a partially filled array A, where every row R has an
ordering wr and every column C' has an ordering wc, respectively denote by
wr = llgwg and w, = owe the ordering of the rows and the ordering of the

columns of A. Then, the orderings w, and w, are said to be compatible if w,. ow,
is a cycle of length E(A).

Example 3.4.7. Let A be the following H(3,8) over Zq:

-13] -1 14 6 10 -8 | —11 3
4 —20 | -2 17 5 —-16 | =7 19
9 21 | —-12| =23 | =15 | 24 18 | =22

Then, consider the following row and column orderings:

=(—13,-1,14,6,10, -8, —11,3)(4,—20, -2, 17,5, —16, 7, 19)
(9,21, 12,23, —15,24, 18, —22)

=(- 1349)( 1,-20,21)(14, —2, —12)(6,17, —23)

(10,5, —15)(—8, —16,24)(—11, —7, 18)(3, 19, —22).

It can be seen that they are compatible, as:

wyow, = (— 13,-20,-12,6,5,24,-11,19,9, -1, -2,
—23,10,-16,18,3,4,21,14,17, 15, —8, —7, —22).

Now we are ready to state the following result, obtained by Archdeacon in

[6]:

Theorem 3.4.8. Let H be an H(m,n; h, k). H is equivalent to a current assign-
ment « satisfying Conditions (1) and (2) on a bipartite graph T having one color
class with m vertices of degree h and the other class with n vertices of degree
k. T is connected if and only if H is not, up to row and column permutations,
fully indecomposable.

Two compatible orderings w, and w, of the rows and columns of H are equiv-
alent to a monofacial rotation p on I'. Moreover, if w, and w. are both simple,
then p is simple with respect to «.
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Proof. Let H = [h; ;] be an H(m, n; h, k) and construct the graph I = (AUB, E)
having A = {ay,...,an} and B = {by,...,b,} as a partition of its vertex set,
and as edge set {{a;,b;} : h;; is a filled cell}. It is immediate to see that I" is a
bipartite graph with color classes A and B, and from the definition of a Heffter
array every vertex of A has degree h and every vertex of B has degree k. For the
directed version of I' denoted as T' = (V, D) consider the current assignment:

a((aibj)) = hiz, (b, ai)) = —hs;.

Since every row and every column of H is zero-sum in Zg,4+1, « satisfies Con-
dition (1). Moreover, as the elements of H form a half-set of Zgpx1, it follows
that « is a unique current assignment on T

Assume now that H (after possibly some row or column permutations) is a
fully indecomposable matrix, and that the graph I' is connected: let then h; ;
and hy j be filled cells of H belonging to different blocks. As I' is connected
there exists a sequence of edges connecting the vertices corresponding to the
i-th row and the 7'-th row of H: this implies that it is possible, by means of
vertical or horizontal moves on the filled cells of H, to reach h; ; from h; ;/, that
is a contradiction with H fully indecomposable. Equivalently, if I is connected
then H can not be fully indecomposable.

Let now w, and w,. be compatible orderings of H, and define 7(a) = —a for
every a € Zonk+1 \{0}. Define the following map p : Zonk+1\{0} = Zanr+1\{0}

as:
wr(a) ifae H,
pla) = { :
TowcoT(a) ifa¢gH.
Note that if a belongs to the i-th row of H, then its orbit through p is precisely
the i-th row of H. Similarly, if the inverse of a is contained in the j-th column of
H, so is the opposite of the orbit of a through p. To verify that the embedding
is monofacial we have to show that po 7 is a cyclic permutation of Zapxt1 \ {0}
Fora € H, (po7)?(a) = wrow.(a), and by the compatibility condition of w, and
w, it can be deduced that (po7)? acts cyclically on the entries of H. Similarly,
the odd powers of pot act cyclically on the entries of —H obtaining a monofacial
embedding of I'. To conclude it is easy to show that if the orderings are simple
the induced rotation is simple. O

By combining Theorems [3.4:2] and [3:4:8] it follows that from a Heffter array
admitting two compatible orderings it is possible to construct an embedding of
a complete graph. We remark that in some particular cases, as shown in [42],
it is possible to construct from a single Heffter array an exponential number of
distinct graph embeddings.

Remark 3.4.9. Since every edge of the embedding constructed from an
H(m,n; h, k) Heffter array lies on a face of length h and on a face of length
k, the embedding is face 2-colorable: it is sufficient to assign one color to the
faces having length h, and the other color to the faces having length k.

Remark 3.4.10. From Remark [3:4:4)it can be seen that the proof of Theorem
3.4.8|can be readily adapted to the case of relative Heffter arrays (see Definition
1.3.3)), hence obtaining from an H;(m,n;h, k) a biembedding of the complete
multipartite graph K anktt

Xt*
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Example 3.4.11. Let (I',p,«) be the current graph of Example By
following the proof of Theorem [3.4.8] it can be seen that the current graph
(T, p, @) is equivalent to the following Heffter array over Zas:

1 | -2]-10|11
H=|-8] 6 | -3 |5
7| -4]-121 9

paired with the following row and column orderings:

wr = (1,-2,-10,11)(-8,6,—-3,5)(7, -4, —12,9),
we = (1,-8,7)(-2,6,—4)(—10,—-3,—-12)(11,5,9).

Note that, following the notation of the current graph given in Example
w;- is the local rotation assigned to the vertices a1, as and a3, while 7o w, is the
local orientation assigned to the vertices by, by, b3 and by. It can be easily seen
that w, and w. are compatible:

wyrow, = (1,6,—12,11, -8, —4,—10,5,7, —2, —3,9).

3.5 A tour problem on a Heffter array

In the previous section it has been shown the connection between Heffter arrays
and the biembedding of a complete graph on a surface. A fundamental role in
the construction of such an embedding is played by the orderings w, and w. of
the rows and of the columns of the array, that have to be compatible, i.e. w,ow,
has to be a cyclic permutation on the elements contained in the filled cells of
the array. Moreover, it would be desirable to find a pair of compatible orderings
that are also simple in order to have faces isomorphic to simple cycles. However,
it is not very practical to find these orderings in a Heffter array having either a
large size or a large number of filled cells in each row or column. For this reason,
the class of globally simple Heffter arrays has been introduced in [39], where by
definition the natural ordering of each row and each column is simple. It now
remains to find natural compatible orderings in the globally simple Heffter array.
As we will see this problem can be seen as a tour problem over the the filled
cells of the array, that now is seen as embedded inside a toroidal surface.

It is easy to verify that if an ordering (¢1,...,%x) in a group (G, +) is simple,
then the ordering (tg,...,%1) is simple as well. In terms of natural orderings,
this implies that if we read the elements of a row (respectively of a column) from
left to right (respectively from top to bottom) or from right to left (respectively
from bottom to top), then the orderings are simple as well if the array is globally
simple. Hence, when searching for a pair of compatible orderings, we can choose
for each row and for each column either the “natural” direction or its inverse.
Moreover, if we assume that the array that we are considering is globally simple,
we are only interested in knowing which cells of the array are filled and their
actual content can be ignored.

In what follows we give a more formal description of these concepts, and
show that these are related to a tour problem of a chess-like piece over a holed
toroidal chessboard, that is given by the positions of the cells of the array that
are filled. This problem was introduced in [33] and studied by myself in [68].
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For an m x n partially filled array A, we recall that by skel(A) we denote
its skeleton, that is the set of pairs (i, 7) such that the (7, j)-th cell of A is filled.
Then, a move function is a permutation of skel(A), while a tour is a move
function that is also a cycle of length |skel(A)|. The problem of finding a tour
over the cells of an array has been a subject of study of discrete mathematics
for quite a long time: for instance, the most famous problem in this topic, that
is the problem of finding a tour of the classical chess knight over a chessboard,
can be traced back to the 9th century AD. The following result due to Schwenk
in 1991 [89], completely solves the knight’s tour problem over a generalized
chessboard:

Theorem 3.5.1. A knight’s tour over the m x m chessboard, with m < n, is
always possible unless at least one of these conditions are met:

(1) mn is odd;
(2) me{1,2,4};
(3) m=3 and n € {4,6,8}.

We now describe the move function which defines the rules for the tour that
we consider on the filled cells of a Heffter array. We remark that from now on
the indices of the rows and of the columns are read with respect to their residue
class modulo respectively the number of rows and columns of the array. For
(1,7) € skel(A) we denote by s,((,7)) = (¢,7 + k) the row successor of (i,7),
where k£ > 1 is the minimum integer such that (i,7 + k) € skel(A). Similarly
the column successor s.(i,j) is (i + k, j), where k > 1 is the minimum integer
such that (i + k,j) € skel(A). Note that this definition of a row and a column
successor allow to see the array as embedded on a toroidal surface. We define
the Crazy Knight’s move function as:

sc(sr((,4))) if 7; = 1 and ¢;s = 1, where s,((4,7)) = (4,5');
(37 ((i,1)) if ri = =1 and ¢;» = 1, where s, ((i, 7)) = (i,5);

se (sr((4,7))) if r; =1 and ¢;y = —1, where s,((¢, 5

Sc ( Y((3,5))) if r; = —1 and ¢;; = —1, where s, '

KNRC(i7j> =

Then, the Crazy Knight’s tour problem is defined as follows [33]:

Crazy Knight’s tour problem. Given an m x n array A, deter-
mine whether there exist R € {—1,1}" and C' € {—1,1}" such that
KNgc is a tour.

Given an array A we denote by P(A) the Crazy Knight’s tour problem on A.

Example 3.5.2. Let A be the following 3 x 8 array, where a filled cell is denoted
by the symbol e:

Then, a solution to P(A) is given by R = (1,1,1) and C = (1,1,1,1,1,1,1,1);
here we report the resulting tour, where the (4, j)-th cell is filled with the smallest
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integer k such that (K Ngc(1,1))*! = (4, 5):

S R O O A IR I
— [ T]10[19]4[13]22]7

— || 17| 2 |11 |20 5 |14 |23 | 8
= || 9 183 |12|21| 6 |15 |24

Note that this solution to P(A) is equivalent to the compatible orderings of in
Example |3.4.7

It is easy to see that the Crazy Knight’s move function is equivalent to the
composition w, o w, whenever w, and w, are the natural orderings (or their
inverses) of the rows and columns of the Heffter array. A solution to P(A) is
equivalent to find two compatible orderings w, and w., hence a biembedding
of a complete (multipartite) graph on a orientable surface, whenever a globally
simple (relative) Heffter array having the same set of filled cells can be provided.

It is clear that one should focus on the construction of solutions to the Crazy
Knight’s tour problem for partially filled matrices that have particular structures
or symmetries. Moreover, by keeping in mind the classical constructions of
Heffter arrays, two classes of arrays naturally arise for studying this problem:
completely filled rectangular arrays and cyclically diagonal square arrays. As
the name suggests a completely filled m x n array is an array A without empty
cells, namely such that skel(A) = [1,m] x [1,n]. We recall the definition of
another class of arrays given in Section An n x n array A is cyclically k-
diagonal if its filled cells are precisely k consecutive diagonals: since the array
is toroidal it is not restrictive to assume that the filled diagonals are the first k&
ones, namely skel(A) = Ule D;.

In what follows we report some results obtained in [33]regarding the solution
to the Crazy Knight’s tour problem for completely filled and cyclically diagonal
square matrices. We begin with the following necessary condition, see Theorem
2.7 of [33):

Proposition 3.5.3. Let A be an m xn array with |skel(A)| filled cells. If there
exists a solution to P(A), then |skel(A)]=m+n —1 (mod 2).

It has moreover been proven that the necessary conditions are also sufficient
in the case of completely filled arrays, indeed (Theorem 3.3 of [33]):

Theorem 3.5.4. Let A be an m X n totally filled array. Then there exists a
solution to P(A) if and only if m and n are not both even.

The authors of [33] then focused on cyclically k-diagonal arrays of size n
(notice that by Proposition both n and k must be odd): in particular
they studied the case when one of the two vectors R and C' is identically equal
to 1. This was done in order to obtain equivalent conditions for the existence
of a solution to P(A) that moreover rely on a covering problem of a smaller
set of cells, as the next statement shows. We remark that in [33] the authors
always considered R =1 and C € {—1,1}", but due to the natural symmetries
of the array the same results hold when C = 1 and R € {—1,1}". Given
R = (r1,...,ry) € {—1,1}", let E be the set of indices {ei,...,e;} with e; <

ey < ... < eg such that:
-1 ifiekF,
r = o (3.5.1)
1 ifi¢g E.
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We then have the following necessary and sufficient conditions, see Lemma 4.7
of [33):

Proposition 3.5.5. Let k > 3 be an odd integer and let A be a cyclically k-
diagonal array of odd size n > k. If E is a subset of [1,n], then C = (1,...,1)
and R = (r1,...,ry) € {—=1,1}", where r; = —1 if and only if i € E, are a
solution of P(A) if and only if:

(1) E covers all the congruence classes modulo ged(n, k — 1);

(2) the orbit of (1,1) contains the set of cells {(e,e)le € E}.

In particular from Proposition we can find a solution to P(A) whenever
n and k — 1 are coprime (see Proposition 4.8 of [33]):

Proposition 3.5.6. Let k > 3 be an odd integer and let A be a cyclically k-
diagonal array of sizen > k. Ifn and k—1 are coprime, then R = (—1,1,...,1)
and C' = (1,...,1) are a solution to P(A).

We moreover report this extension theorem, that highly reduces the spec-
trum of cases to study:

Theorem 3.5.7. Let k > 3 be an odd integer and let A be a cyclically k-diagonal
array of size n > k. Assume that the vectors C = (1,...,1) and R € {-1,1}"
are a solution of P(A). Then there exists a solution of P(A’) for any cyclically
k-diagonal array A’ of size n' =n + Ak — 1) for any integer A > 0.

Through the aid of a computer, in [33] the authors were able to find solutions
to the Crazy Knight’s Tour Problem for cyclically k-diagonal arrays of size n
for many pairs of odd integers (n, k). It seems then natural to conjecture that
for every pair of odd integer (n, k), with n > k > 3, there exists a solution to
P(A). Moreover, from Theorem it follows that for any fixed n it would be
sufficient to find a solution to P(A) whenever k € [2EL n —2].

In [68] we studied some instances of the Crazy Knight’s tour problem for
cyclically diagonal square matrices. Here we omit for brevity the proof of the
following results, as they are quite technical and involved:

Proposition 3.5.8. Let A be an n x n cyclically k-diagonal array and let g =
ged(n, k —1). If ged(g+ 1,k — 1) = 2, then there exists a solution to P(A).

By carefully choosing the parameters n and k we get the following corollary:
Corollary 3.5.9. Let g, m and £ be positive integers such that:
(1) g and m are odd, ¢ is even, m > £ and g,m,£ > 1;
(2) ged(g+1,¢) =2 and ged(m, £) = 1.

If n = mg and k = 1+ Lg, then there exists a solution to P(A), where A is a
cyclically k-diagonal n x n array.

Another significant case proved in [68] is the following one:

Proposition 3.5.10. Let m and g be positive odd integers, m,qg > 3. Let A be
a cyclically k-diagonal n X n array, where:

n =mg E=1+(m-1)g.

Then there exists a solution to P(A).
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We remark that from Corollary[3.5.9/and Proposition[3.5.10] we can construct
solutions to the Crazy Knight’s Tour Problem for infinite families of cyclically
k-diagonal n x n arrays. Indeed, for instance from Corollary [3.5.9 one can choose
g+ 1 = 2p for some odd prime p, and any even ¢ that is not divisible by p, while
from Proposition [3.5.10| we only need m, g > 3 to be positive odd integers.

3.6 Automorphisms of the Archdeacon embed-
ding

In this section we study the automorphism group of the embeddings of Archdea-
con type, presenting some new results that we obtained in [36]. Informally
speaking it can be easily proven that the constructed embeddings have numer-
ous symmetries: in general this holds for derived graphs of current graphs. For
this reason, in this context, such symmetries are said to be trivial; it is then nat-
ural to wonder if there could exist Archdeacon embeddings admitting non-trivial
symmetries.

In this section we examine the basic definitions regarding the automorphisms
of an embedding; we focus then on the automorphism group of the Archdeacon
embeddings, showing that it always contains a cyclic group whose order can
be derived from the parameters of the Heffter array from which the embedding
is constructed. It has been proven in [32] that the automorphism group is
almost always precisely this cyclic group. However there are examples where
the Archdeacon embedding has many automorphisms: we then conclude this
section by showing the construction of these embeddings.

We recall that two embeddings ¢ : ' — ¥ and ¢’ : IV — ¥’ are isomorphic
if there exists a graph isomorphism ¢ : I' — IV such that F is a t-face if and
only if o(F) is a ¢'-face. o is an autormorphism of the embedding if ¢p = 1.

We moreover recall that an embedding can be equivalently seen as the pair
IT = (T, p), where T is a graph and p is a rotation of the directed edges of T'.

Definition 3.6.1. Given I' = (V, E) and IV = (V', E’), we say that two em-
beddings IT = (T, p) and II' = (I, p’) are isomorphic if there exists a graph
isomorphism o : I' — TV, called (embedding) isomorphism, such that for any
(z,y) € D(T") we have either

(1) ocop(z,y) = p' oo(z,y), in which case o is called orientation preserving
isomorphism;

(2) oop(x,y) = (p') " Loo(x,y), in which case o is called orientation reversing

isomorphism.
If p = p/, then o is an automorphism of II.

Example 3.6.2. Consider the following embedding II of K7 on the torus having
77 as vertex set, where we have highlighted the orientation of each face (see [91]):
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0 0

It can be seen that the bijection ¢ : z — x + 1 is an automorphism of II,
that moreover preserves the orientation the faces of the embedding: for instance
(6(0),0(1),0(3)) = (1,2,4) has the same clockwise orientation of (0, 1, 3). Hence
o is an orientation preserving automorphism.

Consider now the bijection « : x — 3z. It can be easily verified again that «
is an automorphism of II. However, a does not preserve the orientation of the
faces: for instance (a(1),a(4), a(3)) = (3,5,2) has clockwise orientation, while
(1,4,3) has counterclockwise orientation. Hence « is an orientation reversing
automorphism.

In what follows we examine embeddings arising from Heffter arrays, hence
we identify the vertices of I' with the elements of a cyclic group.

The set of automorphisms of an embedding IT = (T, p) is denoted as Aut(II),
and by Aut™(II) we mean its subset of orientation-preserving automorphisms.
Similarly, by Auto(IT) and Autd (II) we respectively denote the subsets of auto-
morphisms in Aut(IT) and in Aut™ (IT) that fix the vertex 0. By Aut™ (II) and
Autg (IT) we denote the orientation-reversing automorphisms of Aut(II) and
Autg(IT) respectively. Now, if o denotes the standard composition of functions,
it can be easily shown that:

Proposition 3.6.3. Let II be an embedding on an orientable surface of a graph
I'=(V,E), and let 0 € V be a vertex. Then, (Aut(Il),o) and (Auto(II), o) are
groups. Moreover, Aut™ (II) and Autg (I1) are, respectively, normal subgroups
of Aut(Il) and Auto(I) having index either 1 or 2.

Proof. Tt is trivial to show that (Aut(II), o) and (Auty(II), o) are groups. Indeed,
it is easy to see that the map v, : u — u for every vertex u of I' is an automor-
phism (that fixes 0) and an identity for (Aut(II), o) (and for (Autg(II),0)). For
every 1 € Aut(Il) or 1) € Autg(II), its unique inverse is simply 7 : v — =1 (u).
The associativity follows from the associativity of the composition of functions.

Every orientable surface admits precisely two orientations, hence the index
of Aut™(IT) in Aut(IT) can only be 1 or 2, that imply that Aut™(IT) is normal
in Aut(II). O

Since in the embeddings of Archdeacon type the vertices of I' = (V, E) are
identified with the elements of Z, for v = |V|, we define for every g € Z, the
translation map 14(u) = u+ g. It is easy to verify that ({7, : g € Z, }, 0) is iso-
morphic to (Z,,+), hence in what follows we directly identify ({7, : g € Z,},0)
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with (Z,,4). We then report the following statement proven by Archdeacon
in [6], that is a direct consequence of the construction of the embedding as the
derived graph of a current graph.

Theorem 3.6.4. Let H be an H(m,n; h, k) Heffter array, and let 11 = (Kopkt1,
p) be an embedding constructed from H. Then Zopkt1 is a subgroup of Aut(Il).

It is then interesting to ask whether it is possible to construct embeddings
admitting more symmetries. This question is justified by the following result,
proven in [32], which determines that for an Archdeacon embedding II the cyclic
group of Theorem [3.6.4] is almost surely the automorphism group of II.

Theorem 3.6.5. Let B C [1,m] X [1,n] be the set of cells of an m X n array that
contains exactly h > 3 and k > 3 cells in each row and column, respectively,
admitting two compatible orderings o, and a.. Let A be an m X n matriz

satisfying properties (a) and (b) of Definition [1.1.7] such that:
(1) skel(A) = B;
(2) A contains a half-set of Zapk+1-

Let w,. and w, be the compatible orderings that correspond to . and a., and let
IT be the embedding of Kopk+1 defined by A. Then the probability that Aut(II) #
Zgnk+1 5 O(ﬁ)

In what follows we report the results given in [36], that prove the existence of
an infinite family of examples of Archdeacon embeddings having automorphism
group strictly larger than the cyclic group of Theorem [3.6.4] and in particular
that is as large as possible. To do this we have to recall the concept of Heffter
arrays over finite fields, introduced by Buratti in [19].

We begin with the following remark:

Remark 3.6.6. Let II = (K, p) be a biembedding of Archdeacon type where
v = 2nk + 1. Then o € Autg(II) (respectively Autg (IT)) acts on Z, \ {0} as
an element of the dihedral group Dihs,; having 2nk elements (respectively the
cyclic group Zany).

More precisely, if we set pg = (z1,22,...,Z2,k) and we read the indices
modulo 2nk we have that:

(1) given o € Autd (II)

olk,\f0y = pg for some ¢ € {1,...,2nk};

(2) given o € Auty (II)

o(x;) = x¢—; for some ¢ € {1,...,2nk}.

In the remainder of this section we consider the variant of Heffter arrays
recently introduced in [19] and discussed in Section that are totally filled
rank-one Heffter arrays over finite fields. We are interested in the simplest
construction of these arrays, that is also shown in Section [[.2] and that we
briefly recall here. Given two odd and coprime integers m,n such that 2mn + 1
is a prime number, let £ and € respectively be an n-th and an m-th root of unity.



58 CHAPTER 3. BIEMBEDDINGS

Then the array A, , whose (i,7)-th cell is a; ; :== €71¢/7! (mod 2mn +1) is a
globally simple H(m,n).

Moreover, since m and n are odd and coprime, by Theorem [3.5.4] there exists
a pair of compatible natural orderings, hence there exists an automorphism
IL,, » whose faces are simple cycle graphs of length m and n. From now on, the
presented results have been obtained in a joint work with Costa [36].

Proposition 3.6.7. Let ¢ = 2mn + 1 be a prime power, with m,n odd and
coprime, and let 11, ,, be an embedding constructed from a pair of natural and
compatible orderings of Ap, n. Then:

Autd () = Zopn.

Proof. We recall that the array A,, , has in position (i, j) the element e!=1¢7/71,
where £ and € have respectively order n and m in F; = F,\{0}. Given1 <4’ <m
and 1 < j' < n, we define the map Ay j» : Fqy — Fy such that Ay j/(2) = ay joz =
(ei/_lgj/_l)z. Clearly this map is a graph automorphism of K, that fixes 0. In
the following, we will denote for simplicity a; j» by 7.

We want to prove that Ay ;. is also an orientation preserving automorphism
of I, ,,, i.e. we need to check that given (z,y) € D(K,) we have:

Airjr o pla,y) = po i j(x,y). (3.6.1)

Because of the definition of Archdeacon embedding associated with w, and
we, we have that

poXij(x,y) = pnz,ny) = ppz(nx,nY) = ppa(nz,nr + (ny — n)).

Here we have two cases:

— Wr — if - A);
po i, y) = (. e = cop oy — 7)) 1F (y . ) € E(4) (3.6.2)
(nz,ny + we(nx — ny)) otherwise.

By considering the row indices modulo m and the column indices modulo n,
and by recalling that n = a;/ jy = €" ~1&7 1, we have

(1) maij = iryi-1,jr+j-1;
(2) wrlaij) = aij+1;
(3) welai ;) = ait1,5.
Hence, if z = a; ;,
nwr(2) = nwr(ai;) = i1y = wr(@i oy 45-1) = wr(12).
Reasoning similarly on the columns of A, we also have that:
nwe(z) = we(nz).

We now notice that (y — z) € £(A) if and only if (ny — nz) € £(A). Therefore,
for (y — x) € £(A) we have

Airjr © pe(T, 2 + (y — ) = (n2,nz — nw,(y — x)) = (nx,nxr — w,(Ny — nx))
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and, due to Equation (3.6.2)),
(ne,nz — wr.(ny —nz)) = ppa(nz, Nz + (NYy —n2)) = po Air jr (,y).

Instead, if (y — z) € £(A), again because of Equation (3.6.2) we derive that
Airgr o pa(@, @+ (y — 7)) = (n, 2 + nwe(z — y)) =

(nz,nx — we(nr —ny)) = ppe(nz, T+ (NYy — nx)) = po X j/ (,y).

Hence, in both cases, Equation is satisfied and Ay j» € Auto(IL,y, ).

Since for every n = a; ;+ = ei/_lfj/_l the associated graph automorphism
Ay 4o is an automorphism of the embedding II,, ,, the automorphism group
Auto(IL,, ,,) contains a subgroup isomorphic to Z,, ® Z,, = Z,, as m and n are
coprime.

Now we prove that this is exactly the group of the orientation-preserving
automorphisms that fix zero. We first recall from Remarkthat Autg' (IL,n)
is isomorphic to a subgroup of the cyclic group of order 2mn. Moreover, from
the definition of the Il we deduce that for every x € F; the edge {0, z} belongs
to a face F; whose length is m, and to a face F whose length is n. Since m # n,
any element o € Autg (IL,, ) must preserve the face-length. This means that

o is of the form p3¢ for some ¢ € {1,...,mn}. Therefore we have at most mn
elements in Auty (I, ,)-
It follows that Autg (I, ) is isomorphic to Zi,y,. O

Now we will show that these embeddings do not admit orientation-reversing
automorphisms. We begin by proving a technical lemma:

Lemma 3.6.8. Let II be an Archdeacon embedding of Komn+1 such that every
edge is on a face whose boundary is an m-cycle and on a face whose boundary
is a n-cycle, where m # n. Then any o € Auty (II) fizes only the vertex 0.

Proof. Let II, m and n be as in the statement, and choose any ¢ € Aut; (II).
Set po = (21,22, .., Tamn) to be the local rotation around 0. By Remark
we have that o(z;) = z¢—; for some £ € {1,...,2mn}.

Assume now that o fixes a vertex x; for some i € {1,...,2mn}. Hence, the
edge {0, x;} is fixed by the action of o. Let F; and F5 be the faces of length m
and n respectively containing {0, z;}. Since F} and F» have different lengths, it
follows that both faces are pointwise fixed by the action of ¢. In particular o
fixes x;11. On the other hand we have that o(z;) = xy—; = x;, that implies

0(Zit1) = To—(i41) = Ti—1 7 Tiy1,

where the last relation holds because 2mn > 3. It follows that o does not have
any fixed element other than 0. O

Proposition 3.6.9. Let II be an Archdeacon embedding of Komn+1 such that
every edge is on a face whose boundary is an m-cycle and on a face whose
boundary is a n-cycle, where m and n are distinct odd integers. Then Auty (II)
15 empty.
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Proof. Let II, m and n be as in the statement, and let o be an automorphism
in Auty (IT). By Lemma @l it follows that o has no fixed vertices except
0, hence by Remark @ we have o(z;) = xzy—; for some ¢ € {1,...,2mn}.
Here ¢ must be odd, since otherwise we would have i such that £ — i = i
(mod 2mn), and hence o(x;) = x¢—; = ;. Given an odd £ € {1,...,2mn}, the
equation { —i =i+ 1 (mod 2mn) has two solutions in {1,...,2mn}, thus there
exist exactly two indices j and k such that o(z;) = 241, o(z;41) = z; and
O’(l’k) = Tk+1, U($k+1) = Tk

Now we assume without loss of generality that m > n. We also assume that
n > 3 (the case where n = 3 will be considered later).

Let Fy be the face of length m containing the edge {z;,x;;1}. Since o
exchanges x; and x;1, and F} is the unique face of length m containing these
vertices, we have that Fj is fixed by the action of 0. As m is odd exactly one
vertex of F is fixed by o, and from Lemma we deduce that this vertex is 0,
hence 0 € F;. Moreover, the vertices that are adjacent to 0 in F} are exchanged
by the action of ¢ and, since m > 3 and Fj is simple, they must be x; and
Tp+1. Similarly, if F is the face of length n > 3 containing the edge {z;, zj4+1},
we obtain again that 0 € Fs and that x; and xy41 are adjacent to 0 in Fy as
well. We then gain a contradiction by noticing that po(xk+1) # 2% and hence
the path (x,0,2k41) can not be contained in two different faces.

Finally, let us suppose n = 3. In this case, since m > n, we still have that
(zk,0,25+1) belongs to a face F of length m. Here we have that, considering
the face Fy of length n = 3 that contains the edge {zy, xx+1}, 0 must exchange
xk and xk41, and thus it fixes the third vertex of Fy that must be 0. But this
means that (xg,0,2541) also belongs to a face Fy of length n = 3. Since this
path can not be contained in two different faces we obtain a contradiction also
in this case.

It follows that Aut (II) is empty. O

Remark 3.6.10. For every Archdeacon embedding II and integers m, n that
satisfy the hypothesis of Proposition the following holds:

|Auto (IT)| = [Autd ()] < mn.

Indeed any automorphism that fixes zero is in Autg (II) and, since each edge
belongs to two faces of different lengths, any element of Autg (II) is of the form
Pt with £ € {1,...,mn}.

We are then able to derive the following result, that exactly determines the
size of the full automorphism group of this class of Archdeacon embedding.

Theorem 3.6.11. Let ¢ = 2mn + 1 be a prime power, with m,n odd and
coprime, and let 11,, , be an embedding constructed from a pair of natural and
compatible orderings of Ap, . Then:

2mn +1
Auto(I ) = Zypy, and |Aut(Il,y, )| = < )

2
Moreover, the faces of 11, ,, are simple cycles of length m and n.

Proof. The statement follows from Proposition [3.6.9 O
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Remark 3.6.12. This theorem shows that an Archdeacon embedding IT over
F, can have a group Auto(II) whose size reaches the upper bound mn = %
of Remark and we note that this upper bound can be chosen to be
arbitrarily large. Indeed, the embeddings considered here have been obtained
using Heffter arrays over the group F,, but if ¢ = p is a prime they can be
obtained using classical Heffter arrays (over Z,). This happens infinitely many
times since there are infinitely many primes p of the form p = 2mn + 1 where
m,n > 3 are odd and coprime.

To prove this statement, it suffices to fix n = 3 and look for primes p of
the form 6m + 1 with m coprime with 3, that is m = 1,2 (mod 3). This is
equivalent to look for p = 7,13 (mod 18), and it is well known from Dirichlet’s
Theorem that there are infinitely many primes in these congruence classes.

Example 3.6.13. Consider the pair (m,n) = (3,5). These two numbers are
coprime and odd, and since ¢ = 2mn 4+ 1 = 31 is prime we can construct the
following H(3, 5):

11 2| 4| 8|16
A=| 5[10|20| 9|18
25 19| 7|14 |28

Since 3 and 5 are coprime we can consider the natural orderings of each row
from left to right, and of each column from top to bottom. From these orderings
and the array A we can then construct an Archdeacon embedding Il3 5 of the
complete graph K31, whose vertices are identified with the elements of Z3;.
Starting from the cell filled with the element 1, we can write the rotation:

po = (1,-2,10,-20,7, —14,8, —16,18, —5,25, 19,2, —4, 20, —9,
14,-28,16,—1,5,—10,19, —7,4, —8,9, —18, 28, —25).

What can then be noticed is that pg is invariant under conjugation by A, where
Ay is the multiplication by an element 7 € Z3; that is contained in A. Consider
for example n = 9 € A and define A\, (z) = na. Then, if pg = (21,...,Tamn),
with ;1 = 1, it holds:

Anopo =(1,-18,4,—10,16,—9,2, 5,8, —20)(—2, 28, —8,19, —1, 14, —4, 25, —16, 7)
(5, —28,20, —19, 18, —14, 10, —25,9, —7) = po 0 Ay .
That implies:
Ay 0 po(x) = po o Ay(z).

and hence we can see that ), is an automorphism since
Apop(z,y) = Ay o pla,x+ (y — x)) = (nz,nz + npoly — x)) =

(ma,nx + po(ny — 1)) = po Ay(z,y).
The action of 1 can be also seen directly on every cell of the array A. Let a; ;
denote the element of A in the (¢, j)-th cell, and assume that n = a; ;- for some
pair (¢, ). Then:
Na; 5 = A4/ 44—1,5'4+5—15
where the row and column indices are viewed modulo m and n respectively. Let
then nAs 5 denote the array whose (i, j)-th cell is filled by na; ;.
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For n = ay j/, and for any face F' given by, say, the j-th column of As s,
we have that nF' is one of the faces obtained from the j-th column of nAss.
Moreover, this is also a face F’ obtained from the (j + j' — 1)-th column of A 5
consistently with the fact that A, maps faces into faces.

Here, setting again 7 = 9 = 5'23, we can see that:

11 2| 4| 8116 9118] 5|10 20
n-l 5110120 9|18 |=|14 |28 |25 |19 | 7|
25119 71428 8116 1| 2| 4

As an example, we verify that a face of I35 is mapped into another face by
the action of n = 523, For instance, we pick F; = (0,2,12) that is obtained
from the second column of Aj 5, and we consider nFy = (0,18,15), that is the
development of the second column of nAs 5. We conclude by recognising that
nF} is also obtained by translating the development of the fifth column of A3 s,
indeed

nFy = (0,18,15) = (16, 3,0) + 15

and (0,16, 3) is the face obtained as the development of the fifth column.



Chapter 4

Weak Heftter arrays

In this chapter we study a variant of the concept of Heffter array defined by
Archdeacon in his seminal paper [6]. These arrays, called weak Heffter arrays,
were introduced in order to study regular cycle decompositions and biembed-
dings of graphs over non-necessarily orientable surfaces. Informally speaking,
weak Heffter arrays are similar to Heffter arrays, except that some cells are al-
lowed to be read with distinct row and column sign. In the following sections
we introduce the definition of weak and strictly weak Heffter arrays, and their
generalization to weak Heffter arrays relative to a subgroup of a cyclic group
(analogously to the generalization of classical Heffter arrays to relative Heffter
arrays), as shown in [6] B7]. Moreover, we determine some necessary condi-
tions, we provide constructions for these classes of arrays, and we investigate
the relation between weak Heffter arrays and embeddings over non-necessarily
orientable surfaces, that has been considered in [6] in terms of current graphs,
and further studied in [37]. Excluding the original definition of weak Heffter
arrays and their applications to non-orientable biembeddings, the results con-
tained in this chapter are contained in a joint work with S. Costa and A. Pasotti,
see [31].

4.1 Definition

In this section we recall the concept of weak Heffter arrays and we investigate
their relation with classical Heffter arrays. Indeed some weak Heffter array can
be constructed from a classical one by placing different row and column signs
in a suitable set of cells of the array; however not all weak Heffter arrays can be
constructed in this way. This induced the introduction in [37] of the concept of
strictly weak Heffter arrays. In what follows we report these notions, together
with some necessary conditions and existence results.

Remark 4.1.1. In this chapter, given an element x in an additive group a cell
of an array can be filled with one of the following: x,—x,+x, Fz, where the
upper sign on £ or F is the row sign and the lower sign is the column sign.

Definition 4.1.2. A weak Heffter array WH(m, n; h, k) is an m X n matrix A
such that:

(a) each row contains h filled cells and each column contains k filled cells;

63
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(bweak) for every & € Zapnik11 \ {0}, there is exactly one cell of A whose element is
one of x, —x, +x, Fz;

(c) every row and column (with the corresponding sign) is zero-sum in Zoy,41-

As for classical Heffter arrays if m = n then h = k and we use the notation
WH(n; k) instead of WH(n,n; k, k). Furthermore a rectangular array with no
empty cells WH(m, n; n,m) is denoted by WH(m, n).

Definition 4.1.3. An integer WH(m,n;h, k) is a partially filled m x n array
such that for every {1,...,mh} C 7Z there exists a unique cell whose element
is one of x, —z,+tx, Fx, whose rows and columns are zero-sum, and satisfying
property (a) of Definition [£.1.2]

As for classical Heffter arrays, an integer weak Heffter array can be seen as
a weak Heffter array over a cyclic group.

Example 4.1.4. The following is an integer weak Heffter array WH(4;4) over
Z33Z

1 -2 | =5 6
3| 74 8 -7
-9 10 13 | —-14
11 | =12 | £16 | F15

Clearly, given a Heffter array A if we replace all the elements a of A with
+a we trivially get a weak Heffter array. It is also easy to see that given a set
R of rows of A if we replace each element a of R with Fa we get a weak Heffter
array. Obviously a similar reasoning can be done on the columns.

In what follows, given an array A we respectively denote by R; and C; the
i-th row and the j-th column of A. We point out that in this section, with a
little abuse of notation, we identify a row (column) of a (weak) H(m,n;h, k)
with the h-subset (k-subset) of Zga,i+1 whose elements are those of the given
row (column).

The following result shows a way to get a weak Heffter array starting from
a classical one, having few cells with different row and column signs.

Proposition 4.1.5. If there exists an H(m,n;h,k) with a row or a column

containing a proper zero-sum subset (modulo 2nk + 1), then there exists a

WH(m, n; h, k) whose number of cells containing an element with different row
k

and column signs is at most equal to max{ L%J , bj }

Proof. Let A be an array as in the statement. It is not restrictive to reason on
arow. So let S be a proper zero-sum subset of a row R of A. Since every row is
zero-sum also R\ S is zero-sum, hence we can suppose that [S| < |%|. Now we
replace each element in S by Fs, and we leave unchanged all the other elements
in A. Call B the new array. Clearly, supp(A) = supp(B) and all the rows of
B different from R are nothing but the rows of A, hence their sums are zero.
About R, the sum is still zero since we have changed the signs of the elements
of a subset of R whose sum is zero. Finally, note that the column signs are not
changed, so the columns of B are zero-sum. O
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Example 4.1.6. Consider the following H(8;6) taken from Example 1.4 of [8]:

-1 5 20 =71 -9 10
-4 | —6 8 11| —12
—13 17 14| -19 | -21 22

15| —16 | —18 20 23 | —24

—-33 34 —25 29 26 | —31
35 | —36 27 | =28 | =30 32
38 | —43 | —45 46 —-37 41

—42 44 47 | —48 39 | —40

Note that for instance the proper subset {—1,—9,10} of the first row sums to
0. By applying the proof of the previous proposition we have the following
WH(8;6):

1 51 2] —7] £9]F10
31 —4| —6] 8| 11| —12
—13| 17| 14| —19] —21| 22
15| 16| —18 | 20| 23| —24

—-33 34 —25 29 26 | —31
35 | —36 27 | =28 | =30 32
38 | —43 | —45 46 =37 | 41

—42 44 | 47| —48 39 | —40

We believe that it is natural to ask if some of the classical Heffter arrays have
the property of Proposition First of all note that since a row (column)
of an H(m,n; h, k) does not contain 0 nor 2-subsets of the form {z, —z}, if the
property is satisfied by a row (column) then A > 6 (k > 6). We recall that in all
the constructions of square integer Heffter arrays, see [8, 48], the authors obtain
an H(n; k +4) starting from an H(n; k) by adding to each row and each column
four elements having sum zero. So the condition required by Proposition [4.1.5
is trivially satisfied. Hence we get the following.

Corollary 4.1.7. For every n > k > 3, there exists an integer WH(n; k) with
exactly ¢ cells containing an element with different row and column signs, where

(1) £=3ifk=3 (mod 4) and n = 0,1 (mod 4);

(2) £=4if k=0 (mod 4);

(3) t=4ifk=1 (mod4), k#5 andn=0,3 (mod 4);
(4) L=4if k=2 (mod 4), k # 6 and n is even.

Proof. In each case there exists an integer Heffter array having a row or a
column containing a (not necessarily proper) zero-sum subset of size ¢. Hence
the result follows by Proposition# In the following table we summarize
where the results on classical Heffter arrays having the above property have
been obtained. Note n and k represent congruence classes modulo 4.

[\ ] 0 l 1 l 2 l 3 |
0 Theorem 2.1 [§] | Theorem 4.3 [48] | Theorem 2.1 [8] | Theorem 3.11 [g]
1 Corollary 2.4 [8] Theorem 3.5 [8]
2 Theorem 2.1 [§] Theorem 2.1[8]
3 Corollary 2.4 [8] | Theorem 3.3 [48]
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O

Remark 4.1.8. In the cases not considered by the constructions in the previous
table, it is not immediate to understand if there exists a row or a column of
the array containing a proper zero-sum subset. Hence one should check all the
constructions details, but this is not the aim of this thesis.

Remark 4.1.9. Given a Heffter array A let S be a set of rows and columns
of A. For every row R; € S, we replace each element r € R; with Fr and for
every column C; € S, we replace each element ¢ € C; with £c. Note that, if an
element x belongs to both a row R; and a column C; of S, we replace it with
+(Fz) = —z. Then the result is a weak Heffter array. Clearly the set S may
contain no rows or no columns.

Example 4.1.10. Let A be the H(8;6) of Example and set S = {R3, R4,
Cs}. Following previous remark, starting from A we get the following WH(8; 6).

1 5 21 —7] —9[+10
3] —4] —6 8| 11| F12
+13 | 717 | 714 | 19| £21 | F22
F15 | £16 | 18 | —20 | 723 | +24

-33 34 —25 | £29 26 | =31
35 | —36 27 | 728 | =30 32
38 | —43 | —45 46 —37 41

—42 44 47 | —48 39 | —40

It is really easy to see that one can apply on the same array Proposition
and Remark for this reason we believe it is not necessary to write
all the details, hence we only present this idea in the following example.

Example 4.1.11. Let again A be the H(8;6) of Example Note that
{11, 14, —25} is a zero-sum subset of C5. Set S = {R7, Cgs}. Starting from A we
get the following WH(8; 6).

-1 5 2 -7 =91 =£10
—4 —6 8| £11 | 712
—13 17| £14 | 719 | -21 22

15| =16 | —18 | £20 23| —24

—33| 34 F25 | £29 | 26 | —31
35 | —36 27 [ 728 | —30 | 32
+38 | £t43 | £45 | 746 137 | 741
—42 | 44| 47| —48 39 | —40

Clearly, not all weak Heffter arrays can be constructed starting from a clas-
sical one. Indeed the one shown in Example cannot be obtained from a
classical H(3,4) by placing different row and column signs in a suitable set of
cells. This induces us to introduce the following definition.

Definition 4.1.12. A weak WH(m, n; h, k) is said to be strictly weak if it cannot
be obtained from a classical H(m,n; h, k) by placing different row and column
signs in a suitable set of cells.
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In other words, a weak Heffter array A = (a,;) is strictly weak if there is
no Heffter array B = (b;;) with the same parameters such that, up to the sign,
a;j = b;; for every pair 4, j. Hence it is easy to see that the WH(3, 4) of Example
is strictly weak. The terminology strictly weak may induce the reader to
believe it is easier to construct these arrays than the classical ones. However, as
shown in what follows, this is not the case. Notably, for some values of n and
k, an H(n; k) exists while a strictly weak WH(n; k) does not exist:

Remark 4.1.13. By Theorem [1.1.12{ an H(n; k) exists for any n > k£ > 3. On
the other hand we have checked in [37], with the aid of a computer, that no
strictly WH(n; 3) exists when n = 3, 4.

Remark 4.1.14. We point out that if there is no weak Heffter array this means
there is also no classical or strictly weak Heffter array with the same parameters.
While if there is no strictly weak Heffter array, this gives no information about
the existence of a classical or weak Heffter array with the same parameters.

We start with a preliminary consideration.

Proposition 4.1.15. A weak Heffter array WH(m,n; h, k) has either 0 or at
least 3 cells containing distinct row and column signs.

Proof. In this proof given an array A by aﬁ (respectively, ag-) we denote the
element of A in the position (¢, j) with its row (respectively, column) sign. Also,
by >° AT (respectively, > A®) we mean the sum of all the elements in A with
their row (respectively, column) sign. Set I = {(i,5) : aff # af;}. If Ais a
WH(m,n; h, k), then the sum of all its elements is zero in Za,i4+1. Hence

ZAR:ZACEO (mod 2nk + 1),

which implies
2 ) afl=0 (mod 2nk+1).
(i,9)el
From this, it follows that |I| # 1 since 0 € A and Za,k+1 does not contain the

involution. Also |I| # 2 since A does not contain opposite elements and, again,
the involution does not exist. The thesis follows. O

In the remainder of this section we show some non-existence results for weak
Heffter arrays and we compare the existence of classical and strictly weak Heffter
arrays for the same given class of parameters.

Remark 4.1.16. A weak relative Heffter array cannot have exactly one cell with
different row and column signs since it does not contain 0 and the involution (if
it exists). On the other hand, a weak relative Heffter array may have exactly
two cells with different row and column signs, as in the following WH;¢(4;4)
derived from Example 1.4 of [40]:

+1| —71]-16 22
+23 2| =8| -17
—13 19 41 -10
—11 | —-14 20 )
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To present our non-existence results we have to recall that the rows and the
columns of a (weak) Heffter array give two Heffter systems. It is then clear
that given a subgroup J of Z,, the existence of a Heffter system on Z, \ J is
a necessary condition for the existence of a (weak) Heffter array on Z, relative
to J. This fact leads us to generalize the statement of Lemma 3.3 of [40] and
to obtain a non-existence result of weak Heffter arrays for an infinite family of
parameters.

Lemma 4.1.17. There is no Heffter system D(9n;3) over Zgy, \ (3), for every
n > 3.

Proof. Assume that D is a Heffter system D(9n;3) over Zg, \ (3). If {a,b,c}
is a triple of D, then we have {a,b,c} C Zg, \ (3) = ((3) + 1) U ((3) + 2).
Then, considering that a + b + ¢ = 0, we have either {a,b,c} C (3) +1 or
{a,b,c} C (3) + 2. Since if we substitute {a,b,c} with {—a, —b, —c} we still
have a Heffter system, it is not restrictive to assume that {a,b,c} C (3) + 1.

Thus (3) + 1 is partitioned by the triples of D contained in it and then,
considering that each of these triples is zero-sum, (3) + 1 should be zero-sum as
well. On the other hand we have

dYooa=( > 9] +IB)N=

z€(3)+1 g€(3) 0+3n#0 ifnisodd

9% +3n#£0 ifnis even;

since, obviously, the sum of the elements of a cyclic group G is the involution
or zero according to whether its order is even or odd, respectively. We got a
contradiction. O

Proposition 4.1.18. There is no WHs,,(n;3) for every n > 3.
Proof. The result immediately follows from the previous lemma. O

We point out that there are examples where there exists exactly one Heffter
system with some given parameters. Hence, also in these cases, it is not possible
to construct a Heffter array, neither classical nor weak. Finally, the existence
of at least two Heffter systems is not a sufficient condition for the existence of
a Heffter array, see Proposition [4.1.21

We present the following result whose proof relies on the fact that, if we are
working in Z or in Z, with v even, the array must contain an even number of
odd numbers. This statement generalizes Proposition 3.1 of [40].

Proposition 4.1.19. Suppose that there exists an integer WHy(n; k), or a non-
integer WHy(n; k) with t even.

(1) If t divides nk, then

nk=0 (mod4) or nk=-t==£1 (mod4).
(2) If t = 2nk, then k must be even.
(8) If t # 2nk does not divide nk, then

t+2nk=0 (mod 8).
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Thanks to this proposition we establish a complete solution for the existence
problem of a WH;(n; 3) for n € {3,4}.

Proposition 4.1.20. There exists
(1) an H(3;3) if and only if t = 1,3,6;
(2) a strictly weak WH¢(3;3) if and only if t = 6.

Proof. Since t has to divide 2nk = 18, it may assume only values 1,2, 3,6, 9, 18.
We already know that a WH;(3;3) does not exist for ¢ = 2, see Proposition
4.1.19(3), for t = 9, see Proposition and for t = 18, see Proposition
4.1.19(2). Hence for these values of the parameters not a classical or a strictly
weak Heffter array can exist (see Remark [4.1.14).

(1) The existence of an Hy(3;3) is known for ¢ = 1, see Theorem and
t = 3, see Theorem 1.5 of [40)]. The following is an Hg(3;3):

1 2 |1 -3
5 9 10
—6 | —11 | =7

(2) For t = 1 a strictly WH¢(3; 3) does not exist by Remark|4.1.13| For ¢t = 3
there are only the following four Heffter systems D(21;3) over Zap \ (7):

Dy = {{1727_3}7{47819}1{576710}}7
Dy, = {{174, —5},{2,8,—10},{3,6,—9}},
D = {{1,8, —9},{2,3,—5},{4,6,—10}},

Dy {{1,9,-10},{2,4, -6}, {3,5,—8}}.

We have checked, with the aid of a computer, that using them it is not possible
to construct a strictly weak Heffter array, in other words that D; and D; are
not orthogonal for any 4,j € {1,2,3,4}. The source code is available at:

https://www.combinatorics.org/ojs/index.php/eljc/article/view/
v31i1p8/v31ilp8data.

Finally, the following is a strictly WHg(3; 3):

1 2 | =3
5 | £9 | £10
—6 | F7 | —11

Proposition 4.1.21. There exists
(1) an H¢(4;3) if and only if t =1,2,3,4,6;
(2) a strictly weak WH¢(4;3) if and only if t = 2,4.

Proof. Since t has to divide 2nk = 24, it may assume only values 1, 2, 3, 4,
6, 8, 12, 24. We already know that a WH;(4;3) does not exist for ¢t = 12, see
Proposition and for ¢ = 24, see Proposition 2). Furthermore for
t = 8 there exists exactly one Heffter system D(32;3) over Zss \ (4), that is

D = {{3,10,-13},{6,5,—11},{2,7, -9}, {1,14, —15} } .


https://www.combinatorics.org/ojs/index.php/eljc/article/view/v31i1p8/v31i1p8data
https://www.combinatorics.org/ojs/index.php/eljc/article/view/v31i1p8/v31i1p8data
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Hence for all these values of the parameters neither a classical nor a strictly
weak Heffter array can exist.

(1) The existence of an Hy(4;3) is known for ¢ = 1, see Theorem and
t = 3, see Theorem 1.5 of [40)]. The following are an Hs(4;3), an Hy(4;3) and
an Hg(4;3):

-1] 9 |-8 -1 ]-5]6 1 |-7]6

12 | =2 —10 —-10| 2 8 -9 11| -2
71 3 4 11 13| 4 3 13| 14

—11 5 6 319 |-12 8 4 —12

(2) For t = 1 a strictly WH(4;3) does not exist by Remark [4.1.13] The
following are a strictly WH(4; 3) and a strictly WHy4(4; 3):

1] 2 | -3 1T [—4] 3
F10| 6 10 [ 32| -8
=5 | F9 F12 F12 —5 | —11
“11| =7 | #8 —13 | =6 -9

For ¢t = 3,6 there are respectively 9 and 10 Heffter systems D(24 + ¢;3) over

Zoati \ (34E), and we have checked using a computer that it is not possible to

construct a strictly WH;(4; 3) starting from them. O

4.2 An infinite class of strictly weak Heffter ar-
rays

In [40] the authors, after having introduced the concept of relative Heffter arrays,
have obtained the following almost complete result for the integer square case
with ¢t = k.

Theorem 4.2.1. Let 3 < k < n with k # 5. There exists an integer Hy(n; k) if
and only if one of the following holds:

(1) k is odd and n = 0,3 (mod 4);
(2) k=2 (mod 4) and n is even;
(3) k=0 (mod 4).

Furthermore, there exists an integer Hs(n;5) if n = 3 (mod 4) and it does not
exist if n = 1,2 (mod 4).

Note that for & = 5 the existence problem of integer relative Heffter ar-
rays Hs(n;5) has been proved only for n = 3 (mod 4), leaving the case n = 0
(mod 4) open. For this class in [40] there are only two examples for n = 8 and
n = 16.

We then report the result proven in [37] that there exists a strictly weak
integer WH5(n;5) for every n =0 (mod 4), with n > 12.

The construction we are going to present is based on filling in the cells of a
set of consecutive diagonals. As described in Section[1.2] we recall that an array
whose filled cells coincide with & consecutive diagonals is said to be cyclically
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k-diagonal. Our construction is moreover based on the diag method to fill the
diagonals of the array, that has been introduced in [48] and discussed in Section
1W)

We remark that in Example we follow step by step the construction
illustrated in the proof of the following theorem. Hopefully it can help the
reader to understand the idea developed in the proof.

Theorem 4.2.2. There exists a strictly weak integer WHs(n; 5) for everyn =0
(mod 4) with n > 12.

Proof. We begin by considering the integer cyclically 3-diagonal Hsz(n;3) with
n =0 (mod 4) constructed in Proposition 5.3 of [40], so let A be the n xn array
built using the following procedures labeled A to J:

A: diag (2, 2,1,1,1,"—4), B: diag (5%, 25, -8 1, -1, 252);
C: diag (2,1,-5% 2, -1,2); D: diag (3,2, — 3”“,2,71 "*4);

E: diag (1,2, 32",2 f)- F: diag (2,3,2%42,2, -1, ),

G: diag ("8, 242, -0 2.1, 2); H: diag (%52, 258, -2 2, 1 nd),

I: diag (24, nd0 Mot 21, 2) . J: diag (240, b8, T8 o, oty

AL = —25% Alg.3]=n, Alg, 2] = 2
A[m2 ] = o, A2 2] on g [ e T,
Al ] = -, Al ] =5

Note that the filled cells of A are exactly those of the diagonals Dq, Dy and
D,,. Also, it is easy to see that:

supp(D1) = [1,7]
supp(Da U Dy) = [n+1,3n+ 1]\ {2n + 1}.

Consider now the matrix B obtained from A by adding 4n + 2 to the positive
elements of D; and —(4n + 2) to the negative elements of D;. Since we have
only changed the elements in the main diagonal of A, it follows that the total
sum of the i-th row of B is equal to the total sum of the i-th column of B,
for every i € [1,n]. In particular, their sum is 4n + 2 if i € [2,% + 1], and
—(4n+2)ifi € {1}U[2 +2,n|. Clearly now supp(D1) = [4n+3,5n+ 2], while
the support of Dy and D,, is unchanged. Hence

supp(B) = [n+1,2n] U 2n + 2,3n + 1] U [4n + 3,5n + 2.

Consider the following arrays:

[l 4n+1 C[FE+) -
e N | e

and for any 7 € {375,77...,%—1}U{%+37%+5,...,n—1},deﬁneMi to be:

[ i+l An+1—d
Mi_[4n+2—i i }
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SetI:{1,2}U{3,5,7,..‘,%fl}U{g+3,g+5,...,n71}. It can then be
seen that

supp <U M2> =[1,n]U[3n+ 2,4n + 1].
iel

Now starting from B we construct a new array C' by adding to B the arrays
M; in the following positions. The elements of the array M; are inserted in the
positions (1,5 + 1), (1,5 +2), (2,5 + 1), and (2,5 +2). Those of the array
M, fill the positions (§ + 1,1), (5 +1,2), (5 +2,1), and (5 + 2,2). For all
i€43,5,7,...,5 — 1} we insert the elements of FM; in the positions (i, § + 1),
(i, 5 +i+1), (i+1, 5 +1), (i+1,5+i+1). Finally, foralli € {$ +3,...,n—1}
the elements of the array +M], where by M we mean the transpose of M;,
are inserted in the positions (i,i—%), (4,i—§+1), (i+1,i—%), (i+1,i—5 +1).

Note that, in such a way, we added two filled cells in each row and each
column. Hence every row and every column of C' has exactly 5 filled cells. Also
note that

supp(C) = supp(B) U supp (Uier M;) = [1,5n + 2]\ {2n + 1,4n + 2}.

Now, notice that the ordered list of the sums of the rows of this new array
C, that is the same of the sum of its columns, is:

(0,0,...,0,+1,41,41,-1,41,-1,...,+1,—1). (4.2.1)
—————
n/2 elements n/2 — 2 elements

To conclude the construction, we need to exchange some elements belonging
to the main diagonal of C. In particular, for every i € {§ +3,% +5,...,n—1}
we exchange the element C[i,¢] with C[i + 1,4 + 1]. Finally, in the position
(5 +1,5 4+ 1) we put —C[5 + 2,5 + 2] and in the position (§ + 2,5 4 2) we
put —C[5 + 1,5 +1].

Clearly, the support of this new array is nothing but the support of C'. The
property that now the total sum of the rows and the columns is zero follows by
combining these last assignments with Equation . O

Example 4.2.3. In this example we follow step by step the proof of Theorem
to construct a strictly WH5(12;5).

Firstly, let A be the H3(12;3) obtained by applying the construction of
Proposition 5.3 of [40] (for convenience we have highlighted its subdivision into
2 x 2 blocks):

-5 18 -13
—32 1 31
—-19 2 17
—33 3 30
—20 4 16
—34 12 22
—28 7 21
-29 | -6 35
—15 -8 23
=27 -9 36
—14 || —10 24
37 —26 | —11
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We now construct the array B obtained from A by adding 4n + 2 = 50 to the
positive elements of D; and —50 to the negative ones:

—55 | 18 —13
—32| 51 31
—19] 52 17
—33 | 53 30
—20[] 54 16
—34| 62 22
—28'][ 87 21
—29 | —56 35
—15 ][ -58 | 23
—27 | —59 36
—14 ][ 60| 24
37 —26 | —61

Consider the arrays M; for i € {1,2} U{3,5} U{9,11}:

(#1049 _[F7 42 _[4 46
Ml_[—48 ;2}’ MQ_L:; iS}’ Mi”_L? 3}’
6 44 10 40 12 38
Mo [45 5} ’ My = [41 9} y Mu= [39 11} '

We then insert the elements of these arrays in B obtaining the new array C":

—55 18 +1 49 —13
—32 51 31 —48 F2
—19 52 17 F4 | F46
—33 53 30 F47 F3
—20 54 16 F6 | F44
—34 62 22 F45 F5
F7 | —42 —28 57 21
43 +8 —29 | —56 35
+10 | +41 —15 —58 23
+40 +9 —27 | =59 36
+12 | £39 —14 —60 24
37 +38 | £11 —26 | —61

Notice that the ordered list of the total sum of the rows and that of the columns
of C is:

(0,0,0,0,0,0,+1,+1,+1,—1,+1, —1).

Hence, we need to apply the final readjustment of some elements of the main
diagonal of C to gain the zero-sum property on every row and column (see the
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elements in bold):

—55 ] 18 1] 49 —13
—32 | 51 31 —48 | F2
19 52 17 T4 | 746
—33 ] 53] 30 F47 | T3
—20 [ 54 16 F6 | F44
34| 62 22 45| 75
F7 | —42 —28° [ 56| 21
43| +8 —29 | —57 35
10 | 41 “15 [ =59 | 23
+40 | £9 —27 | —58 36
+12 [ £39 —14 ] —61 | 24
37 +38 | £11 26 | —60

It can now be seen that the obtained array is a strictly WHs(12;5).

4.3 Weak Heffter arrays and biembeddings

As shown in Section [3.I]an embedding of a graph I' over a surface X is equivalent
to a rotation system over I', that is an assignment of a rotation to each vertex
and an orientation type (either 0 or 1) to each edge. Here, as done for the case
of classical Heffter arrays, we construct the embedding as the derived graph of
a current assignment on a particular graph I'.

Before proceeding with the theory developed by Archdeacon in [6] regarding
the connection between Heffter arrays and nonorientable embeddings, we discuss
the construction of the derived embedding that can be obtained from the current
graph on a nonorientable surface (see Section 4.4.5 of [54]). A current graph
(T, ¢, B) over a nonorientable surface having currents in a group G must satisfy
the following property:

B — B(e™) if e is of type 0,
Bey=4
B(e™) if e is of type 1.

The derived graph can be constructed as shown in Section The derived
embedding can be described by considering an extended version of the face-
tracing algorithm: while tracing the faces of I' following the standard algorithm,
we specify at which corners e;_1e; the corresponding vertex rotation is reversed.
For a face f having boundary e}' ... e, the rotation at the vertex (f,b) for every
b € G is given by:

(61, bl)el (62, b2)62 . (en, bn)E",

where

(1) b; = b if ¢, = +1 and the rotation at the vertex incident to the edges
ei_1€; is not reversed, or if ¢;, = —1 and the rotation at the vertex incident
to e;e;q1 is reversed,;

(2) b; =b— B(e™) otherwise.
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The edge type in the derived embedding of an edge (e, b) is defined so that (e, b)
has type 0 if and only if both e* and e~ appear in the directed boundary walk
of the current graph. Finally, the faces of the derived embedding are determined
as in the case of an orientable embedding. In general the derived embedding
obtained from a current graph over a nonorientable surface might be orientable:
however, due to the application to weak Heffter arrays, we remark that if the
group G has odd order, then the embedding of the derived graph is nonorientable
if and only if the current graph is nonorientable.

As done in Section for a graph ' = (V, E) with |V| = v and for its
directed version I' = (V, D) we consider the following properties that are defined
on a current graph (I, ¢, «), having currents in Z,:

(1) Kirchhoff’s current law: for every u €V, > .5 a(e) =0.

(2) Signed-unique currents: every element x € Z, \ {0} appears once as
a current on a unique directed edge, unless x or —x appears twice on an
edge having type 1.

(3) Monofacial embedding: the embedding constructed from (I', ¢) has a
single face.

Archdeacon proved in [6] that:

Theorem 4.3.1. Let T' = (V, E) be a bipartite graph having one color class
with m vertices of degree s and the other with n vertices of degree t, for some
m >t and n > s positive integers. Let (I',¢,a) be a current graph satisfying
Conditions (1), (2), and (3). Then there is an embedding of Komst1 on a
surface such that each edge lies on a face of length s and a face of length t. The
surface is non-orientable if and only if the embedding (T, ¢) is non-orientable.
Moreover, the faces of Koms+1 are simple cycles if each local rotation on (T, ¢)
s simple with respect to «.

Proof. Analogous to the one of Theorem the non-orientability of the sur-
face follows directly from the non-orientability of the embedding (T, ¢), since
Zoms+1 is a group of odd order. O

Example 4.3.2. In this example we consider the embedding of Theorem [4.3.1
starting from a current graph satisfying Conditions (1), (2), and (3) and having
the characteristics given in the statement of the theorem. We highlight that the
same example was given in [0].

Let (T, p,a) be following current graph, where p is the counterclockwise
rotation for each vertex and o maps the directed edges of T to elements of Zos
(following [99], edges of T' of type 1 are shown with a X symbol in the middle):
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The face-tracing algorithm gives the unique face f of the embedding:

(17 37 _117 77 1a _27 _8a _57 _3a _27 _4a 77
—6,10,—4,—11,9,10, -8, —12,—6,9, 5, —12).

By choosing e; = (a1,b1) (and consequently es, e, ..., e24), for every pair of
consecutive edges e;e;+1 in f we moreover write the sequence of reversed and
not reversed corners that we respectively denote as +1 and —1 (informally
speaking, the sign of the element of the sequence changes whenever we cross a
type 1 edge in f):

H = (17 13 717 713 717 713 13 17 17 17 13 13 17 717 717 17 713 15 717 715 717 13 13 1)

Since the embedding (T, p, «) is monofacial, the vertex set of the derived graph
Foz is {f} X Z25 = ZQ5.

We now construct the edges (e, b) of Ty, for the directed edge e™ = (ay, by),
where a(e™) = 1 (we remark that in this example we write the current assign-
ment as a function on both et and e™, hence ¢; = 1 for every directed edge e;
of f). A first observation shows that this edge is traversed twice in f, and the
corresponding elements of the sequence p have opposite signs: this implies that
the corresponding edges of the derived graph have type 1. If we traverse e™
with not reversed corners, the corresponding edges (e, g) in I, are of the form
(9,9 + 1) for g € Zos, while traversing e™ with reversed corners result in the
edges having form (g,g — 1) for g € Zss.

Consider now the edge e = {b1, a3} and say that e = (b1, a3) with a(e™) =
3: we can see that in f we traverse both e™ and e~, hence the corresponding
edges in Iy, have type 0. As done in Example the corresponding edges of
(e*,g) and (e™,g) are those of the form (g,g + 3) and (g,g — 3), respectively.
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By repeating the same reasoning on every edge of f, one can see that any edge
e of the current graph correspond to edges in the derived graph having difference
+a(et), hence the derived graph is Kos: a directed edge et is traversed twice
in the same direction if and only if it is traversed once with reversed corners
and once with not reversed corners.

To conclude we write the faces of the derived graph, that are obtained from
a vertex of the current graph. Fix any vertex of I, say as, and let (9,5, -3, —11)
be its local rotation. As g ranges in Zos, the faces obtained from as have as
sequence of vertices

(9,9+9,9+9+5,9+9+5—3).

It is immediate then to see that the faces are isomorphic to cycle graphs if the
local rotation is simple, as in this case.

Before considering the analogous of Theorem [3.4.8] we need to modify the
concept of compatible orderings given in Section[3.4] in order to adapt it for the
context of weak Heffter arrays.

Let A be a WH(m,n; h, k) and denote by ©(A) the m x n array obtained
by deleting from A the elements of type £z or Fa. We denote by Q(A) the
complement of O(A) in A. We note that

Zank+1 \ {0} = £E(O(A)) U E((A)).

Therefore, we can define the map A : Zani4+1 \ {0} — {1, —1} such that

_[1ifae ££(0(A));
Ma) = {_1 if a € £(QA)).

Definition 4.3.3. Let A be a WH(m, n; h, k) and let us consider the ordering
w, for the rows and w, for the columns. Note that we can assume without loss
of generality that the cell (1,1) is filled with the element a;, considered with its
row sign. We define recursively

aip = | e Maa)ifis odd, (43.1)
whi(—=A(a;)a;) if 7 is even;
where 1 = A(a1) and
Lig1 = H ) ( "rl) (432)
— s if )\(ai+1) =—1.

From now on we will use the notation (b;) to indicate the sequence of elements
(b1,b2,...).

Proposition 4.3.4. Given a WH(m,n; h, k), the following facts are equivalent:
(1) the sequence ((a;, ;) has period 2nk;
(2) the first 2nk elements of (a;u;) are all distinct;

(3) the sequence (a;u;) has period 2nk;
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(4) the sequence ((agi+1, 2i+1)) has period nk.

Proof. Let A be a WH(m, n;h, k). Firstly, note that from Equation (4.3.1) it
follows that:

{ Awr ™ (ag))wr " (a7) if 7 is odd;
aij—1 =
A

(w7 () 7 (=) it s even.

(4.3.3)
(1) = (2). Suppose by contradiction that (1) holds but (2) does not. This
means that there exist ¢ and j with 2nk > j > ¢ > 1 (which implies j —¢ < 2nk)
such that a;u; = aju;. Also, let ¢ and j be indices with this property with
minimum difference. Due to the definition of the sequences (a;) and (u;), if
a; = a;, pi = p; and ¢ = j (mod 2), then T|(j — ¢) where T = 2nk is the
period of the sequence ((a;, pt;)). Moreover, because of the definition of (a;),
if a; = —a; we must have that ¢ # j (mod 2). In both cases, if a;u; = a;u;
and j — i < 2nk, then ¢ Z j (mod 2). Furthermore, since in each row and each
column we have more than one element, j —i > 1.
Here we have four possible cases:

a aj, ), ¢ is odd and j is even;

Qj, /'Lz

) =
b aiaﬂz)
)

¢ aj, —H;), ¢ is odd and j is even;

Qj, Mz

) (
) (
) (
d) (

(
(aj, 1), 7 is even and j is odd;
(—
(=

ai, p;) = (—aj, —f5), ¢ is even and j is odd.

Note that the first two cases can occur when a; = a; € £(2(A)) while the latter
two cases when a; = —a; € £E(O(A)).
Case a). Assume that (a;, p;) = (aj, ;) where ¢ is odd and j is even. Then
ait1 = —whi (N a;)a;).
Since pir1 = piA(—whi (X (a;)a;)), it follows that
Qi1 pit1 = —wi (Aag)aq) i (=i (Aas)ai)).
Moreover, since a; € £(§2(A)), A(a;) = —1, and hence we have that
Qi1 i1 = =W (=aq) A (—wt (—ai)).
On the other hand, we have that
aj—1 = Mw "7 (=a;))w 1 (—ay).
Also, since a; € £(2(A)), pj = —p;—1 and hence
aj_1pj—1 = —pi AWl (—a;))wi? (—a;).

Finally from (aj, ;) = (ai, 1) and M—whi(—a;)) = A(wh(—a;)), it follows
that:

ajoapy—1 = —piAwe’ (—a;))we’ (—a;) = —pA(—wh (—a:) )wh' (—ai) = i1 ppita.
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Note that this is a contradiction since we are assuming that ¢ and j are at a
minimal distance and j —¢ > 1.
Case b). Assume that (a;, ;) = (a;, ptj) where ¢ is even and j is odd. Then,

ait1 = whi(=A(a;)a;).
Since pir1 = piA(whi(—A(a;)a;)) and A(a;) = —1, we have that
Qi1 pit1 = iAWy (aq))w) (a;).
On the other hand we have that

aj—1 = —Aw, "7 (a;))w, 7 (aj).
Also, since a; € E(Q(A)), pj = —pj—1 and hence

aj—1pj—1 = piA(wr (az))wr (aj).
Finally from (a;, pt;) = (@i, i), it follows that:

aj-1pj-1 = piAwr? (a;))wp (az) = pid(wr (ai))wy' (i) = @ivapiv-

Note that this is a contradiction since we are assuming that ¢ and j are at a
minimal distance and j —¢ > 1.
Case ¢). Assume that (a;, ;) = (—a;, —p;) where i is odd and j is even.
Then
ai+1 = 7&)5’1‘ ()\(al)al)

Since pir1 = piA(—whi(A(a;)a;)) and A(a;) = 1, we have that
Qi1tit1 = —wg (@) piA(—wg (i)
On the other hand, we have that
aj—1 = Mw, "t (—a;))Jwe 7 (—ay).
Also, since a; € ££(0O(A)), p; = pj—1 and hence
aj—1pj—1 = piMw " (—a;))we " (—aj).

Finally from (—a;, —p;) = (a;, pi) and A(—wh(—a;)) = Mwh(—a;)), it follows
that:

ajipij—1 = piMwe " (—a;))we " (—aj) = =M (—wl (ai))w (ai) = Giy1pivr.

Note that this is a contradiction since we are assuming that ¢ and j are at a
minimal distance and j —¢ > 1.
Case d). Assume that (a;, ;) = (—aj, —p;) where ¢ is even and j is odd.
Then,
ai+1 = wﬁi(f)\(ai)ai).

Since pir1 = piA(whi(=A(a;)a;)) and A(a;) = 1, we have that

Aip1phivr = iAWy (—a;))wr (—a;).
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On the other hand we have that
aj—1 = —Mw, " (a;))w, " (a;).
Also, since a; € +££(©(A)), p; = pj—1 and hence

ajpj—1 = —piNw, " (a))w, " (az).

Finally from (—a;, —p;) = (as, ft:), it follows that:
aj_1pj—1 = —piAw. " (ag))w, M (a5) = pid(wy (—aq))wl (—ai) = aip1ptivr.

Note that this is a contradiction since we are assuming that ¢ and j are at a
minimal distance and j —¢ > 1.

Therefore a;p; = ajp; can hold only assuming j =4 (mod 2) and hence, as
noted above, (a;, ;) = (a;, ;). It follows that (ajye, thite) = (ajte, ftj+¢) for
any positive integer ¢, which means that T'|(j —¢) where T' = 2nk is the period of
((@i, p17)), but this is in contradiction with the assumption that 2nk > j > i > 1.
Thus, assuming (1), i.e. T = 2nk, the first 2nk elements of (a;u;) are distinct.

(2) = (3). Assuming that (2) holds, the first 2nk elements of (a;u;) are
different. Hence the period T of (a;u;) is larger than or equal to 2nk. Consider
the element agnkt1piank+1: since it is a non-zero element of Zg, k41, it must be
equal to a;ju; for some j € [1,2nk]. Moreover, due to the previous discussion,
Qonk41M2nk+1 = Gjp; can occur only if j = 2nk + 1 (mod 2) and (a;, ;) =
(aj, ;) which implies that T'|(2nk + 1 — j) where T is the period of ((a;, 1))
Note that T is a multiple of the period T” of the sequence (a;u;). It follows that

2k <T' <T <2nk+1—j<2nk.

This can occur only if 7 = 1 and if the period of (a;u;) is exactly 2nk. Therefore
also property (3) holds.

(3) = (1). By hypothesis, ai1/t1 = aank+1fonk+1- Since also 2nk +1 =1
(mod 2), we have that (a1, 1) = (a2nk+1, 2nk+1) Which implies that

(@14, H1te) = (Q2nk+1+0, H2nk+1+0)

for any positive integer ¢ and hence the period T of ((a;, ft;)) is at most 2nk.
On the other hand, since T is a multiple of the period T” of (a;u;), we have that

2nk > T > T = 2nk.

It follows that T is exactly 2nk and hence (1) holds.

(1) = (4). Since the period T of ((a;, u;)) is 2nk, we have that (@211, fi2i+1)
has period 7" that is a divisor of nk. On the other hand, given (ag;t1, f2i+1) =
(a2j+1, ,LL2j+1), since 21+ 1 = 2] +1 (mod 2), we have that (a2i+1+g, ,LL21'+1+5) =
(254140, H2j+1+¢) for any positive integer ¢. It follows that 2(j —1) is a multiple
of the period T' = 2nk of ((a;, pt;)) and hence (j —i) > nk. Therefore the period
of (agit1, toit1) is exactly nk.

(4) = (1). Since the period T” of (agit1, ft2i+1) is nk, then the period T of
(a;, p;) must be a multiple of 2nk. Moreover, since (aopk+1, tonk+1) = (a1, f1),
and 1 = 2nk+1 (mod 2), we have that (asng+1+e, onk+1+e) = (@140, 1+e) for
any positive integer £. Therefore, the period of (a;, 1t;) must be exactly 2nk. O
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Now we can use the sequence ((a;, ;)) in order to generalize the definition
of compatible orderings given in [6].

Definition 4.3.5. Let A be a WH(m, n; h, k) and let w, and w, respectively be
an ordering for the rows and an ordering for the columns of A; w, and w,. are
compatible whenever the conditions of Proposition [4.3.4] are satisfied.

Remark 4.3.6. If A is an H(m,n;h, k), then the compatibility conditions of
Proposition are equivalent to the ones given in Section

As a generalization of Theorem Archdeacon showed in [6] the equiva-
lence between the previous construction and weak Heffter arrays:

Theorem 4.3.7. Let H be a WH(m,n;s,t). Then H is equivalent to a current
assignment «, satisfying Conditions (1) and (2) of Theorem|[4.5.1, on a bipartite
graph T' having one color class with m vertices of degree s and the other with
n wvertices of degree t. T is connected if and only if H is not, up to row and
column permutations, fully indecomposable.

Two compatible orderings w, and w,. of the rows and columns of H are equiv-
alent to a monofacial rotation p on I'. Moreover, if w, and w. are both simple,
then p is simple with respect to «.

By combining Theorems and we can deduce that from a weak
Heffter array admitting two compatible orderings (in the sense given in Defi-
nition it is possible to construct an embedding of the complete graph.
As done in Section we call an embedding arising from a weak Heffter array
Archdeacon embedding or embedding of Archdeacon type.

Example 4.3.8. Let (T', p, ) be the current graph of Example it can be
seen that the current graph (T, p, ) is equivalent to the following weak Heffter
array over Zos:

1| =7 | —6 | 12
H=| 2 | -4 | £10| F8
=3 |F11| £9 | 5
paired with the following row and column orderings:
w, = (1,-7,-6,12)(2, —4,10,—-8)(—3,—-11,9,5),
we = (1,-3,2)(=7,—11,—-4)(—6,10,9)(12, -8, 5).
Note that following the notation of the current graph given in Example
w;- is the local rotation assigned to the vertices a1, as and as; if 7 is the map on
Zas \ {0} defined as 7(z) = —z if x € O(A), 7(x) =z if x € Q(A), then T ow,
is the local orientation assigned to the vertices by, bo, b3 and by. It can be seen
that w, and w, are compatible, indeed the sequence (a;, 11;) of Definition

IS: ((1,1),(-11,-1),(1,-1),(=8,1),(-3,1),(—=4,1),(=6,1),...
(_47 _1)7 (97 _1)7 (_87 _1)’ (—6, _1)7 (5, 1))
that has length 12.

As previously stated the embedding arising from a current graph having
type 1 edges may or may not be orientable: in fact, a current graph (T, ¢, «) is
non-orientable if and only if it admits a cycle graph having an odd number of
type 1 edges as a subgraph. In terms of the weak Heffter array, we then have
the following equivalent condition:
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Proposition 4.3.9. The Archdeacon embedding arising from a weak Heffter
array A is non-orientable if and only if there exists a sequence (aq,...,az) of
filled cells such that:

(1) a142; and ag; are in the same row for each i € [0, — 1];

(2) ag; and agiy1 are in the same column, for each i € [1,4] (where by ages1
we mean aj );

(3) Hai,...,a20} NQA)| is odd.

In the following section we construct an infinite family of non-orientable
Archdeacon embeddings, starting from a variation of the tour problem proposed
in [33] and previously discussed in Section

4.4 A tour problem on a weak Heffter array

In this section we discuss the analogous of the Crazy Knight’s tour problem,
introduced in [33] and studied in Section for the case of Archdeacon embed-
dings constructed from weak Heffter arrays. We recall that the Crazy Knight’s
tour problem has been introduced as an equivalent problem to the one of finding
compatible natural orderings on the filled cells of a partially filled array. For
weak Heffter arrays the notion of compatible orderings is generalized in the sense
given by Proposition we show that it is necessary to define a more general
formulation of the Crazy Knight’s tour problem in order to include the broader
definition of compatible orderings. Moreover, we construct an infinite family of
weak Heffter arrays together with their relative compatible orderings, showing
the existence of an infinite family of non orientable Archdeacon embeddings.

Given a WH(m,n; h, k), say A, we recall that by r; (respectively ¢;) we
denote the orientation of the i-th row (respectively j-th column), precisely r; = 1
if it is from left to right and r; = —1 if it is from right to left (respectively ¢; =1
if it is from top to bottom and ¢; = —1 from bottom to top). Assume that the
orientations R = (r1,...,7,) and C = (¢1,...,¢,) are fixed, and consider the
following tour on two identical copies of the array A, that we denote by A; and
by A_;. We recall that by skel(A) we denote the set of non-empty cells of A.
For t € {£1} we index the nonempty cells of A; with the triples (i, j,t), where
(i,5) € skel(A). Finally, given a cell (7,7,t) in the array A, for t € {£1} we
consider the moves:

1) Lg(i,j,t) is the cell (i,5’,¢') where j' is the column index of the filled cell
of the row R; next to (4,7) in the orientation r! and

o tif (4,5") € skel(©(A))
] =t otherwise.

2) Le¢(i,j,t) is the cell (¢, 4,t') where ¢’ is the row index of the filled cell of
the column Cj next to (i, 7) in the orientation ¢} and

—t  otherwise.

o {t if (i,5') € skel(©(A))
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Assuming (1,1) € skel(A) and setting

—1 otherwise

L {1 if (1,1) € skel(©(A))
we consider the list
Ler = ((1,1,t), Lg o Le(1,1, 1), ..., (Lg o Le)*(1,1,1))

where / is the minimum value such that (Lz o Le)*t1(1,1,¢) = (1,1,1).

Generalized Crazy Knight’s tour problem. Given an m x n
weak Heffter array A, determine whether there exist R € {—1,1}™
and C' € {—1,1}" such that the list L¢ & has length |skel(A)].

As done for the Crazy Knight’s tour problem, we denote by P(A) the latter
tour problem.

Example 4.4.1. Let A be again the WH(3,4) of Example Since the
arrays A; and A_; are copies of A, we have that

1 -7 | —6 | 12
A1 = A_1 = 2 —4 +10 $8
3FIL] 29| 5

We recall that a pair of compatible orderings for A is:

wy = (1,-7,-6,12)(2, —4, 10, —8)(—3, 11,9, 5),
we = (1,-3,2)(=7, 11, —4)(—6,10,9)(12, -8, 5).

Consider the orientations C = (—1,—1,1,1) and R = (1,1,1) (note that these
correspond respectively to w, and w,). The list L¢ & is given by:

(1,1,1),(3,2,-1),(1,1,-1),(2,4,1),(3,1,1),(2,2,1),(1,3,1),(2,2,-1),

(3,3,-1),(2,4,-1),(1,3,-1),(3,4,1)).

Since this list has length 12 = |skel(A)|, it follows that (C,R) is a solution of
P(A).

We can represent the orientations and the tour directly on the arrays A;
and A_ as follows: here the arrows represent the orientations (C, R on A; and
their opposites on A_1), we have highlighted in grey the cells of skel(£2(A)) and
the numbers represent the positions of the cells in the tour.

T[] L] VL] 1] 1]
— |1 7 +~— |3 11
— 6 — 8
= |5 12 |

In what follows we show that, as for the case of the classical Crazy Knight’s
tour problem, the generalized tour problem is equivalent to the existence of a
pair of compatible natural orderings:
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Remark 4.4.2. If A is a WH(m,n; h, k) such that P(A) admits a solution
(C,R), then for each row R (respectively column C'), consider wgr to be the
natural ordering if r; = 1 (respectively ¢; = 1) and its opposite otherwise. Set
NOW W, = WR, © ---owp,, and w, = weg, © -+ o wc,. We consider now the
sequence (a;) defined as in Equation starting from the orderings we,w,
associated with the orientations C and R. Because of the definition of L¢ », the
element (7, 7,t) in the ¢-th position of this list is such that the cell (4,5) of A,
considered with its row sign (i.e. its upper sign), contains ase1 and poey; = t.
It follows that, if the list L¢ g has length |skel(A)| = nk, then the sequence
((agit1, pt2i+1)) has period nk. As shown in Proposition this means that
w, and w,. are compatible.

As remarked in Example directed edges in a current graph that are
traversed twice in the same direction correspond to edges having type 1 in the
derived graph. However, we still need to verify that in the derived graph there
exists at least one cycle containing an odd number of edges having type 1. We
prove then a condition that is equivalent to the orientability of the embedding,
and that allows us to determine if an Archdeacon embedding is orientable only
by looking at the compatible orderings of the weak Heffter array.

Theorem 4.4.3. An Archdeacon embedding of the complete graph Koppi1 is
orientable if and only if every edge of Konkt1 ts of type 0.

Proof. Suppose that every edge of Ko,x11 is of type 0. It follows that any cycle
of Kaopk41 contains zero edges of type 1, hence by Theoremthe embedding
is orientable.

Suppose that there is an edge of type 1, say (Z,Z + a),and denote by ¢ the
additive order of a in Zoykt1; as |Zonk+1| is odd we have that also ¢ is odd.
Since the type of (z, 2+ a) is independent from the value of 2 we have that also
the edges (Z + a,Z + 2a), (T + 2a,Z + 3a),..., (T + (£ — 1)a, T) are of type 1.

It follows that the cycle

C:=(z,z+a,T+2a,...,z+ (£ —1)a)

contains an odd number (i.e. ¢) of edges of type 1. We deduce from Theorem
that the embedding is non orientable. O

This principle can be generalized as follows, giving a non-orientability con-
dition that directly refers to the problem P(A).

Proposition 4.4.4. Let A be a WH(m,n; h, k), let (C,R) be a solution of P(A)
and let IT = (Kapg+1, @) be the associated Archdeacon embedding. If there exists
(i,7) such that both (i,7,1) and (i,7,—1) belong to Le g, then the embedding I1
is non-orientable.

Proof. Suppose that both (4,7,1) and (¢,7,—1) appear in the list L¢ r, and
assume that (4, 7,1) is in the ¢-th position of this list and (¢, j, —1) is in the ¢’-th
one. Let (a;) be the sequence defined as in Equation with the orderings
associated with the orientations C and R. Because of the definition of L¢
and since (i,7,1) is the ¢-th element of this list, the element in the cell (i, 7)
of A considered with its row sign (i.e. its upper sign) is age+1. On the other
hand, since (i, 7, —1) is the ¢'-th element in the list L¢ z, the element in the cell
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(i,4) of A considered with its row sign is also age 1. Therefore we have at least
one repetition in the sequence (ag;+1) and hence there exists at least one edge
e having type 1. It follows from Theorem that the embedding II is not
orientable. O

Example 4.4.5. Consider again the weak Heffter array A of Example
We have seen in Example that the orientations C = (—1,—1,1,1) and
R =(1,1,1) are a solution of P(A). We recall that the list L¢ & is given by:

((17 1a 1)’ (37 2a 71)7 (1a 1; 71)7 (Qa 4’ 1)7 (3a 1, 1)7 (2a 2; 1)’ (17 3a 1)’ (27 2v 71)7

(3,3,-1),(2,4,-1),(1,3,-1),(3,4,1)).

Since both (1,1,—1) and (1,1,1) appear in L¢ g, it follows from Proposition
that this solution of P(A) induces a non-orientable Archdeacon embedding
of K25 .

Remark 4.4.6. As reported in Theorem an H(m, n) exists if and only if
m,n > 3. In case m =3 and n =1 (mod 8), the H(3,n) presented in Theorem
3.2 of [7] contains the elements —1, —4k — 5,4k + 6 (where n = 8k + 9) in the
first row. Up to reordering the columns we may assume these elements are
in the cells (1,1),(1,2) and (1,n). Now we can replace these elements with
+1,£(4k+5), F(4k +6). Finally, transposing this array, we obtain a WH(n, 3),
say A, such that skel(2(4)) ={(1,1),(2,1),(n,1)}.

Proposition 4.4.7. Let A be a WH(n,3) with n > 4 such that skel(Q2(A)) =
{(1,1),(2,1),(n,1)}. Then there exists a solution (C,R) of P(A) such that both
(1,3,1) and (1,3,—1) belong to Le .

Proof. Let us consider the orientations ¢ = (1,—1,—1) and R = (-1,-1,
...,—1). Since (1, 1) € skel(©2(A)), the first element of the list L¢ & is (1,1, —1)
and Lg o L¢(1,1,-1) = (n,3,1). Then
LroLe(n,3,1) =(n—1,2,1),
LroLe(n—1,2,1)= (n—2,1,1),
LroLe(n—21,1)= (n—1,3,1),
and, more in general, for any ¢ € [1,n — 5]
LroLe(n—10,3,1)=(n—1-1¢21),
LroLe(n—1—0,21)=nm—-2—101,1),
LroLe(n—2—0,1,1)=(n—1-103,1).

It follows that the list L¢ & has (4, 3,1) in position 3n — 10 and, hence, we have
that

Ler = ((1,1,-1),(n,3,1),(n —1,2,1),(n—2,1,1),(n — 1,3,1),...,(4,3,1),
(3a 2a 1)7 (27 1a _1)7 (1a Sa 1)7 (TL, 25 1)7 (TL - 17 17 1)a (n7 27 _1)7 (17 3a _1)7 (2a 13 1)7
(3,3,1),(2,2,1)).

Here (2,2, 1) is the last element since Lr o L¢(2,2,1) = (1,1, —1). It is also easy
to check that the list Le z contains 3n distinct elements, and hence (C,R) is a
solution of P(A). Moreover both (1,3,1) and (1,3, —1) belong to L¢ . O
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Now we apply this solution to the problem P(A) to obtain an infinite family
of non-orientable embeddings.

Theorem 4.4.8. Let n = 1 (mod 8) be larger than 1. Then there exists a
non-orientable embedding of Kgn41 of Archdeacon type.

Proof. Due to Remark for any n = 1 (mod 8) with n > 9 there exists
a WH(n, 3), denoted by A, such that skel(Q(A)) = {(1,1),(2,1),(n,1)} and,
because of Proposition there exists a solution (C,R) of P(A) such that
both (1,3,1) and (1, 3, —1) belong to L¢ z.

It follows from Proposition that this solution of P(A) induces a non-
orientable embedding of Kg, 1 of Archdeacon type. O



Chapter 5

Non-zero sum (relative)
Heffter arrays

In this chapter we consider a variant of Heffter arrays called non-zero sum
(relative) Heffter arrays, that has been recently introduced in [35] and studied
in other subsequent papers, see [34, [69, [70]. As we will see these arrays were
introduced due to their connection with Alspach’s conjecture on partial sums,
that is Conjecture[2.4.3]of this thesis. Moreover, as for classical (relative) Heffter
arrays they have analogous applications to graph decompositions and face 2-
colorable embeddings. While non-zero sum Heffter arrays are easier to construct
compared to the classical Heffter arrays (namely being zero-sum), it remains a
hard task to find a simple ordering of their rows and columns. For this reason
a problem that has been considered since their introduction in [35] and later on
studied in [69] [70] is the construction of globally simple non-zero sum Heffter
arrays. Moreover, their easier construction allows to obtain quite complete
existence results in many more general settings, like whenever the array is filled
with a suitable subset of a (not necessarily abelian) group, or where the rows
and columns of the array have a different number of filled cells. To conclude,
we remark that many statements have been proved using both constructive and
probabilistic approaches, showing that it is possible to apply different methods
to this kind of problems. The results presented in this chapter are contained in
a joint work with A. Pasotti, see [69].

5.1 Definition

Following the notation of [34] we give the notion of a non-zero sum (relative)
Heffter array as an array filled with elements of an abelian group G, that we al-
ways assume to be written in additive notation whose neutral element is denoted
as 0. We remark that the original definition of [35] was given for G = Z,. If the
group is not specified it is assumed that the array is filled with the elements of
a suitable cyclic group.

Definition 5.1.1. Let v = %4% be a positive integer, where t divides % Let

G be an abelian group of order v, let J be a subgroup of G of order t. A \-fold
non-zero sum Heffter array A over G relative to J, denoted by *NH,(m, n; h, k),

87
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is an m x n partially filled array with elements in GG such that:
(a) each row contains h filled cells and each column contains k filled cells;
(b3) the multiset {#x : € A} contains each element of G\ J exactly A times;
(c1) the sum of the elements in every row and column is different from 0 in G.

As done for Heffter arrays, if t = 1 and A = 1 we write NH(m, n; h, k), while
if the array is square, i.e. m = n and h = k, then we write NH;(n; k). Notice
that in this case the parameters h and k can be as low as 1 (while h, k > 3 for
Heffter arrays).

Remark 5.1.2. The notion of A-fold Heffter array was given in [41] as a gen-
eralization of the standard notion of (relative) Heffter arrays; in the previous
chapters of this thesis we refrained to use this notion in order to simplify the
notation and the definitions. However, we need this notion in order to introduce
the concept of generalized Archdeacon arrays that is given in Chapter [6]

It is then clear that the existence problem of arrays having non-zero sum
is easier than the one of arrays having sum equal to zero. Indeed, in the same
article that introduced non-zero sum Heffter arrays the authors established con-
structively that (Corollary 3.5 and Theorem 4.2 of [35]):

Theorem 5.1.3. These exists a cyclically k-diagonal globally simple NH(n; k)
if and only if n > k > 1.

Theorem 5.1.4. There exists a globally simple NH(m,n;n,m) if and only if
m,n > 1.

Using a probabilistic approach the authors of [34] showed that:

Proposition 5.1.5. Let G be a group of size v = %H and let J be a subgroup

of G of order t. Then there exists a *NH;(m,n; h, k) over G relative to J for
every v even, v > 42 and for every v odd, v > 29.

5.2 Constructions of globally simple NH;(n;n)

In this section we construct examples of completely filled and square non-zero
sum Heffter arrays; moreover, in Section we compute the face length of the
biembedding that can be constructed from these arrays. From now on all the
results presented here are contained in [69].

The following lemma plays a fundamental role in showing that the arrays
we are going to construct are globally simple. Its proof is trivial and hence it is
left to the reader.

Lemma 5.2.1. Let a, b and g be elements in an abelian group G, and let £
be a positive integer. Consider the orderings w = (a,b,a + ¢g,b — g,a + 2g,b —
2g,...,b—(l—1)g,a+Lg) andv = (a,b,a+g,b—g,a+2g,b—2g,...,a+Llg,b—Lg).
Then:

(1) the unordered list of the partial sums of the ordering w is

Sw)={k(a+b):1<k<U{a+kla+b+g):0<k< (]
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(2) the unordered list of the partial sums of the ordering w™! is

Sw ) ={kla+b+g):1<k<U{a+lg+k(a+b):0<k</L};

(3) the unordered list of the partial sums of the ordering v is
SW)={k(a+b):1<k<l+1}U{a+k(a+b+g):0<k<L}

(4) the unordered list of the partial sums of the ordering v=—! is

Sw Y ={k(a+b):1<k<l+1}U{b—Llg+k(a+b+g):0<k</L}

We point out that all the following proofs are constructive, in fact we give
direct constructions of a globally simple NH;(n;n) for suitable values of n and
t, and we show that all the required properties are satisfied.

5.2.1 Globally simple NHy(n;n)

The arrays described in the following proposition can be found in [35, Theorem
5.5], where a construction of a globally simple NH(m, n; n, m) for every m,n > 1
is given. Here we show that for every integer n = m the same array is also a
globally simple NHa(n; n).

Proposition 5.2.2. For every integer n > 1, there exists a globally simple
NHa(n;n).

Proof. Let n > 1 be an integer, and consider the n x n matrix A = (a; ;) with
elements in Zsy,2, o whose (¢, j)-th entry is:

aij = elj+ (i = 1nl,
where e = 1 if ¢ = j (mod 2), and ¢ = —1 otherwise. Since the array is
totally filled and, as shown in [35], supp(A) = [1,n?], conditions (a) and (b) of
Definition [1.3.8| are satisfied.
It now remains to check that the array satisfies condition (c;) of Definition

with G = Zg,21 and it is globally simple. As proved in [35], the unordered
list of the partial sums of the j-th column of A4, for j € [1,n], is S(C;) = X,;UY],

where:
X;={(=0kn:ke 1| ][}

Y, = {(1)j+1(j Ykn) ke {o, L”JH }

It can be easily seen that X; and Y} are disjoint sets modulo 2n2 +2, containing
only non-zero elements.

Now, for every i € [1,n] the unordered list of partial sums of the i-th row of
Ais S(R;) = X; UY;, where:

Xi={(-v'k:ke [L]3]]}

{(1)”1(1 -4k ke [o, {";H }

Y;
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As before, it can be seen that X; and Y; are disjoint sets modulo 2n% + 2, and
that no element in these sets is zero.
Hence, for every integer n > 1 the array is globally simple, so, in particular,

every row and column has non-zero sum, proving that also condition (c1) of
Definition [[.3.8] is satisfied. O

Remark 5.2.3. From the globally simple array A shown in Proposition
the total sum of the elements of each row and of each column can be easily
found, depending on the case n even or odd. For every odd integer n > 1,

considering the element of Y; and the ones of Y; for k = "T_l, we get that for
every i, j € [1,n]:
» -1
> iy =y (4 5 )
a; ;€C;
i 1
S = (- ek .

a; ;ER;
Analogously, for every even integer n > 1, considering the element of X; and
that of X; with & = %, we obtain that for every i, j € [1,n]:
2

Z Qi,j = (—1)j?;

a;,;€C;

Z ai’j = (—1)i§.

a; ;ER;

Example 5.2.4. Following Proposition we obtain the NHy(10;10) below,
filled with elements in Zogs:

1 -2 3 —4 5 —6 7 -8 9| —10
—11 12 | —13 14 | —15 16 | —17 18 | —19 20
21 | —22 23 | —24 25 | —26 27 | =28 29 | =30
—31 32 | =33 34 | =35 36 | —37 38 | —39 40
41 | —42 43 | —44 45 | —46 47 | —48 49 | —50
—51 52 | =53 54 | —55 56 | —57 58 | —59 60
61 | —62 63 | —64 65 | —66 67 | —68 69 | —70
—71 72 | =73 74 | =75 76 | =77 78 | =79 80
81 | —82 83 | —84 85 | —86 87 | —88 89 | —90
—91 92 | —93 94 | —95 96 | —97 98 | —99 | 100

And similarly we obtain the NHg(11;11) below, whose elements belong to
Loaa:

1 —2 3 —4 5 —6 7 —8 9 —10 11
—12 13 —14 15 —16 17 —18 19 —20 21 —22
23 —24 25 —26 27 —28 29 —30 31 —32 33
—34 35 —36 37 —38 39 —40 41 —42 43 —44
45 —46 47 —48 49 —50 51 —52 53 —54 55
—56 57 —58 59 —60 61 —62 63 —64 65 —66
67 —68 69 —70 71 —72 73 —74 75 —76 7
—78 79 —80 81 —82 83 —84 85 —86 87 —88
89 —-90 91 —92 93 —94 95 —96 97 —98 99
—100 101 | —102 103 | —104 105 | —106 107 | —108 109 | —110
111 | —112 113 | —114 115 | —116 117 | —118 119 | —120 121
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5.2.2 Globally simple NH,,(n;n)

In this subsection we construct globally simple non-zero sum Heffter arrays
relative to the subgroup of order 2n.

Proposition 5.2.5. For every odd integer n > 1 there exists a globally simple
NHy,,(n;n).

Proof. Let n > 1 be odd and consider the n x n array A with elements in
Zion2 9, Whose (4, j)-th entry is:
i+(n+1)(—-1) fori=7j (mod 2),
a; ;, =
Y4 n—i—(n+1)(G—-1) fori#j (mod 2).

A has no empty cells, thus condition (a) of Definition is trivially satisfied.
It can then be verified that, for j € [1 } the support of the columns is:

supp(Cj U Cp—ji1) = [1+(n+1)(j - 1),n+ (n+1)(j — 1)]U
n? = (n+1)(j—1,n*+n—1—(n+1)(j—1)]

and that
21 n?—1

n
supp(Cn;rl)—{lﬂ— 5 ,n+ 5 ,

from which we obtain that supp(A) = [1,n?+n]\{n+1,2(n+1),...,n(n+1)}.
We now examine the partial sums of the columns of A. For any odd j € [1,n]
the entries of the j-th column C; = (i j)ic[1,n] of A are:

i+(n+1)(-1) if ¢ is odd,
Y4 n—i+(n+1)(j—1) ifiis even.

Define now:

X:{k(n2+n—l): ke {1”;1”

sz{1+(n+1)(j—1)+k(n2+n+l): ke [0”51]}

By applying Lemma ) witha=1+n+1)G—-1),b=n’+n—-2—(n+
(G—-1),9g=2and = ”;1, it can be seen that for any column C; with j odd,
it results S(C;) = X UY;. We notice that in Zg,2,9, both X and Y} are sets
not containing zero. It remains to check that X and Y; are disjoint. Assume by
contradiction that there exist ky € [1, ”771], ko € [O, D] and an odd j such

2
that:

Ein?’4+n—1)=14+n+1)G—1)+k(n®>+n+1) (mod 2n?+ 2n).
It is easy to see that this would imply:
ki+ke+1=0 (modn+1).

However, by the hypothesis on k; and ko we have 1 < k1 +ky < n —1, so
we obtain a contradiction. Then the partial sums of C; for j odd are pairwise
distinct, and non-zero.



92 CHAPTER 5. NON-ZERO SUM (RELATIVE) HEFFTER ARRAYS
It can be checked that for any even j € [1,n] the entries of the j-th column
Cj = (ci,j)iep,n) of A are:

P 4+n—i+(n+1)(G—-1) ifiisodd,
Y i (n+1)(G - 1) if i is even.

Now consider:
-1
X = {k(n2+n+1): ke [1”2]}

Yj:{n2—2—(n—|—1)(j—2)—|—/<;(n2+n—1): ke {0,"?”.

By applying Lemma ) witha=n24+n—-1—(n+1)(G—1),b=(n+
DG-1)+2, g=-2and ¢ = ”7_1, it can be seen that for any column Cj,
with j even, we have S(C;) = X UY]. Reasoning as before, one can see that X
and Y; are disjoint sets not containing zero, hence the partial sums are pairwise
distinct and non-zero.

Now we consider the partial sums of the rows. It is easy to see that for any
odd i € [1,n] the elements of the i-th row R; = (75 j)je[1,n] Of the matrix are:

it (n+1)G—1) if j is odd,
Y mP 4 n—i—(n+1)(G—1) ifjis even.
Set:

X:{k(ng—l):ke [1”;1]}

K:{i+k(n2+2n+1): ke [O,n;l}}

By applying Lemma (1) witha=1i,b=n?>—1—i,g=2n+2and ¢ = ”7_1,
it can be seen that for any row R;, i odd, it results S(R;) = X UY;. Since we
are working in Zs,22,, we can rewrite Y; as:

Yi{iJrk(ln2): ke [0,"1”.

2

Now, we have to show that S(R;) is a set and that 0 ¢ S(R;). We first notice that
in Zon210, both X and Y; are sets not containing zero. By way of contradiction,
assume that for some k; € [1, "T_l], ko € [0, ”T_l} and odd ¢ we have:

ki(n? —1) =i+ ky(1 —n?) (mod 2n? + 2n).
This would imply that:
(k1 + ko)(n? —1) = (k1 + ko) (n —1)(n+1) =i (mod 2n? + 2n).

It would then follow that ¢ is a multiple of n + 1; however, i € [1,n]. We have
then proven that all the partial sums are distinct and non-zero.

Finally it is not hard to see that for any even ¢ € [1,n] the elements of the
i-th row R; = (75 j)je[1,n] Of A are defined as:

it(m+1)G—1) if j is odd,
Y mP 4 n—i—(n+1)(G—1) ifjis even.
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Now, let:

X:{k(n2+2n+1): ke {1731]}

YiZ{n2+n—i+k(n2—1): {o”gl}}

By applying Lemmaﬂ(l) witha =n?+n—i,b=n+1+4,g=—2n—2and
= %‘1, it can be seen that for any row R;, ¢ even, we have S(R;) = X UY;.
Since, as before, we are working in Zg,2.10,, we can rewrite X as:

X:{k(l—nz):kze {1”;1]}

With an argument similar to the previous one we can show that X and Y; are
disjoint sets not containing zero, proving that the rows of A admit a simple
natural ordering. This concludes the proof. O

Remark 5.2.6. Let A be the globally simple array described in Proposition
For every odd j € [1,n] looking at the element of the corresponding Y;
obtained for k = an we get

nd—2n—1 n?—n-—1
S iy =i 1)+ S = ) (S )
a; ;€C;

while for every even j € [1,n]:

. n3+2n%+2n+1 n2+n+1 .
S gy =itk )+ TEEEEEEL g (R

a; ;€C;

It can be seen that the previous expressions can be written in a more compact
form, obtaining that for every j € [1,n]:

n? ‘n+1-—2j
S ai=m+1) <2+(_1>J — )
a; ;€C;

Finally, for every i € [1,n], considering the element of the corresponding Y;
with k& = 21 we get

2

n?+n P

Y aig= 5 +(—1)< 5 —Z>-
ai,jER,-,

Example 5.2.7. From Proposition we obtain the NHyo(11;11) below,
whose elements belong to Zogy:

1| 119 25 | 95 | 49 | 71 | 73 | 47 97 23 | 121
130 14 | 106 | 38 | 82 | 62 | 58 | 86 34 | 110 10
3| 117 27 | 93 | 51 | 69 | 75 | 45 99 21 | 123
128 16 | 104 | 40 | 80 | 64 | 56 | 88 32 | 112 8
5| 115 29 | 91 | 53 | 67 | 77 | 43 | 101 19 | 125
126 18 | 102 | 42 | 78 | 66 | 54 | 90 30 | 114 6
71 113 31 |8 | 55 | 65 | 79 | 41 | 103 17 | 127
124 20 | 100 | 44 | 76 | 68 | 52 | 92 28 | 116 4
9| 111 33 | 87 | 57 | 63 | 81 | 39 | 105 15 | 129
122 22 98 | 46 | 74 | 70 | 50 | 94 26 | 118 2
11 | 109 35 |85 | 59 | 61 | 83 | 37 | 107 13 | 131




94 CHAPTER 5. NON-ZERO SUM (RELATIVE) HEFFTER ARRAYS

5.2.3 Globally simple NH,:(n;n)

In this subsection we construct globally simple square non-zero sum Heffter
array relative to the subgroup of order n?.

Proposition 5.2.8. For every odd integer n > 1, there exists a globally simple
NH,2(n;n).

Proof. Let n > 1 be an odd integer, and consider the n X n matrix A with
elements in Zs,> whose (4, j)-th entry is:

1
eBn(j—1)+33G—1)+1) forje[L”;r ]
@i = n+3
e(Bnj —3i+1) for j € {2,n],
where e = 1if ¢ = j (mod 2) and € = —1 otherwise. Condition (a) of Definition

is trivially verified. It is easy to see that for j € [1, 251] :
supp(C;UCh_ji1) =[14+3n(j —1),3nj —1J\ {3k : k€ [n(j — 1)+ 1,nj — 1]},

also,

n—1 3n? -1 n?—n+2 n?-1
supp(C’n;l)—{l—&—&z 5 T ]\{Skke{ 5 — ]}

It then follows that condition (b) of Definition is satisfied.

We now need to check that the property of being globally simple holds. It
is easy to see that for any odd j € [1, "7“] the entries of the j-th column
Cj = (¢i;j)ieq,n of A are:

cij= (=1 3n( — 1)+ 3i —2).

K= peke )

1
Yj:{3n(j—1)+3k+1:ke [0”2”

Define now:

By applying Lemma 1), witha=3n(j—1)+1,b=—-3n(j—-1)—4,9=6
and £ = 221, we obtain S(C;) = X UY;. It can then be seen that X and Y;
are sets not containing 0. Note also that X and Yj are trivially disjoint for
every odd j € [1, "7“}, as their elements belong to different equivalence classes
modulo 3.

Now, for every odd j € [

(¢i,j)ieli,n) of A are:

n+3

5 ,n] the elements in the j-th column C; =

cij= (=1 (3nj —3i+1).

- funefs

-1
Yj_{?)anSk:kE {0,"2 ”

Define now:
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By applying Lemma 5.2.1{(1) with a = 3nj — 2, b = —3nj + 5, ¢ = —6 and
{ = "T_l, we obtain S(C;) = X UY;. Clearly, X and Y; are sets containing
only non-zero elements. By following the same argument to the previous one,

we have that they are disjoint for every odd j € ["TH, n]

It can be verified that for every even j € [1, %] the entries of the j-th
column Cj = (¢ j)ien,n) of A are:

cij=(=1)'Gn(i —1) +3i - 2).

o= el

Yj:{—?m(j—l)—l—fikzke {O”gl]}

Define:

By applying Lemma[5.2.1[(1) witha = —3n(j—1)—1,b6=3n(j—1)+4,9 = —6
and ¢ = 251 it is easy to see that S(C;) = X UY;. Moreover, X and Y; are
sets not containing zero that are disjoint for every even j € [1, 7l+1] since their

2
elements belong to different equivalence classes modulo 3.

n+3
2 b

Finally, for every even j € [ n] the elements of the j-th column C; =

(¢i,j)ici,n) of A are:

cij = (=1)"(3nj —3i — 1).

Define then:

-1
X:{—3I~c:k:e {1"”
2
. n—1
Yj:{2—3n3+3k:ke [O, 2 ]}
By applying Lemma 1) with a = —=3nj +2, b = 3nj — 5, g = 6 and

¢ =251 we obtain S(C;) = X UYj. As before, note that X and Y; are disjoint
sets containing only non-zero elements.

We have then proven that every column of the array admits a simple natural
ordering.

Now, in order to check that the same property holds also for the rows we
need to distinguish two cases according to the congruence class of n modulo 4.

Case 1: n=1 (mod 4).
Let i € [1,n] be odd, it can then be checked that the entries of the i-th row
Ri = (74,4)je[1,n) of A are:

B 1
(1P @aG - 1) +3i-2) it <

(=1)7(3n(n —j) +3i — 1) otherwise.

Tij =
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Define:

X=<-3nk: ke [1,”;1]},

1
Y; {3@'—2+3nk:ke[0,n4]},
. n—1 n—1
foracan (i 751) ke 22}

Ti{613+3n3n473nk: ke {0”5”

Z;

By applying Lemma (1) to the first "T'H elements of R;, with a = 3i — 2,

b=-3n—3i+2,g=06nand { = "T_l, we obtain that X UY; C S(R;). Then, by

applying Lemma 4) to the remaining "5+ elements of R; with a = 1 — 31,

b=—1+3n+3i, g = —6n and £ = 275, and adding the Zt!-th partial sum

of R;, that is 3¢ — 2 + 371"7_17 we obtain S(R;) = X UY; U Z, UT;. It is easy

to see that these are sets not containing zero; it then remains to check that
they are pairwise disjoint. Notice that some of these sets are trivially disjoint
modulo 3n2, since their elements belong to different equivalence classes modulo
3. Hence, it suffices to check that X NT; = 0 and Y; N Z; = 0. In the first case
assume by contradiction that there exist ki € [1, %], ke € [0, @] and ¢ such

1
that:

3 —7
—3nk; = 6i — 3+ 3n

—3nky (mod 3n?).

This can be rewritten as:

3n—17

6i—3+3n< +k1—k2>50 (mod 3n?).

By the hypothesis on k; and ko, the left-hand side is strictly positive in Z and
the element in brackets is less than or equal to n — 2. This fact, combined with
i < n, proves that the left-hand side in Z is an integer in [1,3n? — 3], so we get
a contradiction. Now, if there exists ¢ such that Y; N Z; # (), we would have:

n—1

3n (k2 — k1 + ) =0 (mod 3n?)

with k; € [O, "T_l] and ko € [1, "T_l] However, the term inside brackets is

strictly positive and cannot exceed n/2 — 1, thus the equation cannot hold.
It can be checked that for every even i € [1,n] the elements in the i-th row
Ri = (74,j)je1,n) of A are:

; 1
e -n+si-2) it

(=17t 3n(n — 7) +3i — 1) otherwise.

Tij
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Set:

By applying Lemma 1) to the first ”T“ elements of R; witha = —1—3(i—

1),b=1+3(i—1)+3n, g=—6n and ¢ = 27}, we obtain X UY; C S(R;). By
applying Lemma 4) to the remaining ”T_l terms of R;, with a = —1 4+ 34,
b=1—-3n—-3i,g=06nand ¢ = ”T_E’, and by adding the ”'2“-th partial sum of
R; that is 2 — 37 — Sn%, we obtain S(R;) = X UY; U Z; UT;. Tt can be seen
that these are sets containing only non-zero elements, thus it remains to check
that they are pairwise disjoint modulo 3n2. Some pairs of these sets are trivially
disjoint, as their elements belong to different equivalence classes modulo 3. We
then need to verify Y; N Z; = () and X N'T; = (. In the first case, suppose by

contradiction that:

~1
3n (”4 Yky— k1> =0 (mod 3n?)

for some ki € [0, ”771} and ko € [1, "—’1] However, it can be seen that this

1
cannot hold as ko — k1 < ”T’l. In the second case, again by contradiction,

suppose we have:

7-3
3k, =3 — 6i + In—

+3nky  (mod 3n?),

for some k1 € [17 "T_l], ko € [07 ”25} and for some even i. This is equivalent to:

7—3n

3—6i+3n< +k2—k1>=0 (mod 3n?).

Now, it can be seen that the term inside the brackets is strictly negative in Z,
and is bounded from below by 2 — n. By noticing that ¢ < n, it can be seen
that the left-hand side is a negative integer greater than 3 — 3n2, so we get a
contradiction.

Case 2: n =3 (mod 4).
It is not hard to see that, since we are working modulo 3n2, for every odd
i € [1,n] the elements of the i-th row R; = (i ;) je1,n) of A are:

. 1
(1P @nG - 1) +3i-2) it <

(=1)7(3n(n —j) +3i — 1) otherwise.

Tij =
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T ey
2wk e o2 0)),
2 {oon (k25 e L]

T, = {1—3i—3n3 L ank: ke [0“43}}

Now, by applying Lemma- 3 to the first ”“ elements of R;, with a = 3i—2,
b= —3n—3i+2, g = 6nand { = "3 we obtain that XUY; € S(R;). By applylng
LemmaQ to the remaining “5= L elements with @ = 1—3i, b = —143n+3i,
g=—6nand /= T and adding the "+1 -th partial sum of R; that is —3n"+1
we obtain S(R;) = XUY;UZUT;. Tt can then be easily seen that these are sets
not containing any zero element, thus it remains to check that they are pairwise
disjoint. By considering the same sets written modulo 3, we only need to check
that XNZ = 0 and Y; NT; = 0. In the first case suppose by contradiction that:

nt 1) (mod 3n?),

—3nk; = —3n (

for some k; € [1 ”"‘1] and ko € [1,”7_3]. Clearly, this cannot hold since
ky — k1 < 7 =7 Suppose now Y; NT; # (), namely that

_5
3i— 2+ 3nky = 1—3i —3n°"—> 4 30k, (mod 3n?)

for some kq, ko € [O, ”T*“D’] and some odd i. Then:
3n—5

36i3n< k2+k1>_0 (mod 3n?).
It can then be seen that in Z the left-hand side is strictly negative, and that
the term in brackets cannot exceed n — 2. Since ¢ € [1,n] the left-hand side is
an integer contained in [—3n? + 3, —1], hence we have a contradiction.
Recalling that we are working in Zs,2> one can check that for every even
€ [1,n] the i-th row R; = (7 ;);jep1,n) of A contains the elements:

j 1
(1) 3n(j —1)+3i—2)  ifj< L; ,
Tij = ]
(=1 (3n(n — j) + 3i — 1) otherwise.
Define now:
X =<3nk: ke [ }}

n+1 n—3
£ finfor ).kg[l, 1
3n

=5 sk ke {0,"43”.

{

oo o2 )
{
-1
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By applying Lemma 3) to the first "7“ elements of R; witha = —1—-3(i—
1),b=1+3(i—1)+3n, g = —6nand £ = 2, we obtain XUY; C S(R;). Finally,
by applying Lemma m@) to the remaining ”T_l terms, with a = —1 + 34,
b=1-3n—3i,g=06nand ¢ = "T*S, and adding the ”gl—th partial sum of R;,
that is 3n"T+1, we obtain S(R;) = X UY; UZ UT;. We can see that these are
sets containing only non-zero elements, so we only need to prove that they are
pairwise disjoint. As before, it suffices to verify XN Z =0 and Y; N T; = (. In

the first case, by means of contradiction, suppose

n+1

3nk; = 3n (kg + ) (mod 3n?)

for some ky € [1, "T'H] and ko € [1, "7_3] This cannot hold since ks — k1 < "T_?’.

In the second case, by contradiction, assume that for some ki, ko € [0, "7_3]
and even 17 it holds:

3n—95

2—3i—3nk; = —1+3i+3n —3nky (mod 3n?).

This is equivalent to:

3n—5

6@'—3+3n( +k1—k2>zo (mod 3n?).
It can be seen that the left-hand side is strictly positive in Z; since ¢ < n and
k1 — ko < ”T_?’, the left-hand side is smaller than or equal to 3n? — 3. Thus the
previous equation cannot hold, proving that Y; and T; are disjoint sets.

We then have shown that for every odd n the rows and the columns of A
admit a simple natural ordering. This concludes the proof. O

Remark 5.2.9. For every j € [1,n] the sum of the elements of each column of
the globally simple array A described in Proposition [5.2.8]is the following:

. . 3n+1
S iy = (-1 1(3m . )

a;,;€C;

Looking at the columns it is easy to see that for every j € [1,n] and for every
k € [0, 252]] we have:

142k + oy = —(An_2kj + Gn-2k—1,5)-

Hence if n = 1 (mod 4) the total sum of the j-th column is given by ans1 g,
while for n =3 (mod 4) the sum is given by Anot j+ Gnp1 ;+Angs ;.

Analogously it can be seen that for every i € [1,n] and for every k €
[0, [ 252]] we have:

ai1+2k + @i2qor = —(@; n_2k + QGin—2k—1)-

We then obtain that for n = 1 (mod 4) the total sum of the i-th row is given
by a; »s1, while for n =3 (mod 4) the sum is given by @ n1 + 0 np1 40 ngs.
Note also that \aL% - ai7nT+3‘ =1
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Hence, for the rows we have that, if n =1 (mod 4), for every i € [1,n]:

i —1
Z aj; = (=1)""! (3i N ) = a; ni1;

ai7j6R1,

while, if n =3 (mod 4), for every i € [1,n]:

. —1 .
> ai = (-1 (3(n—|— 1—i)—2+3n" ) = a; a1 + (= 1)".

ai;ER;

Example 5.2.10. Following the proof of Proposition we obtain the NHjoq(11;11)
below, filled with elements in Zsgs:

1| —-34 67 | —100 133 | —166 | —134 101 | —68 35 —2
—4 37 | =70 103 | —136 169 137 | —104 71| —38 5
7 | —40 73 | —106 139 | —172 | —140 107 | =74 41 —8
—10 43 | =76 109 | —142 175 143 | —110 77| —44 11
13 | —46 79 | —112 145 | —178 | —146 113 | —80 47 | —14
—16 49 | —82 115 | —148 181 149 | —116 83 | —50 17
19 | —52 85 | —118 151 179 | —152 119 | —86 53 | —20
—22 55 | —88 121 | —154 | —176 155 | —122 89 | —56 23
25 | —58 91 | —124 157 173 | —158 125 | —92 59 | —26
—28 61 | —94 127 | —160 | —170 161 | —128 95 | —62 29
31 | —64 97 | —130 163 167 | —164 131 | —98 65 | —32

5.2.4 Globally simple NHy,2(n;n)

In this subsection we present a construction for globally simple non-zero sum
Heffter arrays relative to the subgroup of order 2n2.

Proposition 5.2.11. For every odd integer n > 1, there exists a globally simple
NH,,2(n;n).

Proof. Let n > 1 be odd, and consider the n x n matrix A with elements in
Z4n2 whose (i, 7)-th entry is:

1]
2n(j — 1)+ 2i — 1 fori=j (mod 2) andje[l,n; ,

1]
2nn—j+1)—2i4+1 fori#£j (mod 2) andje[l,n; ,

s = C L n+3
2nj —2i+1 fori=j (mod2)and je€ 5 ,

. . L, n+3
2nn—j)+2i—1 fori#j (mod 2)and j€ T,n.

Since A has no empty cells condition (a) of Definition is trivially satisfied.

For j € [1, "7_1}, one can check that supp(C; UC,_;11) contains exactly all
the odd elements of [1+2n(j—1), 2nj—1]U[2n*+1—2nj, 2n? —1—2n(j—1)], and
that supp (C n ) contains exactly all the odd elements of [n(n —1) +1,n(n +

1) — 1]. Since we have to avoid the elements of the subgroup of order 2n? of
Zypz2, condition (b) of Definition is satisfied too.
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Now we consider the partial sums of the columns of A. By the description
of A it immediately follows that for every odd j € [17 "7“} we have that C; =
(¢i,j)iel1,n) contains the following elements:

2n(j—1)+2i—1 if 7 is odd,
Cij = 2n(n —j+1)—2i+1 otherwise.

Define now:

X:{k(2n2—2):k€ [1”;1”

Yj:{1+2n(j—1)+k(2n2+2):k€ [0";1”

By applying Lemma ) witha=2n(G—-1)+1,b=2nn—j+1)—3,
g =4 and ¢ = 251, we obtain S(C;) = X UY;. It can be checked that both
X and Y; are sets containing no zero elements, and they are trivially disjoint
as their elements belong to different classes modulo 2. Similarly it can be seen
that for every odd j € ["TJ“O’, n], the entries of the j-th column C; = (i j)ig[1,n]
of A are:
{an —2i+1 if 7 is odd,
CiJ‘ =

2n(n—j)+2i—1 otherwise.
Set:

X:{k(2n2+2):k6 [1";1]}

-1
Yj—{anl+k(2n22):k€ [O,nQ }}
By applying Lemma 1) witha=2nj—1,b=2n(n—j)+3,g=—4 and
¢ =221 we get S(C;) = X UYj. It can then be easily verified that these are
disjoint sets not containing zero.
Now, for any even j € [1, "7“] the entries of the j-th column C; = (¢; ;)i ,n]

of A are:

n(n—j+1)—2i+1 ifiisodd,
Y2 -1)+2i—1 otherwise.

Consider:
X = {k(2n2+2):k€ [1”;}}

Yj_{2n(n—j+1)—1+k(2n2—2):k€ [o,”l]}.

2

By applying Lemma 1) witha =2n(n—j5+1)—1,b=2n(j — 1) + 3,
g=—4and ¢ = 25! we have S(C;) = X UYj. It can be seen that X and Y;
are sets containing exclusively non-zero elements, and as before X and Y; are
trivially disjoint.

Similarly, it can be seen that for every even j € [242, n] the j-th column
Cj = (¢ij)ie[1,n) of A has entries:

2n(n—j)+2i—1 ifdis odd,
Cij = . . .
7 2nj —2i+1 otherwise.
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By applying Lemma 1) witha=2n(n—j)+1,0=2nj—3,g=4and
¢ = "L we have S(C;) = X UY;, where:

X:{k(2n2—2):ke {1"51]}

Yj:{2n(n—j)+1+k(2n2+2):k€ [0";]}

which can be checked to be disjoint sets not containing zero elements.
It remains to consider the partial sums of every row. We have to split the
proof into two cases according to the congruence class of n modulo 4.

Case 1: n =1 (mod 4).
For every odd i € [1,n] the entries of the i-th row R; = (i ;);je[1,n) of A are:

on(j —1) +2i 1 it j < 1 i odd,
mn—j+1)—2+1 ifj < iseven,
" Mmj — 2+ 1 it > "3 i odd,
2n(n —j) + 2 — 1 it j > "3 ig oven.

Set:

{k: 2n* — 2n) ke[l’n;lH
K:{Q, 1+ k(2n%+2n): k€ [’ 4 H
a-{-

s oo (75 e [,

2n? — -
jwi_{4i2+n+n7n+k(2n22n):k€|:0,n 5:|}

2 4

By applying Lemma 1 to the ﬁrst "'H elements of R; with a = 2i — 1,
b—2n(n—1)—22+1 g—4n and ¢ = 2=, we obtain X UY; C S(R;). Then,
by applying Lemma 1(4) to the remalmng elements with a = 2n? — 2i + 1,
b=2n+2i—-1,9g= —4n and ¢ = %“—th partial sum of
R;, that is 2i — 1+ (2n% + 2n) 2L, we obtam S(R;)) =XUY;UZ;UT;. We can
see that these are sets containing only non-zero elements. It remains to check
that they are pairwise disjoint. By checking these sets modulo 2, it is easy to
see that it suffices to verify that Y; N Z; = ) and X NT; = 0. In the first case
assuming that there exists an element in the intersection, this would imply that
for some kq € [O ] ko € [ ;] and ¢ odd the following holds:

—1
2 — 1+ ki (2n® +2n) = 20 — 1 + (2n% + 2n) <k2 + ”4> (mod 4n?),

(.

that is:

) (2n* 4+2n) =0 (mod 4n?).



5.2. CONSTRUCTIONS OF GLOBALLY SIMPLE NH;(n;n) 103

Since we are working in Zgp2, 2n?(ks + 251 — ki) € {0,2n%} we get a contra-
diction by noticing that ko + "Zl —k < %
In the second case, again by contradiction suppose we have:

n® 4 2n% — Tn

ki(2n% —2n) =4i — 2+ 5

+ ko(2n% — 2n)  (mod 4n?),

for some k; € [1, "T’l], ko € [O, an5] and some odd ¢. This can be rewritten as:

3 2 2 _
=2+ 4+ W + (k2 — k1)(2n% —2n) =0 (mod 4n?).
Note that, since n = 1 (mod 4), we have that n® = (41 + 1)n =n? (mod 4n?),

hence we can rewrite the previous expression modulo 2n2, obtaining:

2 _
i w —n(ks — k1) =0 (mod 2n?),
which is equivalent to:
3n—17
_2—|—4i—|—2n< " —k2+k1> =0 (mod 2n2).

After noticing that the left-hand side is strictly positive in Z, we observe that
the bracket is bounded from above by n — 2, thus from i < n, the left-hand side
seen in Z is less than or equal to 2n? — 2, that is a contradiction.

For every even i € [1,n] the i-th row R; = (i ;)jep,n of A has as entries:

1
mn—j+1)—2+1 ifj< s odd,
1
nm(j—1)+2i—1 ifj§n+ is even,
’I"ijz
’ 3
2n(n— ) +2i— 1 it > "2 40 odd,
2nj —2i+1 if 5> is even.
Let now:
—1
{an +2n) ke[ﬁl”,
n—1
Yl:{Q +1 —2i + k(2n? —2n):k6{0, 1 }},
—1 —1
{271 +1—2i + (2n? —2n)<n4+k‘):k‘e [1,”4 }},
An? + 7 )
Ti:{2—4z’+n+g+n+k(2n2+2n):ke[O,n4 ”

By applying Lemmal5.2.1(1) to the ﬁrst 241 elements of R; with a = 2n?—2i+1,
b= 2n—|—2z— 1,g= —4n and £ = 2= we obtain X UY; C S(R;). By applying
Lemma 4) to the remaining elements witha =2i—1,b=2n(n—1)—2i+1,

= 4n and (= "7_5, and by adding the %H—th partial sum of R;, that is
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2n? +1 — 2i + (2n% — 2n) 22, we obtain S(R;) = X UY; U Z; UT;. It can be
easily seen that these are sets containing only non-zero elements, thus it only
remains to check that they have trivial intersection. As before, it suffices to
check that Y; N Z; = () and that X N'T; = (. In the first case, by contradiction,

we would have for some ki € [0, 232], ko € [1, 2] and even 4

-1
2% +1—2i+k1(2n°—2n) = 202 +1—-2i+(2n* —2n) (”4 + kg) (mod 4n?),

that is:
n—1

(2n? — 2n) (
We then have that 2n? (271 + ko — ki) € {0,2n?} modulo 4n?, thus we obtain
a contradiction by noticing that "T_l + ko — k1 is strictly positive and bounded
-1
In the second case, again by contradiction, we would have for some ki €
[1, %}, ko € [0, ”T*E’} and even 7 that:

+ ko — kl) =0 (mod 4n?).

n3 4+4n? +Tn

5 + k2(2n? +2n)  (mod 4n?).

ki(2n% 4 2n) =2 — 4i +

As before n® = n? (mod 4n?), hence we would have:

n%+7Tn

2 —4i+ +2n(ky — k1) =0 (mod 2n?).

It can be seen that the left-hand side is strictly positive in Z, and as i € [1,n]
and ky — k1 € [%7 ”T_g], is bounded from below by 2 and from above by
n? —n — 2, hence we have a contradiction.

Case 2: n =3 (mod 4).
It can be checked that for every odd i € [1,n] the i-th row R; = (74;) e[1,n]
of A has entries:

(i —1)+2i— 1 it j < 1 i odd,
(n—j+1)—2i+41 ifj< L is even,
e Mmj— 2+ 1 if > "3 i odd,
2n(n — ) +2i — 1 if 5> "3 s even.
Now, define:

k
Z = (2n2—2n)<k+n11> ke [1”43”
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As done for the case n =1 (mod 4), it is not hard to see that these are disjoint
sets not containing zero. Also, applying again Lemma [5.2.1] one can check that
S(R;))=XUY,UZUT,.

For every even i € [1,n] the entries of the i-th row R; = (75 ;) eq1,n of A
are:

1
mn—j+ 1) —2+1 ifj< s 0dd,
1
om(j — 1) +2i— 1 if j < "0 i even,
Tig = n+3
2n(n—j)+2i—1 if j > is odd,
Mmj — 2% +1 it 5> "3 i even.
Let now:
n+1
X = k:2n +2n): ke 1’T ,
9 n—3
Y; =<2n% —2i+1+k(2n%—2n): k€ |0, 1 ,
1 ~3
Z = {2n + 2n) (k—i—nl_ ):ke{l,n4 }},

4n? — —
Ti:{2i_1+n+25n+k(2n2—2n):k’€|:0,n 3:|}

It can then be seen that these are pairwise disjoint sets not containing zero,
and, applying Lemma that S(R;) = X UY;, UZUT;.

We can then conclude that for every odd n the array A is a globally simple
NH,,,2(n; n). O

Remark 5.2.12. For every odd integer n we write the total sum of every row
and column of the array A constructed in the proof of Proposition In
particular if we take the element of the corresponding set Y; with k = "T_l for
every j € [1,n], we get:

ST aiy =0 (<177 20— n® ).
a; ;€C;
Analogously, if n =1 (mod 4) then for every i € [1,n] if we take the element of
the corresponding set T; with k = "7_5, we get:
2447371‘71-77.
a;; =n"+(—1)""(2i —n —1);
a; ;€ER;
if n =3 (mod 4) then for every i € [1, n] taking the element of the corresponding
set T; with k = ”T_?’, we obtain:
S aig=n"+ (-1 (n+1-20).
a; j cER;

Example 5.2.13. Following the proof of Proposition [5.2.11] we obtain the
NHss5(13; 13) below, whose elements belong to Zgrg:
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1| 311 53 | 259 | 105 | 207 | 157 | 131 | 233 79 | 285 27 | 337
335 29 | 283 81 | 231 | 133 | 179 | 205 | 107 | 257 55 | 309 3
5 | 307 57 | 255 | 109 | 203 | 161 | 135 | 229 83 | 281 31 | 333
331 33 | 279 85 | 227 | 137 | 175 | 201 | 111 | 253 59 | 305 7
9 | 303 61 | 251 | 113 | 199 | 165 | 139 | 225 87 | 277 35 | 329
327 37 | 275 89 | 223 | 141 | 171 | 197 | 115 | 249 63 | 301 11
13 | 299 65 | 247 | 117 | 195 | 169 | 143 | 221 91 | 273 39 | 325
323 41 | 271 93 | 219 | 145 | 167 | 193 | 119 | 245 67 | 297 15
17 | 295 69 | 243 | 121 | 191 | 173 | 147 | 217 95 | 269 43 | 321
319 45 | 267 97 | 215 | 149 | 163 | 189 | 123 | 241 71 | 293 19
21 | 291 73 | 239 | 125 | 187 | 177 | 151 | 213 99 | 265 47 | 317
315 49 | 263 | 101 | 211 | 153 | 159 | 185 | 127 | 237 75 | 289 23
25 | 287 77 | 235 | 129 | 183 | 181 | 155 | 209 | 103 | 261 51 | 313

And similarly we obtain the NHys50(15;15) below, filled with elements in
Zgoo:

1| 419 61 | 359 | 121 | 299 | 181 | 239 | 269 | 151 | 329 91 | 389 31 | 449
447 33 | 387 93 | 327 | 153 | 267 | 213 | 183 | 297 | 123 | 357 63 | 417 R
5 | 415 65 | 355 | 125 | 295 | 185 | 235 | 265 | 155 | 325 95 | 385 35 | 445
443 37 | 383 97 | 323 | 157 | 263 | 217 | 187 | 293 | 127 | 353 67 | 413 7
9 | 411 69 | 351 | 129 | 291 | 189 | 231 | 261 | 159 | 321 99 | 381 39 | 441
439 41 | 379 | 101 | 319 | 161 | 259 | 221 | 191 | 289 | 131 | 349 71 | 409 11
13 | 407 73 | 347 | 133 | 287 | 193 | 227 | 257 | 163 | 317 | 103 | 377 43 | 437
435 45 | 375 | 105 | 315 | 165 | 255 | 225 | 195 | 285 | 135 | 345 75 | 405 15
17 | 403 77 | 343 | 137 | 283 | 197 | 223 | 2563 | 167 | 313 | 107 | 373 47 | 433
431 49 | 371 | 109 | 311 | 169 | 251 | 229 | 199 | 281 | 139 | 341 79 | 401 19
21 | 399 81 | 339 | 141 | 279 | 201 | 219 | 249 | 171 | 309 | 111 | 369 51 | 429
427 53 | 367 | 113 | 307 | 173 | 247 | 233 | 203 | 277 | 143 | 337 83 | 397 23
25 | 395 85 | 335 | 145 | 275 | 205 | 215 | 245 | 175 | 305 | 115 | 365 55 | 425
423 57 | 363 | 117 | 303 | 177 | 243 | 237 | 207 | 273 | 147 | 333 87 | 393 27
29 | 391 89 | 331 | 149 | 271 | 209 | 211 | 241 | 179 | 301 | 119 | 361 59 | 421

5.2.5 Globally simple NH;(n;n), t divides n

Here we construct globally simple non-zero sum Heffter arrays of odd order n
relative to the subgroup of order ¢, where ¢ divides n.

Theorem 5.2.14. For every odd integer n > 1 and for every divisor t of n,
there ezists a globally simple NH;(n;n).

Proof. Let n and t be as in the statement and set v = 2n% +¢. Let H be the
n x t array with elements in Z, whose columns C; = (c¢; j)ic[1,n] are so defined:
for 7 odd
(j— 1)% i ifdis odd,
Ci,j = .
% —1 otherwise.
for j even
- (j—l)% —i ifiis odd,
Cijj = ;
— % +1 otherwise.

For a € [1, T 1} let H,, be the matrix obtained from H by adding can
to the elements of H, where ¢ = 1 for the elements of H in the positions (i, )
with ¢ = j (mod 2), e = —1 for the elements of H in the positions (7, ) with
i £ j (mod 2). Now let A be n x n array so constructed:

(A =Fu [ Hon | ~Hon | Hon [ iz ]
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where if t = n, A = H is understood. To prove that supp(A) is the required
one it is useful to observe that, since the elements belong to Z,, some columns
of H can be written also in the following equivalent expression: if j is odd and
j € [H53,t] then Cj = (c;;)ic[1,n) has elements

(j—t—l)%—kz’ if 7 is odd,

Cij =

(- t)% —1 otherwise.
while if j is even and j € [ } then Cj = (¢;,5)ie[1,n) has as entries
(t—j—l—l)y—i if i is odd,
Cijj =

(t— ]) +1i otherwise.
Now, it is not hard to see that for any j € [07 %] it results
. v ) v
supp(Cij41 U Cy—j) = {] +1,5— —l—n} {(] + 1); —n,(j+ 1); -1

also
t—1 v t—1

v
1) = |— -], —— = .
supp(C’%) { 5 t+ "o t—&-n}

By the definition of the arrays H,,, it follows that
supp(Han) = ([]% + l,jg +n] —|—an) U ([(] + 1)% —-n,(j+ 1)% - 1} — om) U

([t—l v t—1 v ] )
Ul |l——"~+1—" ern + an

2 t 2
where j € [O ] This implies that supp(A) = [ , ”51] \ {%,2%, e —1%}
Now we con51der the partial sums of the columns of A. If for every odd

€ [1,t] we apply Lemma( ) to the j-th column of A, witha = (j— )%
=jy—2,g=2and (= , we get S(C;) = X; UYj, where:

Xj:{k;[(2j—1)1t}—1}:k‘€ [1”;1]}
1@:{(j-1):+1+k[(2j—1):+1} ke {07”;1]}.

It is easy to see that these are sets containing non-zero elements, and that they
are disjoint as their elements belong to different classes modulo %.

Similarly, for every even j € [1,¢] Lemma 1) can be applied to the j-th
column of A witha = —(j —1)% =1, b = —j%+2, g = —2 and £ = 251,
obtaining S(C;) = X; UY}, where:

Xj:{k[(1—2j):+1] ke {1”;1]}

YJ_{ (jf1)771+k[(1f2j)%f1} ke [0,”21]}.

J
b
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With the very same argument it can be shown that X; and Y; are disjoint sets
not containing zero.

One can directly check that for a € [1,2 — 1] and for every j € [1,{] the
partial sums of the j-th column of H,,, are given by X;, UY} , where:

Xjo=X; and Yj,=Y;+(-1)"an.

It can then be seen that the sets X;, and Y, are disjoint and contain only
non-zero elements.

Hence each column of A admits a simple natural ordering.

In order to prove that the same property holds also for the rows of A we
start by observing that the rows of the array H are the following ones. For
every odd i € [1,n] the i-th row R; = (74;);e1,4 has entries

rig = (=17 ((j - 1)% + Z)

and for every even i € [1,n] the elements of R; = (7 ;);ep1,4 are

riJ = (71)j+1 <]tv — Z> .

For every odd i € [1,n] we can apply Lemma m(l) with @ =i, b= —% — 1,
g=2% and ¢ = 51, obtaining S(R;) = X UY; where:

X:{—”k:ke [1’5_1”
t 2
. v t—1

Analogously, for every even ¢ € [1,n] we can apply Lemma 1) with a =

70, b==-2%+i,g=27 and [ = %7 obtaining S(R;) = X UY; where:

v t—1
x={-tere L5
v v t—1
Y,=<-——1 - —_— .
etae o)

It is immediate to see that in both cases X and Y; are disjoint sets not containing
zZero.

One can directly check that for o € [1, T 1] and for every i € [1,n] the
partial sums of the i-th row of H,, are given by X, UY; , where:

2

Xo=X and Yi,=Y;+ (-1 an.

The sets are disjoint and do not contain zero.

Now, let ay,ap € [0, % — 1] be distinct integers, for any i € [1,7] and for j €
{1,2} denote by R; o; = (ij1+a,t> Gi24a,ts - - - Git+a;¢) the elements in the i-th
row of A corresponding to the block (—1)*Hq,;y, where Ho = H is understood.
By S(Ria,) we mean the list of the partial sums of R; corresponding to the
subsequence R; o, that is {s, : @ € [14+a;t,t+a;t]}. To prove that the rows of
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A admit a simple natural ordering, we have to show that S(R;q,)NS(Ria,) =0
for every i € [1,n] and for every choice of oy, ap € [0, % — 1] with a1 # as.
As a first step we notice that it suffices to control the aforementioned prop-

erty for |a; — az| = 1. In fact, the i-th row of A written modulo ¥ is:

R, = (-1 )lﬂ(z —iy4y i, —(n+i),n+i,...,—(n+1),
t terms t terms
2n+1,—2n+1i),...,.2n+14,—Bn+14),3n+4,...,—(Bn+1),...,
t terms t terms
n . n . n .
(;—1)71—}—1,—((?—1)714—1),.,.,<?—1>n+z),
t terms

hence its ordered list of partial sums, considered modulo 7, is given by:

(—1)i+l(i,0,i,...,i,—n,i,.",—n,n+i,—n,...,n+i,—2n,n+i,...,—2n,...,
————
t terms t terms t terms t terms
1 1 1
LG () 3G
t terms

In particular it can be seen that for every a € [0, % — 1] the partial sums of R; .
modulo 7 are:

a+1

n  for o odd,

(—1Y+1<i+-a:21) and (—1)!
_qyitl (i & RV
(-1) (z + 2) and (—1) 57 for « even.

We can then conclude that for |ay — ag| > 1 the partial sums of the i-th row
of A corresponding to R; ,, and R; ,, are trivially disjoint. In the following for
any i € [1, n] and o € [0, % — 1] setc:zat
let a € [ n— 1} be an even integer, we have that S(R; o) = Xo UY o, where:

X,=de—klipe 1,2 L
¢ 2

Yi,a:{c—l—i—f—an—i—k::ke [O,t_zl}}

1 @i j. Fix now an odd i € [1,n],

It is then not hard to see that S(R; a+1) = (Xa+1UY; a41)+(c+itan+ 71¥)7

where:
v t—1
Xogs1=1k-:k 1, ——| ¢,
e G )

t—1
Yi,(H_l—{i(aJrl)nk::kG [ ,2}}.

We have only to check that Vi o N (Xaq1 + (c+ i+ an+ 522)) = 0. Assume
by contradiction that there exist ki € [0, tgl] ko € [ , 5t ] nd an odd ¢ such

that: )
c+i +an+k17:k27+c+z+an+% % (mod v).
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This can be rewritten as:

t—1
ke —k
(5 +h-n)

It can then be easily seen that this equation cannot hold, as ko —k; € [%, %] .
Now let a € [0, % — 1] be an odd integer; similarly, we have that S(R; ) =

Xy UY o, where:
v t—1
X, = k—:k 1, —| ¢,
e ifore 157}

v t—1
Via = — 7 — — k- k ,— | r.
; {c i —an ; G[O 2 }}

It can now be seen that S(R;at1) = (Xat1 U Yiay1) + (c—i—an — 5%),

where: )
v t—
Xor1 =2 —k-:k 1, —| ¢,

t—1
Yé,a+1={i+(a+1)n+k::ke {072}}.

As before it is sufficient to check that Y; o N (XQH +(c—i—an— %%))
Assume by contradiction that there exist k; € [0, %}, ko € [1, %] an
odd 7 such that:

=0 (modv).

| <

:®'
d an

t—1

c—i—om—lﬁ;:—kzgz—&—c—z—om—T (mod v).

“\@

This can be rewritten as:

t—1 v
(2+k2—k1) ; =0 (mOd ’U).

With the very same argument used before, it can be seen that this equation is
never verified, obtaining a contradiction.

Assume now that i € [1,n] is even, and consider any even integer a €
— } We have that S(R; ) = Xo UY o, where:

Xa:{c—kv:ke {l,tl}},
t 2

v v t—1
. _— 7_._ 7: [ .
Yl7a—{c—|- / A an—l—k;t ke [O, B }}

We have then that S(Ra11) = (Xay1UYiaq1)+(c+ 5 —i—an+ t219) where:

2t
v t—1
Xo+1=2k-:k 1,——| 7,

0.2

T

v v
Yi,a+1={—t+i+(a+1)"—kt { ]}
We need to check Y; o N (XQH + (¢ %— i—an+ T% = (); assume by
contradiction that there exist ki € [ 5 ] ko € [ %1] and an even ¢ such
that:
t—1 v

c+¥fzfcm+k17:k27+c+¥fzfom+T n (mod v).
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This is equivalent to:

t—1
<2+]€2—]€1> =0 (mod 11).
It is easy to see that this is never the case.

With the very same argument, it can be shown that for every even i, the
partial sums of R; , and R; 441 are distinct for every odd a. O

~+ |

Remark 5.2.15. From the globally simple array A constructed in Theorem
[£.2.14] one can deduce the total sum of each row and of each column. Let
n,t > 1 be odd integers with ¢ dividing n, then for every j € [1,¢] and every

a € [O,%— ] we have:

. . v n—1
> ai = (-1t {(] — D+ 1tan+ —— |(2 - 1) + 1H
a; ;€Cj1at

We now focus on the rows of A. Consider any odd ¢ € [1,n], it can be seen that
for every o € [0, T 1] we have:

t—1
Z a;; = (—1)“ <Z+an+2 12:)’
jell+at,t+at]
hence the sum of the elements in the i-th row of A, for ¢ odd, is:
-1
Z G (z+om+2 :)

aE[O,%—l]
Thus, it is not hard to see that for every odd ¢ € [1,n):

Z a"—i—l—n(ﬁ—l) +t—1 v

n t 2 2t
a; jER;

Similarly, it can be seen that for every even i € [1,n] and for every a €

[0, % —1]:

\
—_
| <
~

v t
> ay= v (foicant S

JE[1+at,t+at]
From which we obtain that for every even i € [1,n]:
S ai, = ,_n(ﬁ_1> 1,t-1w
v t 2 2t
a; jER;

Example 5.2.16. Below we have an NH;;(11;11), say A, whose elements be-
long to Zss3. Following the notation of the proof of Theorem [5.2.14} we are in
the case t =n hence A = H.
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1| —24 1|47 | —=70 93 | —116 | —114 | 91 | —68 | 45 | —22
21 | —44 | 67 | —90 | 113 117 —94 | 71 | —48 | 25 -2
3| —26 |49 | —72 95 | —118 | —112 | 89 | —66 | 43 | —20
19 | —42 | 65 | —88 | 111 119 —96 | 73 | =50 | 27 —4
5| —28 | 51 | =74 97 | —120 | —110 | 87 | —64 | 41 | —18
17 | —40 | 63 | —86 | 109 121 —98 | 75 | =52 | 29 —6
71 —30]| 53| 76 99 | —122 | —108 | 85 | —62 | 39 | —16
15 | —38 | 61 | —84 | 107 123 | —100 | 77 | —54 | 31 —8
9| —32 |55 | =78 | 101 | —124 | —106 | 83 | —60 | 37 | —14
13 | =36 | 59 | —82 | 105 125 | =102 | 79 | —56 | 33 | —10
11 | —34 | 57 | —80 | 103 | —126 | —104 | 81 | —58 | 35 | —12
Example 5.2.17. Here we take n = 15, t = 3,5 and we follow the proof of
Theorem [5.2.14, An NH3(15;15), say A, has elements in Z4s3, 7 = 151 and we
have
A:’ H \ —His \ Hs \ —Hys \ Hg ‘
1 —152 —150 —16 167 135 31 —182 —120 —46 197 105 61 —212 —90
149 153 —2 —134 —168 17 119 183 —32 —104 —198 a7 89 213 —62
3 —154 —148 —18 169 133 33 —184 —118 —48 199 103 63 —214 —88
147 155 —4 —132 —170 19 117 185 —34 —102 —200 49 87 215 —64
5 —156 —146 —20 171 131 35 —186 —116 —50 201 101 65 —216 —86
145 157 —6 —130 —172 21 115 187 —36 —100 —202 51 85 217 —66
7 —158 —144 —22 173 129 37 —188 —114 —52 203 99 67 —218 —84
143 159 —8 —128 —174 23 113 189 —38 —98 —204 53 83 219 —68
9 —160 —142 —24 175 127 39 —190 —112 —54 205 97 69 —220 —82
141 161 —10 —126 —176 25 111 191 —40 —96 —206 55 81 221 —70
11 —162 —140 —26 177 125 41 —192 —110 —56 207 95 71 —222 —80
139 163 —12 —124 —178 27 109 193 —42 —94 —208 57 79 223 —72
13 —164 —138 —28 179 123 43 —194 —108 —58 209 93 73 —224 —78
137 165 —14 —122 —180 29 107 195 —44 —92 —210 59 77 225 —74
15 —166 —136 —30 181 121 45 —196 —106 —60 211 91 75 —226 —76
An NH5(15;15), say A, has elements in Zyss5, ¥ = 91 and we have
A=|H|[—H | Hy |
1 —92 183 181 —90 —16 107 —198 —166 75 31 —122 213 151 —60
89 —180 —184 93 —2 —74 165 199 —108 17 59 —150 —214 123 —32
3 —94 185 179 —88 —18 109 —200 —164 73 33 —124 215 149 —58
87 —178 —186 95 —4 —72 163 201 —110 19 57 —148 —216 125 —34
5 —96 187 177 —86 —20 111 —202 —162 71 35 —126 217 147 —56
85 —176 — 188 97 —6 — 70 161 203 —112 21 55 —146 —218 127 —36
7 —98 189 175 —84 —22 113 —204 —160 69 37 —128 219 145 —54
83 —174 —190 99 —8 —68 159 205 —114 23 53 —144 —220 129 —38
9 —100 191 173 —82 —24 115 —206 —158 67 39 —130 221 143 —52
81 —172 —192 101 —10 —66 157 207 —116 25 51 —142 —222 131 —40
11 —102 193 171 —80 —26 117 —208 —156 65 41 —132 223 141 —50
79 —170 —194 103 —12 —64 155 209 —118 27 49 —140 —224 133 —42
13 —104 195 169 — 78 —28 119 —210 —154 63 43 —134 225 139 —48
7T —168 —196 105 —14 —62 153 211 —120 29 47 —138 —226 135 —44
15 —106 197 167 —76 —30 121 —212 —152 61 45 —136 227 137 —46

5.2.6 Globally simple NH;(n;n) for

every n prime

In the following we show that a square globally simple non-zero sum Heffter
array of odd prime order n relative to the subgroup of order ¢ exists for every

n. We start with an easy remark for n = 2.

Remark 5.2.18. Note that the existence of a globally simple NH;(2;2) for any
admissible ¢ is trivial. Below we give an example for each possible case, that is
for t =1,2,4, 8 (the first array is both an NH(2;2) and an NHz(2;2)):

1

2

112

1

3

4

5

7

Now we can present a complete solution whenever n is a prime.
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Theorem 5.2.19. Let n be a prime. There exists a globally simple NH;(n;n)
for every admissible t.

Proof. Since n is a prime the admissible values for ¢ are 1,2, n,2n,n?, 2n%. For
t = 1 the result is contained in Theorem 5.5 of [35]. For ¢ # 1 the result follows

by Remark [5.2.18 and by Propositions [5.2.2}, [5.2.5] [5.2.8] [5.2.11] and Theorem
6214 O

5.3 Graph decompositions and biembeddings

In this section we show the connection between non-zero sum (relative) Heffter
arrays and graph decompositions and biembeddings; this connection was first
explained in [35], and later generalized in [69]. As discussed in Section
the rows and the columns of a Heffter array give rise to two distinct difference
families whose blocks are closed trails, that are cycles whenever the condition
of simplicity is met. It can then be similarly derived that from the rows and
columns of a non-zero Heffter array one can construct two distinct difference
families whose blocks are open trails, that are paths if the chosen orderings are
simple. Also, the results of this section are contained in [69].

We recall that for a k-subset T of a group (G,+) and an ordering of its
elements w = (ty,...,t;), we say that w is simple if its partial sums are pairwise
distinct and different from zero, except possibly for the last one. Let R =
{r1,...,7n} be the set of elements of a row of a non-zero (relative) Heffter array
NH;(m,n; h, k), and let wgr be an ordering of this set of elements, having partial
sums sy, ..., Sy. Construct then the following walk:

W(wr) = (0,51,52,...,5p). (5.3.1)
Then:
Lemma 5.3.1. The walk W(wgr) of Equation is
(1) an open trail;
(2) a path if and only if wr is simple.
Proof. Analogous to that of Lemma [2.4.1 O
We can then deduce the following, see also [35]:

Proposition 5.3.2. Let A be a NH;(m,n;h, k) non-zero sum relative Heffter
array such that for every row and for every column there exists a simple ordering.
Then:

(1) there exists a (Zonk+t, Pr) difference family relative to {
cyclic (K zni+ts ., Pp)-design Dg;

2Rty hence a

Xt

(2) there exists a (Zonkt, Pr) difference family relative to (225+L) hence a
cyclic (K znn+te, Py)-design De.
t

Moreover, the two graph decompositions are orthogonal.
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We recall that the embeddings arising from Heffter arrays are constructed as
the derived graph of a suitable current graph. Given a current graph (I, ¢, @),
where (T, ¢) has only edges of type 0 and « is a current assignment from the
directed edges of I' = (V, D) to Z, for some positive integer v, we define the
following properties for a positive integer ¢ such that ¢ divides 7 — 1:

(1) Excess current: for every u € V', > ., a(e) # 0.

(2) Unique currents: « is a bijection between D and Z, \ J, where J is the
subgroup of Z, having order .

(3) Monofacial embedding: the embedding constructed from (T", ¢) has a
single face.

As done for classical Heffter arrays it can be immediately proven the follow-
ing:

Theorem 5.3.3. Let A be an NHy(m,n; h, k). Then A is equivalent to a current
assignment «, satisfying Conditions (1) and (2), on a bipartite graph I' having
one color class with m vertices of degree h and the other with n vertices of degree
k. T' is connected if and only if A is not, up to row and column permutations,
fully indecomposable.

Two compatible orderings w, and w. of the rows and columns of A are equiv-
alent to a monofacial rotation p on T'. Moreover, if w, and w. are both simple,
then p is simple with respect to a.

From a non-zero relative Heffter array admitting two compatible orderings
it is possible to construct an embedding of a complete multipartite graph. The
faces of this embedding in general are closed walks, as shown in the construction
of the derived embedding for a current graph having excess current [54]. Then:

Proposition 5.3.4. Let A be an NHy(m,n; h, k) admitting a pair of compatible
orderings. Then, there exists a biembedding of Kankit,, into an orientable

surface such that the length of the faces are multiples (t)fh or multiples of k.

We can then compute the face length of the biembeddings constructed in
Section

In the next propositions we consider some particular cases where the length
of the faces have nice expressions.

We begin by considering the Archdeacon embedding obtained for ¢t = 2:

Proposition 5.3.5. Let n > 1 be an odd integer, then there exists a cellular
biembedding of K (n241)x2 such that every face has length 4n or a multiple of
nn2+1

e

Proof. Let n be an odd positive integer and A be the NHy(n;n) constructed in

Proposition [5.2.2} it will be enough to prove that the total sum of every row
2

and of every column has order 4 or a multiple of “X modulo 2(n? + 1). By

2
Remark for every j € [1,n]:

S a4y = (-1 (j + n; ! n) .

a; ;€C;
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Note that for j = "T'H the previous expression yields :i:"22+ L obtaining order 4
modulo 2(n? +1). For j # ”TH it can be seen that the greatest common divisor

between the total sum and n? + 1 is either 1 or 2, obtaining that the order is a

multiple of #
Now, again by Remark for every i € [1,n]:

> = 0 (- ek .

a; jER;

Similarly to the previous case, for i = "7“ we obtain order 4, while for ¢ # ”T'H

the order is a multiple of # O

Proposition 5.3.6. Let n be an odd prime, then there exists a cellular biem-
bedding of K(n41)xan such that every face has length 4n or a multiple of n?.

Proof. Let A be the NHy,(n;n) described in Proposition By Remark
we have that for every j € [1,n]:

S = (n+1) <”22 +(—1) ”“22J> .

a;,;€C;

As n is prime and j € [1,n] it can be seen that for j # “tl the rightmost
bracket is coprime with n; hence the order in Zs,(,,41) is 4n, so we obtain an
embedding where the length of the corresponding faces is 4n%. For j = "7“,
the previous expression reads n?(n + 1)/2, obtaining order 4, thus the length of
the corresponding faces is 4n.

We will now prove that for every row of A the order of its total sum in

Zion2 1o, is either 4 or a multiple of n. For every odd i € [1,n]:

—n3+n?+n—1+2i
Z Gij = 9 :

(ljyjeRi

. . 2 _ 2 . s n+1 . .
Firstly, since n* + 22n = —n” in Zoy2 49y, for i = "= the previous expression
_n3_n? - 1
reads =" = —= (2"+ )

, thus obtaining order 4 and corresponding length of
the faces 4n. For i # ”TH the total sum is not a multiple of n, as *"3;”2 is
a multiple of n, while ”*1;21' is not. Thus, for i # "7“, the order of the total
sum is a multiple of n.

Finally, for every even i € [1,n]:

nd4+n?+n+1-2i
2
ai,jERi
As for the previous case, it can be seen that the order of the total sum of the
i-th row of A is a multiple of n for i # ”T'H, and it is 4 for i = "7'"1 O

Proposition 5.3.7. Let n be an odd prime, then there exists a cellular biem-
bedding of Ksypn2 such that every face has length 3n? or 3n3.
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Proof. Let A be the NH,2(n;n) described in Proposition [5.2.8; we follow Re-
mark where the total sums of rows and columns are described. In partic-
ular, for every j € [1,n]:

- . 3dn+1
> g = (1 (30 - M.

ai,;€C;

3n+1

Now, since is neither a multiple of n, nor a multiple of 3, we obtain that
D, ec, Qi and 3n? are coprime, thus every face constructed from the columns

of A has length 3n3.
If n=1 (mod 4), for every i € [1,n]:

A 1
3 aiy= (1) (Si — 243" . ) .

a; ;€ER;

It can then be seen that this term is coprime with 3n? except when 3i is equal to
n+ 2 (that implies n =1 (mod 3)) or 2n+ 2 (that may hold if n = 2 (mod 3)).
Let i denote such an index, note that 3n Za;,jeR; a; ; =0 (mod 3n?).

For every n =3 (mod 4) and ¢ € [1,n):

3 aiy= (1) (3(n—|—1 —4) —2+3n”;1) .

a; jER;

Similarly, this term is coprime with 3n? except when 3i is equal to n + 1 (that
implies n = 2 (mod 3)) or 2n + 1 (that may hold if n = 1 (mod 3)). Let ¢ be
such an index, then 3n)_, .p a;; =0 (mod 3n?).
1,7 T % _
In any case, we have proven that the length of the faces obtained by the i-th
row is 3n2, while every other face has length 3n3. O

Proposition 5.3.8. Let n be an odd prime, then there exists a cellular biem-
bedding of Koyon2 such that every face has length 4n, 4n? or 4n3.

Proof. Let A be the NH,,,2(n;n) described in Proposition [5.2.11} we recall that
the total sum of the rows and the columns of A is given in Remark [5.2.12] For
every j € [1,n] we have:

3 iy =0+ (~1)71(2n) — n? —n).
ai,;€C;

It can be seen that for j # ”7“, the order of the sum in Zy,2 is 4n. For
j= ”?*1 the previous expression yields n3, which has order 4 in Z4,,2. Thus the
corresponding faces have length 4n? or 4n.

For every n =1 (mod 4) and ¢ € [1,n] we have:

> iy =0+ (=12 —n—1).

a; ;€ER;

It can be seen that for i = "7“ the previous expression yields n?, thus the cor-
responding faces have length 4n. For i € [1,n], i # 241, the previous expression
gives a number coprime with 4n?, obtaining that the faces constructed from

these rows have length 4n3.
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For every n = 3 (mod 4) and for every i € [1,n]:

S ai; =0+ (-1 (n+1-2i0).
a; jER;

It is then an easy check to verify that this term is coprime with 4n? for every

i€ [1,n], i # %, obtaining faces with length 4n3, while for i = 231 the faces
have length 4n. O

Proposition 5.3.9. Let n > 1 be an odd integer such that 2n+1 is prime, then
there exists a cellular biembedding of Koni1)xn such that the length of every
face is a multiple of n(2n + 1).

Proof. Let A be the NH,,(n;n) obtained from Theorem[5.2.14] we follow Remark
[5.2.15] where we reported the total sums of rows and columns of A, keeping in
mind that ¢ = n which implies @« = 0. In particular, for every j € [1,n]:

Z ai; = (—1)7*" {(j -1D@2n+1)+1+ anl (27 —1)@2n+1)+1]].

a; j€C;

Since we are in Zs,2,,, the previous expression is equivalent to:

Z aij = (1Y (=n% —n) = (=1)n(n + 1).

ai,;€C;

We can then conclude by noticing that n 4+ 1 and 2n + 1 are coprime, thus
obtaining that the total sum of the elements in every column has order 2n + 1
in Zop24, and that the corresponding faces of the Archdeacon embedding have
length n(2n + 1).

Now, we have for every odd i € [1,n]:

n—1
Z a; 5 = 1+ T(QR—F 1)
a; ;€ER;

Since 2n 4+ 1 is prime, it is immediate to see that this expression and 2n + 1 are
coprime, thus the length of the corresponding faces is a multiple of n(2n + 1).
Similarly, for every even i € [1,n]:

.on—+1
> =i+ o=+ 1).
a; ;€ER;

As before, it can be seen that this expression is coprime with 2n + 1, obtaining
as length face multiples of n(2n + 1). O
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Chapter 6

Generalized Archdeacon
Arrays

In this chapter we introduce a generalized class of Heffter-type arrays that can
be defined in general over any group (not necessarily abelian). In particular we
consider partially filled arrays whose sum along rows and columns have to be
identically zero or non-zero. This concept, introduced in [70], generalizes the
concepts of zero and non-zero sum Heffter arrays. The applications to graph
decompositions of Cayley graphs and biembeddings still hold for generalized
Archdeacon arrays. We give various existence results for this class of arrays,
that can be classified in these main categories: existence results of non-zero
sum Heffter arrays in general groups (non-necessarily abelian) and of globally
simple zero and non-zero sum Heffter arrays over cyclic groups. The content of
this chapter is contained in a joint work with T. Traetta, see [70].

6.1 Definition

In this section we give the notion of a generalized Archdeacon array: as the name
suggests these arrays generalize the concept of an Archdeacon array, introduced
in [43] and described in Section [1.3.7]

Let G be an additive group not necessarily abelian, and choose a map || - || :
G — G,a + |a| such that |ja|]| = ||—a| € {%a}, for every a € G. We refer
to ||al| as the absolute value of a € G. For a multiset H of G we define the
(unordered) list |H|| = {||h| : h € H}, while HT represents the underlying set
of ||H|| minus the zero element (e.g., set ZT =N = {1,2,...}). Foraset S C G
we denote by I(S) the set of all involutions (i.e., elements of order 2) in S.

Given an m x n matrix A with entries from G, the row-weight of A is the
sequence w,.(A) = (h1, ..., hy) where h; is the number of non-zero entries in the
i-th row of A; the column-weight w.(A) of A is the row-weight of the transpose
of A.

Definition 6.1.1. Let S C G+, (m,n,\) € N3, and let h = (hq,...,h,,) and
k = (k1,...,ky), with 1 < h; <nand 1 < k; < m for each ¢ and j. A
generalized Heffter array GHA3(m,n;h,k) (briefly, GHA) over G is an m x n
matrix H with entries from G, satisfying the following properties:

119
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(agen) the i-th row (respectively j-th column) of A contains exactly h; (respec-
tively k;) non-zero elements, that is, (w,(H), w.(H)) = (h,k);

(bora) the multiset £E(A) contains A copies of each element of S.

We drop the parameter A (representing the multiplicity of a GHA) when it
is equal to 1. We speak of a uniform GHA whenever the weight sequences h
and k are constant, that is h = (h,...,h) and k = (k,...,k); in this case we
write GHA%(m,n; h, k), namely when property (agen) is nothing but property
(a) of the classical Definition

It follows that for a GHAg(m, n; h, k) to exist, we necessarily have that

A must be even when I(5) # @, and

A (6.1.1)
AS| = AI(S) = h1+ .o+ hy =k + ...+ k.

Clearly, changing the signs of some entries of a GHA produces another GHA
with the same parameters.

We recall the following result by Gale and Ryser [60, Theorem 7.7.4] on the
existence of matrices over Zs with given row and column weights.

Theorem 6.1.2. Leth = (hy,...,hy) and k = (k1,...,k,) be two sequences
of positive integers such that > | h; = Z?Zl kj. There exists an m x n matric
A over Zs with w.(A) = h and w.(A) = k if and only if

>oiey min(hi,u) > 370 kY, for every 1 <u < n. (6.1.2)

where (K|, ..., k.) is the decreasing reordering of k.

Replacing each non-zero entry of a GHAg(m,n;h, k) with 1 produces a
matrix over Zs = {0, 1} whose row and column weights are h and k. Therefore,
Condition provides another necessary condition for the existence of a
GHA. We will refer to Conditions (6.1.1) and (6.1.2) as the necessary conditions
for the existence of a GHA.

As for classical Heffter arrays GHAs can be used to construct orthogonal
path or cycle decompositions and biembeddings of Cayley graphs onto orientable
surfaces. The structural properties of these decompositions and biembeddings
depend on the sum of the entries in each row and column of a GHA, with respect
to a given ordering. Indeed, it is needless to recall that the sum of elements in
a non abelian group heavily depends on the chosen ordering. Given a group G
and a sequence a = (a1,...,a,) € G™, we denote by so(a) = Y./, a; the sum
of a.

Given an ordering w, and w. of the rows and of the columns of a GHA A,
we call w = (w,,w.) an ordering of A, and the pair (4,w) an ordered matriz.
Then:

Definition 6.1.3. An ordered m x n matrix (A4,w) over a group G is
(1) zero-sum, if so(wr;) = 0 = so(we,;) for every 1 <i<mand 1 < j <n;
(2) non-zero sum, if so(wr;) # 0 # so(we ;) forevery 1 < i <mand1l < j <n.

The matrix A is zero-sum (respectively non-zero sum) if it is so with respect to
some ordering.
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Note that when G is abelian, the matrix A cannot be at the same time
zero-sum and non-zero sum; in this case, the property of being a zero-sum or
non-zero sum matrix is independent of the chosen ordering. Furthermore, given
an arbitrary group G and considering that a cyclic shift of a sequence a of
G turns it into another sequence whose sum is in the same conjugacy class of
so(a), it follows that a zero-sum matrix over G with respect to a natural ordering
continues to be zero-sum with respect to every natural ordering.

6.1.1 Notation

Given an integer ¢, an element a of a group G, and two finite sequences a =
(a1y...,ay,) and b = (by,...,b;) over G and length n and ¢, respectively, we use
the following terminology and notation.

(1) a = (a,...,a). The length of a will be always clear from the context.
(2) (a7 b) = (alv <oy Qny, bl, ey bt)a qa = (qalv R qan)v and —a = (71)&

(3) si4(a) = Zgzi ag is a run of a, for every 1 < ¢ < j < n, and we call it
proper when (i,7) # (1,n).

(4) si(a) = s1,:(a) is the i-th partial sum of a, for 1 < ¢ < n. For our
convenience, we set so(a) = s, (a).

(5) a is called simple if all proper runs of a are different from zero; this is
equivalent to saying that 0 # s;(a) # s;(a) for all 1 <i < j <mn.

(6) a is called a zero-sum sequence (respectively non-zero sum sequence) if
so(a) = 0 (respectively sg(a) # 0).

(7) The alternated forms of a are the sequences a¥ = (—ay,..., (—1)%a,,
.., (=1)"a,) and —a¥.

Remark 6.1.4. If G is abelian, given an integer ¢ and a sequence a = (ay, ...,
an) € G™, we have that s;(ga) = ¢s;(a), hence s;(—a) = —s;(a), for 1 <i < n.

Given an m x n matrix A = (a;;) with entries from an arbitrary group G,
not necessarily abelian, we use the following terminology and notation. We
denote by A; and A’ the i-th row and the j-th column of A, respectively. The
reduced i-th row of A, denoted by A(;), is the left-to-right sequence of non-zero
elements in A;. Similarly, the reduced j-th column of A, denoted by AU, is the
top-to-bottom sequence of non-zero elements in A7.

The row-weight of A is the sequence w,(A) = (wi(A4),...,wn,(A)) where
each w;(A) is the length of A(;), that is, the number of non-zero entries in the i-th
row of A. The column-weight of A is the sequence w.(A) = (w*(4),...,w"(A))
where each w(A) is the length of AU), that is, the number of non-zero entries in
the j-th column of A; clearly, w.(A) = w,(A"), where A" denotes the transpose
of A. The weight of A is the number w(A) of non-zero entries of A. Clearly,

w(A) =S wi(4) = 3 wi(4) = [E(A)].
i=1 j=1

The non-zero position matriz associated to A is the m x n array A* =

(af;) where aj; = p if (4,j) is the p-th element in skel(A) endowed with the
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lexicographic order, otherwise aj; = 0. In other words, aj; counts the number
of non-zero entries of A from a;; up to a;; # 0, using the lexicographic order
over the indices (4, j).

Given a map f : G — G, let f(A) = (f(as;)) denote the m x n matrix
obtained by applying f element-wise on A.

Letting B = (b;;) € Z™", the Hadamard product of B and A is the m x n
matrix B o A = (b;;aij;).

6.2 Near alternating sign matrices

In this section, we construct near alternating sign matrices, which we use in the
following to build simple NGHAs.

Definition 6.2.1. An m X n matrix A with entries from {0, £1} is called a near
alternating sign matriz (NASM) if the non-zero entries of each row and each
column alternate.

Letting h = w,(A) and k = w.(A4), we say that A is a NASM(m,n; h, k)
or simply a NASM(m,n). Finally, if h = (h,...,h) and k = (k, ..., k), we say
that A is uniform and write NASM(m, n; h, k).

The name of these matrices is derived from the classical notion of alternat-
ing sign matrices (ASMs), that are NASMs satisying the additional property of
having row and column sum equal to 1. ASMs have been studied as a general-
ization of permutation matrices, as they naturally arise from a method proposed
in [49) by Dodgson (also known as Lewis Carroll) for the computation of the
determinant of a matrix. Moreover, a famous conjecture regarding the number
of ASMs of a given size was proposed in [72], and was eventually solved 10 years
later in [100].

Example 6.2.2. The following is a NASM(3,3;(2,3,1),(1,3,2)):

1 |-1
11-1|1
0] 1 0

Near alternating sign matrices were first considered in [I3], although the
terminology was suggested by Brualdi [12]. Here, we are interested in building
them with given row-weight and column-weight sequences.

Remark 6.2.3. Since the absolute value of a NASM(m,n;h, k) is a {0,1}-
matrix, by Theorem it follows that h and k must satisfy condition (6.1.2)).

We now define the concept of frame of a NASM, a parameter that will enable
us to join two or more suitable NASMs to obtain larger NASMs.

Definition 6.2.4. Let A be a NASM(m,n). The frame of A is the quadruple
@(A) = (A7, A7, AT, AY) defined as follows:

(1) A~ = (a1,...,a;) where each a; is the first non-zero entry of the i-th
row of A;
(2) A7 =(a1,...,am) where each a; is the last non-zero entry of the i-th row

of A;
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(3) AT = (A< and A% = (AY)7, where A! is the transpose of A.
The following two lemmas are straightforward.

Lemma 6.2.5. An f x g block matriz B = (A;;) is a NASM whenever the
following types of submatrices of B are all NASM

A Ay A, [ ey } :
Lemma 6.2.6. Let A; be a NASM(m;,n;;h; k;), fori=1,2.
(1) [A1 Ag] is a NASM(my,n1+n2;hy +ho, (ki, ko)) if and only if mqy = mo
and A7 = —A§.
A | . .
(2) A is a NASM(my 4+ ma,ny; (hi, ha), ki + ko) if and only if ny = ns
2
and All’ = ng.
We now show how to build uniform NASMs.
Theorem 6.2.7. There exists a NASM(m,n; h, k) if and only if mh = nk.
Proof. Tt a NASM(m,n; h, k) exists, then necessarily mh = nk. To prove suf-
ficiency, let f = ged(m, k) and g = ged(n, h). Since mh = nk, we have that

m% = %? Since ged(*F, ?) =1= gcd(%, 7). we can write %z = 2 = {, hence
= % =d.

We start by constructing a NASM(Y, ¢;d,d). Let A = (a;;) be the £ x £
matrix over {0, 41} defined as follows:

Q \3‘&..,‘

(—1)"™7  ifj <i<min(f,j+d—1),or
1<i<j+d—/¢—1and{—diseven,
(1) if1<i<j+d—L—1and ¢ —dis odd,

0 otherwise.

al-j =

One can easily check that each reduced row (respectively reduced column) of A
is alternating of length d, that is, A is a NASM(¢, ¢;d, d). Furthermore,

A~ = (_1>d+1A<— and Al = (—1)d+1AT. (6.2.1)

Now we are going to show that the matrix obtained by suitable repetitions
of A or —Ais a NASM(m,n;h,k). Let B = (b;;) be the f x g block matrix
defined as follows:

b A if d is even,

Y (=1)"*7 A if d is odd,
for 1 <i< fand 1< j <g. Clearly, B is a matrix with m = f¢ rows and
n = g¢ columns. Also, its reduced rows (respectively columns) have each length
h = gd (respectively k = fd). Finally, by Condition (6.2.1) and Lemma
we have that +£[A4 (—1)9A] and + [ (_SdA ] are NASMs. It then follows by

Lemma that B is a NASM(m, n; h, k).
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Example 6.2.8. In this example we construct a NASM(6,9;6,4) by using the
procedure described in the proof of Theorem We have that:

We can then construct the following NASM(3, 3; 2, 2):

1 0] -1
A= -1 1 0
0|-1 1

Since d is even, we build the following array B, that is a NASM(6,9;6,4):

~1 1 1 1] 0] -1
— ~1 1

B AlA|A 0] — 1 0] — 1 01— 1

TlA|AA] T 0] —1 1 —1 0] —1
_ —1 _

0] — 1 0] — 1 0] — 1

In order to show the complete procedure of the proof of Theorem we also
construct a NASM(12,16;4, 3). As before, we compute the parameters:

f=ged(m, k) =3, g = ged(n, h) =4,
m h
{=— =4, d=—-=1.
f g
We take as a NASM(4,4;1,1) the 4 x 4 identity matrix, denoted by I. Since d
is odd, we construct the following block matrix, that is a NASM(12, 16;4, 3):

I| -1 I| -1
-1 1| -1 1
1| -1 1| -1

We end this section by constructing NASMs whose row and column weights
are even.

Theorem 6.2.9. Let h = (hi,h1, ..., hppy b)) and k = (k1, k1, ..., kn, kn) be
sequences of positive integers. There exists a NASM(2m, 2n; 2h, 2k) if and only

if Condition (6.1.2) holds.

Proof. By Remark[6.2.3] we only need to show sufficiency. Since h and k satisfy
Condition , one can check that the same holds for h' = (hy,..., h,,) and
k' = (k1,...,k,). Then, Theorem guarantees the existence of an m x n
matrix, say A, over Zy such that w,(A) = h’ and w.(A) = k’. The array

obtained from A by replacing each 0 with (8 8) and each 1 with (_11 11)
is the desired NASM.
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6.3 Simple GHAs over a cyclic group

In this section, we build simple GHAs over a cyclic group. We start by showing
that the alternated form of an increasing sequence of integers is simple modulo
v for every sufficiently large v.

Lemma 6.3.1. Let a = (aq,...,a,) be an increasing sequence of positive in-
tegers, and let b € {at,—aT} and v > a,. Then, all runs of b are non-zero
(mod v).

Proof. By Remark it is enough to prove the assertion when b = aT =
(—a1,a9,—ag,...,(—1)"a,). We start by showing that the sum s¢(b) of b is
non-zero modulo v. Set ag = 0, and let x = a,, if n is odd, otherwise set = 0.
We notice that 1 < —agj—1 + az; < —agj_o + ag; — 1, for 1 < j < Ln/QJ
Therefore,

In/2] [n/2]
[n/2] —w < so(b) = D (—azj-1+ag)—w< Y (—az2+ay—1)—=z
j=1 j=1

= CLQLn/QJ — T — LTL/ZJ
In other words,

if n is even, then z = 0 and 0 < n/2 < s¢(b) < a, — n/2;
if n is odd, then z = a,, and [n/2] — a,, < so(b) < ap—1 —a, — |n/2] < 0.
Hence, so(b) # 0 (mod v). This means that the sums of the alternated forms

of an increasing sequence of integers are non-zero modulo v, provided that v is
larger than the maximum integer in the sequence.

For every 1 <i < j <mn, set a;; = (a;, @11, ..,a;) and b;; = af. Clearly,
sij(b) = so(b;;). Since a;; is increasing and v > a,, > a;, by the first part of
the proof it follows that s;;(b) # 0 (mod v). O

The previous construction can be slightly modified to obtain simple zero-sum
sequences.

Lemma 6.3.2. Let a = (ay,...,a,) be a sequence of distinct positive integers,
such that a1 < as < -+ < ap—1 and let b € {aT,—aT} and v > a,. If
so(b) =0 (mod v), then all proper runs of b are non-zero (mod v).

Proof. By Remark it is enough to prove the assertion when b = a¥. Since
(a1,...,an—1) is increasing, by Lemma we have that all runs of (—aq, as,
—as,...,(—1)""ta,_1) are non-zero modulo v. Considering that by assumption
so(b) = 0 (mod v), it follows that all proper runs of b are non-zero. O

Remark 6.3.3. Sequences satisfying the assumptions of Lemma [6.3.2] can be
constructed starting from a balanced sequence, defined in [26] Definition 3.1].
More precisely, an increasing sequence of positive integers a’ = (aq,...,aa,) is
called balanced if there exists 7 € [1,n] such that so(bT) = so(cF), where b =
(a1,...,a2,) and ¢ = (agr41,-..,02y). In [26], using a different terminology, it
is shown that the sequence

a= (017 sy Q27,427 4254 - - a2n>a2‘r+1)
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and its alternated forms aT and —aT satisfy the assumptions of Lemma m
hence a¥ and —aT are zero-sum and simple modulo v > ag,. This result is
used in the proof of Theorem [6.3.

Lemmas [6.3.1] and are used in the following, together with near alter-
nating sign matrices, to build simple GHAs.

6.3.1 Non-zero sum and simple GHAs

In this section, we show that NASMs can be used to construct non-zero sum
GHAs, that moreover are globally simple.

Theorem 6.3.4. Assume there is a NASM(m,n;h,k). Then, there exists a
non-zero sum and simple NGHAg(m,n; h, k) over Z, if and only if the necessary
Condition (6.1.1) holds, that is, S has no involutions and |S| = so(h) = so(k).

Proof. The necessity of Condition has been discussed in Section
therefore, it is enough to prove sufficiency.

Let A be a NASM(m,n;h, k) and S C Z7 a set satisfying the assumptions.
Note that v > 2|S| + 1 and |S| is the weight of A. Furthermore, set H =
Ty (Ao f(A*)) where f:[0,[S]] = [0, [%5*]] is the increasing map fixing 0 such
that S = m,(f[1,]S]]).

We claim that H is the desired NGHA. First, we notice that ||E(H)|| =
mo(f(A*)) = m (f[1,[S]]) = S. Now, set a; = f(A*)(;), bi = A(;) o a;, for some
i =1,...,m, and note that H;y = m,(b;). Since A is a NASM, then A is
alternating, hence b; € {a;7, —a;}. By the definition of f, we have that a; is
increasing and its maximum entry is less than v. Therefore, by Lemma [6.3.1
it follows that all runs of b; are non-zero modulo v, that is, H; is a non-zero

sum and simple sequence. Similarly, one can show that each HY) is non-zero
sum and simple. Therefore, H is the desired NGHA. O

By Theorems and Conditions (6.1.1)) and (6.1.2)) independently
guarantee the existence of a NASM(m, n; h, k). Therefore, as a consequence of
Theorem we prove the following:

Theorem 6.3.5. There exists a non-zero sum and simple NGHAg(m,n; h, k)
over Z, whenever the necessary condition (6.1.1) holds (that is, S C [1, [*5+]]
and |S| = so(h) = so(k)), and either

(1) h and k are constant, or

(2) m andn are even, h =2-(hy,hy, ..., Ay, hin), k=2 (k1, k1, ..., kn, kn),
and the necessary condition (6.1.2)) holds.

In particular, Theorems and imply the following (constructive)
result:

Corollary 6.3.6. There exists a globally simple NHy(m,n; h, k) if and only if
m>h>2,n>k>2, mh=nk and t divides 2nk.

We remark that the previous corollary established a constructive results on
non-zero sum Heffter arrays that comprehends all the existence results contained
in Chapter [}l However, we remark that in Section [5.3] we could easily compute
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the face length of some biembeddings that could be constructed from the non-
zero sum Heffter arrays. This is not the case for the arrays constructed in
Corollary due to the high generality of the existence result: in fact, it is
not even granted that the biembedding exists.

6.3.2 Zero-sum and simple GHAs

In this section we construct GHAs that are globally simple, starting from the
non-zero sum GHAs of the previous section.

Theorem 6.3.7. Let T = 7,(S) U m,(S + ) where S CN and z,v € N satisfy
the following properties

(1) |S| =0 (mod 4),
(2) S is the disjoint union of pairs of consecutive integers,

(3) § —maxS >z >maxS —min§.

If there exists a NASM(m,n;4h, 2k) of weight |S|, then there exists a zero-sum
and simple GHAr(2m, n; (4h, 4h),4k) over Z,.

Proof. Let h = (hq,...,hy) € N™ and let A be a NASM(m, n; h, 2k) of weight
|S| = 4(h1 + - + hy). Since S is the disjoint union of pairs of consecutive
integers, we can write S = (J!~, S;, with S; = {a;1,...,a;n, }, such that

(1) a;j < apq whenever (4,7) < (p,q) (according to the lexicographic order on
N x N), and

(2) aioe = ai20-1+1,

for every i, 7, ¢, p, q belonging to the appropriate range of positive integers.

We build the m x n matrix B(e), with € € {0,1}, as follows: for every
i € [1,m] and j € [1,4h;], we replace (following the natural ordering) the j-th
non-zero entry of the i-th row of A with b, ; j, where

Qg lfj S [1,2}%};
beﬂ‘,j =e€xr + Qi +1, lf] € [2}11 + 1,4h1 — 1], (631)
@i 2h;+15 ifj = 4h;.

' B Ao B(0)
We claim that C' =, —AoB(1)

[EO)|| = 7 (E(B(0))) U m(E(B(1))) =T
We now show that the i-th reduced row of C, that is,

is the desired GHA. First notice that

Cay== (A © B(0)@)) fl<i<m, .
To(A@y o B(1))) ifm+1 <4< 2m,

is a zero-sum and simple sequence. Let b = B(¢)u) = (beji1s- - -, beian,) for
some € € {0,1} and ¢ € [1,m]. By Condition (1), we have that (be;1,...,
bei,an,—1) s increasing, and by Condition (2), one can check that so(bT) = 0;
also, v > b ; an,; (assumption 3). Therefore, by Lemmam all proper runs of
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b are non-zero modulo v. Since Ay o B(€);) € {bT, —bT}, by Remark
we have that the sequence C;) is zero-sum and simple.

It is left to show that the j-th reduced column CY) of C' is a zero-sum and
simple sequence with respect to some ordering. Letting B(0)Y) = (by, .. ., bar,),
by construction we have that

C(J) = :|:7Tv(—b1, bQ, —bg, ey bgkj,
b1 + x, —(bg + .’17), bs+x,..., —(bgkj + .’L‘))

Setting b = (b1, ..., ba;, b2+, bog, +x,b1 + ), one can check that so(bT) = 0.
Since £ > max S —min S (assumption 3) and in view of Condition (1), removing
the last term of b produces an increasing sequence. Therefore, by Lemma [6.3.2
we have that m,(bT) and —m,(b¥) are zero-sum and simple sequences. Since
one of them is a reordering of C), the assertion follows. O

Remark 6.3.8. When 4h = n and 2k = m, the array C built in Theorem [6.3.7]
can be easily rearranged to obtain a zero-sum GHA (with the same list of row
and column weights) that is globally simple. Indeed, it is enough to move to
the end the (m + 1)-th row of C.

In the following, we focus on (the most studied case for classic Heffter arrays,
that is) the case where S = (Z, \ J)* for some subgroup J of Z,.

Corollary 6.3.9. Let v = (2d + 1)u = u (mod 16), where u = 1 or u =
0 (mod 4), and let h = (hy,...,hy) be a partition o %“. If there is a
NASM(m,n;4h, 2k), then there exists a zero-sum and simple GHA(z, \ yy+(2m,

n; (4h,4h), 4k), where J is the subgroup of Z, of order w.

Proof. Let T =S U (S + z), where z = % and S = [1,z] when u = 1, otherwise
z=(2d+1)% and S = [1,2]\ {i(2d+1):1<i<%}. Note that S,z and v

satisfy the assumptions of Theorem Considering that m,(T) = (Z, \ J)*
and |S| = 4 = 4(hy + - + hy,), the result follows by Theorem O

The existence of NASMs provided by Theorems and together
with Corollary implies the following existence result for zero-sum GHAs:

Theorem 6.3.10. Let v = (2d 4+ 1)u = u (mod 16), where u = 1 or u =
0 (mod 4), and let J be the subgroup of Z, of order w. If the necessary conditions
(6.1.1) and (6.1.2) hold, then there exist

(1) a zero-sum and simple GHA gz, \ 1)+ (4m, 2n; (4h,4h), 4k) with

h:(hlyhlv"'ahmahm) and k:(klaklv"wknakn);

(2) a zero-sum and simple GHA 7\ 1)+ (2m,n; 4h, 4k).

In the particular case m = 2k and n = 4h, the array that can be build from

Theorem [6.3.10(2) is a GHA (,\ j)+ (4k, 4h; 4h, 4k); following Remark [6.3.8] by
shifting down a suitable row of this array we can obtain a zero-sum GHA (with
the same parameters) that is simple according to the natural ordering.

Corollary 6.3.11. Letv = 16hk—+1, with h,k > 3. Then, there exists a globally
simple H(4k,4h; 4h, 4k).
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6.4 Non-zero sum GHAs over arbitrary groups

In this section, we describe an algorithm that builds a non-zero sum GHA over
an arbitrary group G, by replacing the 1’s of a suitable m x n matrix A over
Zy with the elements of a multisubset of G. We remark that if the group is
not abelian, then the total sum in a row or column of an array depends on
the ordering of its elements. In this section, we always assume that the chosen
ordering is the natural one and that each row and every column of A contains
at least one filled cell.
Consider the following subsets of the skeleton of A:

R:{(Z,j) aij#ozai7j+1:...:ain}7
C:{(i;j)i aij#o:ai+1,j:"':amj},
L=RnNC.

Clearly, |R| =m, |C| = n and 1 < |£] < min(m,n). We now consider the simple
graph ® = (V(®), E(®)) having V(®) = RUC as vertex-set, and whose edge-set
E(®) is defined as follows:

E(®) = {{(i,j), (u,v)} : (i,5) € R, (u,v) € C and either i = u or j =v.}
(6.4.1)
We start by showing the following.

Lemma 6.4.1. ® is a forest, and each one of its connected components contains
ezxactly one vertex of L.

Proof. We first show that the smallest vertex (with respect to the lexicographic
order) of a path of ®, say P = [x1,...,xy], is necessarily an end-vertex. Indeed,
assume for a contradiction that there is ¢ € [2,¢ — 1] such that

x; = (wi,v;) < xj = (uj,v;), forevery je 1,0\ {i}. (6.4.2)

By the definition of the graph &, if z; € R, then x;_1,2;41 € C. Hence, by
(16.4.1)) and , it follows that either u; < w; and v; = v;, or u; = u;
and v; < v;, for each j € {i — 1,7+ 1}. The latter case cannot happen, since
z; € R is the last cell of its row with a non-zero entry. Therefore, u; < u;
and v; = v; for each j € {¢ — 1,7 + 1}, which however contradicts the fact
that z;_1,z;11 € C. With a similar reasoning when z; € C, we obtain another
contradiction. Therefore, the smallest vertex of a path of ® is one of its end-
vertices.

This property of ® implies that it does not contain cycles, hence @ is a forest.
Also, there is no path joining two vertices of £. Indeed, if P = [z1,..., 2] is
such a path, and x; is its smallest vertex, then by definition of £, we would
have x5 < x7, contradicting the minimality of x;. Therefore, the vertices of £
belong to different components of ®. O

Example 6.4.2. Let m =6, n = 8, and:

h=(4,3,3,225 k=(3,23,23,3,1,2).
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We construct the following 6 x 8 matrix A with elements in Zg such that w, (A) =
h and w.(A) = k:

11111101 {0{0]0
1/0/1/0(0{1]{0]0
0(1(0(1{10|0|0
0(j0j1{0{1|0|0|O0
0j0j0j0jO|l1|0]1
1{0{0|1|]0f1 |11

where in bold we have highlighted the cells corresponding to V(®). We then

have:
R ={(1,5),(2,6),(3,5),(4,5), (5,8),(6,8)},

C = {(67 1)7 (3’ 2)’ (473)’ (6’4)7 (4’ 5)’ (676)’ (6’ 7>7 (67 8)}7
L =1{(4,5),(6,8)}.

We conclude with a drawing of ®:

(3.2) (2,6)

(4.3) (1.5) (5,8) (6,1) (6,4) (6,7)

(3.5) (6,6)

(4,5) (6,8)

We are now ready to prove the main result of this section.

Theorem 6.4.3. Let A be an m X n array over Zg such that w.(A) = h and
we(A) = k. Let G be an arbitrary group and let S C GT such that

1S\ 1(8) > [RUC]. (6.4.3)

There exists a mon-zero sum NGHAg(m,n; h,k) over G if and only if the nec-

essary condition (6.1.1)) holds.

Proof. Let A = (a;;), h, k and S be as in the statement. By cyclically shifting
the rows (if necessary), we can assume that

the last row of A has the largest weight. (6.4.4)

Let R, C and L be the sets of cells of A defined above, and let ® be the forest
with vertex-set V(®) = R U C, associated to A. In view of Lemma for
every z € L, we denote by ®, the connected component of ® containing z and
consider a maximal path P, in ®, that contains z as an end-vertex.

Let T = *(S\ I(S)) U 21(S). By Condition (6.4.3), there exists a subset F
of S\ I(S) having the same cardinality as |V (F)|. We are going to describe an
algorithm that will construct the desired GHA by properly filling the cells of A,
that is, by replacing the 1’s in A with all the elements of T" in such a way that
the rows and columns of the final matrix have non-zero sums.
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1. Filling B = skel(A) \ (R U C). We arbitrarily fill the cells of A belonging
to B with T'\ F.

2. Filling isolated vertices of ®. Let £’ C L be the set of isolated vertices
of ®. For every (i,j) € L' and g € G, we say that g is a forbidden element for
(i,4) if at least one of the following conditions holds:

(a) (i,5) € R and by filling the cell (i,5) of A with g we have oq(A4;) = 0;
(b) (i,j) € C and by filling the cell (4,5) of A with g we have a¢(A’) = 0.

It follows that each cell in £’ has at most two forbidden elements. Note that
| < |L] < |V (®@)]. If|L'] < |L], considering that the elements of F' are pairwise
distinct in absolute value, it is not difficult to check that there is an injective
map ¢ : L — F such that either (i, 5) or —¢(4, ) is not a forbidden element
for (i,7). We use this element to fill the cell (i,7) of A, for every (i,5) € L.
This procedure guarantees that all rows and columns through a cell of £’ have
a non-zero sum. We then remove ¢(L') from F.

Now assume that |£'| = |£|. This means that all components of ® consist
of isolated vertices, that is, £L = R = C. Therefore, since all cells in the last row
of A belong to C, it follows that the weight of A,, is 1, and by condition ,
each row of A has weight 1. In this case, 0 is the only forbidden element for each
of the isolated vertices. Hence, we can arbitrarily fill the cells of A belonging to
L' with the elements of F, without creating rows or columns whose sum is 0.

3. Filling W =V (®,)\ V(P,), for every z € L\ L. As before, for every
(i,7) € W, g € G is a forbidden element for (i, j) if either condition (a) or (b)
(in step 2) is satisfied. Note that only one between (a) and (b) holds, since
W N L = @, hence each cell in W has exactly one forbidden element. Since
|F| > |W| and all the elements of F' are pairwise distinct, there is an injective
map ¢ : W — F such that ¢(i,7) is none of the forbidden elements for (i, j).
This guarantees that filling each cell (4, j) of A with (3, 7), for every (i,7) € W
does not produce rows or columns whose sum is zero. We then remove ¢(W)
from F.

4. Filling V(P,), for every z € L\L'. Let P, = [z1,...,x; = 2], where each
x; = (u,v;), and let F, = {f1,..., f¢} be any subset of F of size £. If us—1 = uy
(respectively vp_1 = vp), let g¢ € G such that by filling the cell zy of A with g, we
have sg(A") = 0 (respectively so(A,,) = 0). In other words, g, is the element
that, if used to fill zy, makes equal to 0 the sum of either the row or the column
through xy. Since ¢ > 1 and the elements of F, = {f1,..., fe} are distinct in
absolute value, we can apply a permutation to F, so that gy ¢ {fs, —fe}-
Now for every 1 <1i < ¢ — 1 we proceed as follows.

(1) Let g; € G be the unique element in G such that (u;,v;) and g; satisfy
either condition (a) or (b) (in step 2);

(2) Fill cell z; of A with some element in {f;, —f;} \ {9:};

This iteration guarantees that all rows and columns through the cells of V(P;)
have non-zero sums, except possibly for the row and column through z,. The
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two forbidden elements for z, are g, and g. Recall that g¢ ¢ { fe, —f¢}, therefore
we can fill 2, with some element in { fz, — f¢}\{ge, g} } so that the row and column
through x, have a non-zero sum.

It follows that A is a GHAJ(m,n;h’, k) over G, where h’ is a cyclic per-
mutation of h. Since a cyclic shift of the rows does not change the order of
the column sums, by shifting back the rows of A (if necessary), we obtain the

desired GHA. O

By using the trivial upper bound |RUC| < m+n—1, we obtain the following:
Theorem 6.4.4. Let G be an arbitrary group and let S C GV such that:
IS\I(S)|>m+n—1.

Then, there exists a non-zero sum GHAg(m, n;h, k) over G if and only if Con-
ditions|6. 1.1 and hold.

This result improves previous results contained in [34], where the existence
of a non-zero sum uniform GHAg is proven, using a probabilistic and non-
constructive approach, when |G| > 41 and S = (G \ J)T, where J is a subgroup
of G.

Example 6.4.5. Let A be the following 6 x 8 array having w,.(4) = h =
(5,6,5,4,5,5) and w.(A) = k = (6,3,4,6,4,3,2,2) (notice that its graph ® is
isomorphic to the one of the array constructed in Example [6.4.2)):

1/1(1/1{1({0]|0|0
1/1(1/1}1(1]0|0
1/1(1/1{1{0]|0|0
1/0{1/1]1({0]|0|0
110011 j01|1|1
1/0(0j1}j0|1|1 |1

We have |[R UC| = 12 and w(A) = 30, hence for S = {a? : j € [1,12]} U {a/f :
j € [0,5]} subset of the dihedral group Dihos = (a, f|a?® = B2 = (af)? = 1),
having order 50, we construct a NGHAZ%(6,8;h,k) by following the proof of
Theorem [6.4.4 We begin by defining F' = S\ I(S) = {a/ : j € [1,12]}, and we
fill the array B with the elements of 25\ (F U I(S)):

Blag|a?B] | 1] 0 0| O
aSpl ald®B] Flad] 1 0| O
a’ 1| of|a®8] 1] 0O 0] 0
al? 0 1 a® | 1 0 0| O
all 0 0 ol 0| a?]a?
1 0 0 1 0 1 1 1

The graph ® does not contain isolated vertices, thus we directly move to step 3 of
the proof of Theorem by filling V(®)\V (P,UP,), where P, = [(6,8), (6,1)]
and P, = [(4,5),(3,5),(3,2)]. We can fill each one of these cells with either a
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or ¢~ 1, for any a in F:

Blapa?8] &2 Ta®] 0 0| 0
BB alad®B] o o |a” 0] O
a’ 1] of[a®p 1| 0 0| O
al0 0] a? a® 1 0 0 0
all 0 0 a® 0] a?]a?
1 0 0 a’ 0] al| o3 1

In step 4 we have Fy = {a® a%} and Fy = {a!? o'l a!?}. Since no rows or
columns of the array have forbidden elements contained in F; U Fy, we can fill
the remaining cells as follows:

Bl aBla?8] &*] %] 0 0| 0
a3p alad®p| ot a’ | a” 0| O
a" o] af[a®8]a ] 0 0| 0
al? 0]a® a’ al? 0 0] O
all 0 0 o8 0] a”|al?]a?
a® 0 0 a’® 0] o] &5 a°

Since in a cyclic group I(S) < 1, we have the following result, that generalizes
the one proved in [34]:

Corollary 6.4.6. There exists a NH}(m,n;h, k) if and only if m > h > 2,
n >k > 2, mh=nk and t divides 2nk/\.
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Chapter 7

Heffter spaces

As showed in Chapter [1| a Heffter array can be seen as two orthogonal Heffter
systems. An intriguing question recently raised and studied by Buratti and
Pasotti in [23, 24] asks then if and when it is possible to find more Heffter
systems defined on the same half-set that are pairwise orthogonal; this collection
of Heffter systems is then said to be a Heffter space. In this setting the elements
of the half-set can be represented as points in an incidence structure whose
parallel classes correspond to the Heffter systems. In Section we report
the notions of Finite Geometry that are necessary to introduce Heffter spaces in
Section following [23],24]. In Sectionwe consider relative Heffter spaces,
and we present some existence results that we recently obtained in a joint work
with M. Buratti, L. Johnson and A. Pasotti in [21], still in progress.

7.1 Linear spaces and partial linear spaces

In this section we introduce some combinatorial structures that are necessary
to define Heffter spaces.

Definition 7.1.1. A partial linear space (in short, PLS) is a pair (V, B) of a set
V of v points and a set B of blocks, such that any pair of points is contained in
at most one block and every block contains at least two points. A PLS is said
to be linear if every pair of points is contained in exactly one block.

The degree of a point p is the number of blocks in the PLS that contain
p. A PLS is k-uniform (or simply uniform) if every block has the same size k,
while it is said to be of degree r if every point has degree r. A k-uniform PLS
of degree r over v points is said to be a (v, k;r) configuration. It can be seen
that a k-uniform linear space is nothing but an S(2,v, k).

A parallel class of a PLS (V,B) is a set of blocks that partitions V, and a
PLS is said to be resolvable if the block set B can be partitioned into parallel
classes; such a partition is said to be a resolution of the PLS. A resolved PLS is a
resolvable PLS, together with one specific resolution of it. Given three integers
v, k and r we write (v, k; r)-RPLS to denote a resolved PLS with v points whose
resolution consists of r k-uniform parallel classes.

Example 7.1.2. The Fano plane of Example is a linear space that is not
resolvable: indeed, a necessary condition for the resolvability of a k-uniform
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PLS over v points is that k& must divide v, that is not the case for k = 3 and
v = 7. The Pappus configuration represented below is a resolvable (9,3;3)
configuration:

The unique resolution of the Pappus configuration is the following:
P ={{{1,2,3},{4,5.6}.{7.8,9}},
{{1,4,8},{2,6,9},{3,5,7}},
{{17 57 9}7 {27 47 7}7 {37 6’ 8}}}

Note that the Pappus configuration can be completed to a resolvable linear
space by adding the blocks {1,6,7},{2,5,8},{3,4,9}.

Example 7.1.3. In this example we examine a notable class of resolvable linear
PLS called Desarguesian affine planes; we remark that while this definition can
be given in general for prime powers, here we consider the prime case. Let then
p be an odd prime and consider the following subsets of Z?}:

(1) for every pair (a,b) € Z2, let Bay = {(z,y) € Z2 : y = ax + b};
(2) for every b € Zy, let Boop = {(2,y) € Z3 : © = b}.

We then define the Desarguesian affine plane of order p as the pair (V,B),
where:

v=z2, B=| |J Bap|U| U Bww
(a,b)ez bEZy
The parallel classes of B are:
L, = U B,y for every a € Z,, Loo = U Boo v,

bEZ, bEZy,

hence a resolution of B is given by {Lo, L1,...,Lp—1, Lo}

7.2 Heffter spaces

In this section we introduce the notion of Heffter spaces, that are a class of
combinatorial structures defined in [23]. This concept merges the topics of
Finite Geometry presented in the previous section with the theory of Heffter
systems and Heffter arrays.
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Definition 7.2.1. A (v, k;r) Heffter space over an abelian group G is a (v, k; 1)
RPLS such that:

(1) its point-set is a half-set of G;
(2) each block is zero-sum.
A Heffter space is linear if the RPLS is linear as well.

We remark that the original definition of a Heffter space given in [23] is
more general, but the one that is given here is sufficient for the purposes of this
thesis. It has been proven in [23] that a (v, k;r) Heffter space is equivalent to
r mutually orthogonal Heffter systems {Py,...,P,.} defined over the same half-
set, such that each P; is a (v, k) Heffter system. Thus a Heffter space of degree 1
is a Heffter system, while a Heffter space of degree 2 is a (square) Heffter array.
Clearly the main goal of this topic is to construct Heffter spaces having a large
degree.

Example 7.2.2. Consider the following Heffter systems over Zy;:

Pr = {{1,3,4,33},{2,5,13,21}, {6, 23,24, 29}, {7,9,10, 15}, {11, 19, 25,27} },
Py = {{1,9,12,29}, {3,6,13,19}, {4,5,7,25}, {10, 21, 24, 27}, {11, 15,23, 33} },
Py = {{1,6,7,27},{2,4,11,24},{3,5,10,23}, {9, 19, 21, 33}, {13, 15,25, 29} }.

It can be seen that P;, Pa, P3 are defined over the same half-set of Z4; and
pairwise mutually orthogonal, hence {P1, P2, P3} is a (20,4; 3) Heffter space.

As remarked in [23] Heffter spaces share an interesting connection with the
concept of additive designs introduced in [28]; here we directly define this con-
cept on partial linear spaces. A PLS (V, B) is said to be G-additive if there exists
an injective map f from V to an abelian group (G, +) such that ) 5 f(z) =0
for every B € B. It follows that a Heffter space over a group G is a G-additive
PLS (V, B), such that {f(z): z € V} is a half-set of G.

In [23] the authors showed that if a (v, k;r) Heffter space exists, then:

r(k—1)<wv-1, (7.2.1)

where the equality holds if and only if the Heffter space is linear.
It has been proven in [23| 24] using finite fields that it is possible to construct
Heffter spaces having arbitrarily large degree:

Theorem 7.2.3. Given any k > 3 and any r > 0, there are infinitely many
values of v for which there exists a (v, k;r) Heffter space.

This result was obtained by constructing the Heffter space for v sufficiently
large with respect to k and r. As remarked in [23] the most interesting and
difficult to construct are Heffter spaces close to being linear spaces. For this
reason, in [23] the authors introduce a parameter that quantifies how close a
Heffter space is to being linear:

Definition 7.2.4. Given a (v, k;r) Heffter space H its density is

r(k—1)

o(H) = v—1
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The density of a Heffter space H is a parameter between 0 and 1, where the
upper bound is reached if and only if H is linear.

Remark 7.2.5. The densest Heffter space of [23] has density equal to 0.75,
while Nakié¢ [78] with the aid of a computer established the existence of a Heffter
space with density % > (0.807.

The existence of a linear Heffter space is currently an open problem. It has
been shown in [23] that such a combinatorial structure may exist under very
restrictive conditions.

Proposition 7.2.6. If there exists a Heffter linear space of degree r over a
group G, then r — 1 is a multiple of the order of any element g € G.

In particular, as highlighted in [23]:
Corollary 7.2.7. A Heffter space over a cyclic group cannot be linear.

As for Heffter systems and for Heffter arrays, an interesting property that
can be studied on Heffter spaces in view of their applications is the simplicity:

Definition 7.2.8. A Heffter space H is simple if every block of H admits a
simple ordering of its elements.

It is easy to see that, as for simple Heffter arrays, it holds:

Proposition 7.2.9. If there exists a simple (v,k;r) Heffter space over an
abelian group G, then there exist v mutually orthogonal G-reqular k-cycle sys-
tems of order 2v + 1.

Clearly, the most interesting problem is that of establishing the maximum
number of mutually orthogonal k-cycle systems of order v, denoted by u(k,v)
in [25]. Firstly, the existence results on simple H(n; k) Heffter arrays obtained
in [27, 39, [47] imply that p(k,2nk + 1) > 2 for the corresponding values of n, k.
Further constructions of pairs of orthogonal k-cycle systems are shown in [64].
In [25] the authors give interesting lower bounds on p(k, v), proving that:

in if k=4,

w(k,2nk +1) > m—l ifk=0 (mod4), k>4,

As a consequence of the existence results on simple Heffter spaces presented
in [23] 24] we have the following:

Theorem 7.2.10. Let 2nk + 1 be a prime power for some integers 3 < k < n.
Then:

{%J if n is odd,

w(k,2nk +1) >

[4—24] if nk is odd.
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7.3 Relative Heffter spaces

In this section we consider the notion of a relative Heffter space, that is a Heffter
space whose point-set is a half-set of an abelian group G minus a non trivial
subgroup. More formally:

Definition 7.3.1. Given an abelian group G and a non trivial subgroup J of
G, a (v, k;r) Heffter space over G relative to J is a (v, k;r) RPLS such that:

(1) its point-set is a half-set of G \ J;
(2) each block is zero-sum.
A relative Heffter space is linear if the RPLS is linear as well.

It can be proven analogously to the statement given in [23] that a (v, k;r)
relative Heffter space over G\ J is equivalent to r mutually orthogonal Heffter
systems {Py,...,P,} defined over the same half-set, such that each P; is a (v, k)
Heffter system over G \ J. In particular a relative Heffter space of degree 2 is
nothing but a (square) relative Heffter array.

As for classical Heffter spaces, if a relative (v, k;r) Heffter space exists then:

r(k—1)<wv—1. (7.3.1)

Example 7.3.2. Let v = 15 and k = 3. Let L be the following half-set of
Zs35 \ (7):

L={1,2,-3,4,-5,-6,8,9,-10,11,—-12,-13, 15,16, —17}.
We consider the following Heffter systems over L:

Hy, ={{1,2,-3},{4,8,-12},{9,11,15},{-5,—-13,—-17},{—6,—10,16} },
H, ={{1,16,-17},{2,8,-10},{—3, —12,15},{4,9,—13},{—5, -6, 11}},
Hs = {{1,11,-12},{2,4,-6},{-3,—13,16},{-5,-10,15},{8,9, —17}},
H, ={{1,4,-5},{2,15,-17},{-3,—6,9},{8,11,16},{—10,—12, —13}},
Hs = {{1,9,—-10},{2,11, -13},{-3, 5,8}, {4,15,16}, {—6, —12, —17}}.

It can be seen that these Heffter systems are pairwise orthogonal, hence H =
{H1, Ha, H3, Hy, H5} is a set of mutually orthogonal Heffter systems, or equiv-
alently a (15,3;5) Heffter space over Zss \ (7). Moreover, from each pair of
orthogonal Heffter systems we can construct an Hs(5;3). For instance we can
construct the following relative Heffter array whose rows (columns respectively)
represent Hy (Ho respectively):

1 2 -3
8§ | —12| 4
15 9 11
—17 —-13 | -5
16 | —10 —6

It is easy to see that Proposition holds also in the context of relative
Heffter spaces. Hence we have the following:
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Corollary 7.3.3. A relative Heffter space over a cyclic group cannot be linear.

As for simple Heffter spaces, from a simple relative Heffter space one can
construct mutually orthogonal cycle decompositions of a complete multipartite
graph:

Proposition 7.3.4. If there exists a simple (v,k;r) Heffter space over an
abelian group G relative to a subgroup J, then there exist r mutually orthog-
onal G-reqular k-cycle decompositions of K|q|/|.7|x|J|-

Following the results obtained in [2I] we show a new construction of an
infinite family of simple relative Heffter spaces. In order to present these results
we first build a new family of globally simple relative square Heffter arrays. Then
we show that these arrays contain many pairwise orthogonal Heffter systems
apart from the ones given by their rows and columns, that overall form a relative
and simple Heffter space.

We show now a construction for an infinite family of relative globally simple
H, (n; k). We remark that for this set of parameters the existence of a relative
Heffter array was not known; moreover, from this family of arrays we can con-
struct relative Heffter spaces of degree r > 2. For the sake of exposition we
represent the Heffter space as being embedded inside of the Heffter array. We
begin with the following auxiliary lemmas:

Lemma 7.3.5. Let a € Zy(214+1)\{0}, and let J be the subgroup of Zy(ak+1) of
order n. Then, for any b € Zypt1) \ {0}, {a +b-i(2k +1) : 4 € [1,n]} is the
coset a+ J if and only if ged(b,n) = 1.

Lemma 7.3.6. There exists a zero-sum half-set of Zop1 admitting a simple
ordering for every integer k > 3.

Proof. We divide the proof into cases, depending on the value of k£ modulo 4.

Case k =1 (mod 4). If k = 5, it is immediate to check that L = {1, -2, 3,4, 5}
is a zero-sum half-set admitting a simple ordering in Zi;. For k& > 9 consider
the following half-set of Zog11:

L={-1,-2,3}U {2@, —(2i+1)|ie [2, kf’] } U

{2i,2i+ 1lie [Tk;’] } U{=(k—1),—k}.

It can be easily seen that the sum of the elements in L is 0 modulo 2k + 1: the
first bracket sums to zero, while the second and the third bracket respectively
add to —% and %, and the last one sums to —2k + 1. A simple ordering of
L is then:

9 —(k—1),k—2,—(k—3),...,——L3

k+3 k+5 k+7
—k,—1,4,-5,6,—7,..., —=2 212
(k’ b 5767 7’ b 2 b 2 b b 2 )

Indeed, its partial sums are:

3k k k411

(kb —k—1,—k+8 —k—2—k+4 —k—3,  —ortl Sk+3 Skl
1 1 1

k43 3k-11 k-1

4 ) 4 s 4 IR

737 O)a
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that are all distinct.
Case k =2 (mod 4). We construct the following half-set of Zagy1:

k+2 k k
L= {21’ —-1,-2i]:€ [1, I} }U{(?i —1),2i|i¢e {16, 5~ 1} }U{(kl), —k}.
It can be easily verified that L is zero-sum in Zsgy1; a simple ordering of L is:

ko k2 k k4
2’ 2 2 ’

(—k,l,—2,3,—4,..., (k=) k=2 (k= 3). G+ 3

with partial sums

—3k+2 S5k+2 k—-63k-2 k-10 k

<k,k+1,k1,k+2,k2,...,

that are all distinct.

Case k = 3 (mod 4). If k = 3, then choose L = {1,2, -3}, where clearly
any ordering of its elements is simple. Assume then that k¥ > 7, and consider
the following half-set L of Zojy1:

L:{l}U{Zi,—(2i+1) i€ [1,T]}U{—2i,2i+1 A= [kjfk;l}}

Then, a simple ordering for L is:

k+1 k+3
(k;,2,—3,4,—5,...,+,—+,—(k—1),k—2,—(k—3),...,

k4T k45
2 2 ’

2 72

whose partial sums are:

_1 _33k_5 _
(k,k+2,k—1,k+3,k—4,...,5k+5 3k—1 k-3 3-S5 —k+7 k+5,—1,0>.

4 7 4 7 47 4 7 4 772

Case k=0 (mod 4). Construct the half-set L of Zax 1 defined as:

L:{zz’—L—ziz‘e [1,ﬂ}u{—(2i—1),2i|ie {ZH,S]}.

A simple ordering is then the following:

(k,l,—2,3,—4,...,—§,—(k—1),l<;—2,—(k—3),...,5+2,—<§+1>>

since its partial sums are:

5k 3k k 3k k k
<k,k+1,k1,k+2,k2,...,41,4,4+1,41,4+2,...,2+1,0>.

O

Example 7.3.7. In this example we construct a simple ordering of a half-set
of Zsy11 for each congruence class of £k modulo 4, following the proof of Lemma
In each case, we represent the elements of Za 1 using the residues [—k, k].

4 4 0 4 0 4 1 gt
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Let k =13 =1 (mod 4). We consider the following half-set L of Zoyx11 = Zo7
(to aid the reader, we partition L as done in the proof of Proposition [7.3.6):

L={-1,-2,3}u{4,-5,6,-7,8,—9}U{-10,11} U {—12,—-13}.
Then, a simple ordering of L is given by:
(-13,-1,4,-5,6,-7,8,-9,—2,-12,11, —-10, 3),
having partial sums:
(—13,13,-10,12,-9,11,-8,10,8,—4,7,—3,0).
Let k =14 =2 (mod 4). We construct the following half-set of Zag:
L={1,-2,3,-4,5,-6,7,—8}U{-9,10,—11,12} U {-13, —14}.
We then have the following ordering:
(—14,1,-2,3,-4,5,—6,7, -8, 13,12, —11, 10, —9).
Let £k =15 =3 (mod 4). The following set L is a zero-sum half-set of Z3;:
L={1}uU{2,-3,4,-5,6,-7,8,—-9} U {-10,11, —12,13, —14, 15}.
Then, a simple ordering of L is:
(15,2,-3,4,-5,6,—-7,8,—-9,—14,13,-12,11,—-10, 1).
Let k =16 =0 (mod 4). We construct the zero-sum half-set L of Zss:
L={1,-2,3,-4,5-6,7,—8} U{=9,10,—11,12, 13,14, —15, 16},
We then have the following simple ordering:
(16,1,-2,3,—4,5,—6,7,—8,—15,14, —13,12, —11,10, —9).

Proposition 7.3.8. For every odd integer n and every 3 < k < n there exists
a globally simple H, (n; k).

Proof. Let L = {{1,...,{x} be the zero-sum simple half-set of Zoy 1 given in the
proof of Lemma m where its elements are labelled so that w = (¢1,...,4x)
is a simple ordering of L. Assume first that L is also zero-sum in the integers.
For each i € {3,4,5}, define the following blocks of diagonals:

Ds({a1,az,as};m) : | diag(l,m,a1,1,2k + 1,n)
diag(1l,m + 1,a2,1,—2(2k + 1), n)
diag(1l,m + 2,as,1,2k + 1,n)

Ds({a1,az2,a3,a4};m) : | diag(l,m,a1,1,2k + 1,n)
diag(1l,m+1,a2,1,—(2k + 1),n)
diag(1l,m+2,a3,1,—(2k + 1),n)
diag(1l,m + 3,a4,1,2k + 1,n)
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D5({a1; az, as, a47a5};m) : diag(lama at, ]-a 2k + 17”)
diag(l,m + 1,a9,1,—2(2k + 1), n)
diag(1,m + 2,a3,1,2(2k + 1), n)
diag(1,m + 3,a4,1,—2(2k + 1), n)
diag(1l,m +4,as5,1,2k + 1,n)

We now construct the desired H,, (n; k), which is dependant upon the congruence
class of k£ modulo 4:

e k=0 (mod 4): let k = 4t for some positive integer ¢t. The following ¢
block diagonals (where i € [0,¢ — 1]) form an n x n array A:

Dy({l114i, Cotai, C34aiy layait; i+ 1).

e k=1 (mod 4): let k = 5+ 4t for some positive integer ¢t. Construct an
n X n array A from the following block diagonals:

Dy({l144i, lotair l3yai, Lataiy; 41+ 1) for every i € [0,t — 1];
Ds({li—a,lk—3,lp—2,lp—1, i }; 4t + 1).

e k=2 (mod 4): let kK = 6+ 4¢ for some positive integer ¢, and let A be an
n X n array containing the following block diagonals:

Da({l144i,lorai, l3aiy latai}; 4 + 1) for every i € [0, — 1];
Ds({lr—5,lk—a,lr—3}; 4t + 1);
Ds({lr—2, lp—1, L }; 4t + 4).

e k=3 (mod 4): let k = 3+ 4t for some positive integer t. We can then
build an n x n array A using the following block diagonals:

Da({l1+4is lotais b31i, Layai }; 41 + 1) for every i € [0, —1J;
D3({£k—2;€k—1,€k}§4t + 1).

It can be easily seen that if S is a set of size r € {3,4,5}, then every row
and column of D,.(S,m) has sum }__¢s. This implies that each row and each

column of A sums to Zle £; =0 (mod 2pk + p) for each congruence class of k
modulo 4. Moreover, by applying Lemma with b € {1,2}, it can be seen
that the array A is filled with the elements L+ J = {{+j: £ € L,j € J}; since
L is a half-set of Zoy 1, L + J is a half-set of Z,,(a141)-

Assume now that ), ., £ = A (mod 2nk 4 n) (note that necessarily A is
a multiple of 2k 4+ 1); it is sufficient to construct the array A as previously
shown, where now the elements that have to be placed in the block diagonals
are {1 — A\, sy, ..., 0. It follows that every row and every column is zero-sum,
and the array is filled with L + J, that is again a half-set of Z,(2541)-

Now, every natural ordering of every row and every column of A modulo
2k + 1 is a cyclic permutation of the ordering w = (¢1,...,¥x), that is simple by
hypothesis. Clearly, a cyclic permutation of a simple ordering in a zero-sum set
is simple as well, and if the natural ordering of a row (respectively, of a column)
is simple modulo Zoj 41, then it is simple also modulo Zj,(2541). Thus A is the
desired H,,(n; k). O
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Example 7.3.9. In this example we build an Hy;(11;9) by following the con-
struction given in the proof of Proposition For this set of parameters we
have that the group is Zagg and the array is filled with the elements of Zagg \ (19).
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We begin with the following zero-sum half-set in Zjq:

Note that L adds to —19 in the integers:

L={-1,-2,3,4,—-56,—7,—8, —9}.

{18,-2,3,4,—5,6,—7,—8,—9} in Zsgg. A simple ordering of L’ is

w=(—9,18,4,—5,6,—7, -2, —8,3).

we consider then the set L' =

We now construct the block diagonals with the following procedures:

D4({-9,18,4,—5};1) :

diag(1,1,—-9,1,19,11)

diag(1,2,18,1, —19,11)
(1,3,4,1,-19,11)

diag(1,4,—5,1,19,11)

diag

D5({67 _7a _27 —83 3}7 5) :

diag(1,5,6,1,19,11)
diag(1,6,—7,1,—38,11)

diag

(
diag(1,7,-2,1,38,11)

(

(

diag(1,9,3,1,19,11)

1,8,-8,1,-38,11)

Resulting in the following array for Dy({—9,18,4, —5};1):

-9 18 4 -5
10 -1 | —-15| 14
29 | =20 | =34 | 33
48 | -39 | —53 52
67 | —58 | —T2 71
86 =77 1 =91 ] 90
—104 | =96 | 99 | —100

-85 | 94 80 —81
—62 —66 75 61
42 | —43 —47 | 56
37 23 | =24 —28

and the following one for D5({6,—7,—2,—8,3};5):
6 -7 1 -2 | -8 3
25 | —45| 36 | —46 | 22
44 | =83 | 74 | =84 | 41
60 63 88 | =97 | 87
49 79 82 50 | —5H9
—21 | 11 98 101 12
—26 | 17 =27 | =92 —89
—70 | —64 55 —65 | =73
—-51 | —-102 | 93 | —103 | —54
—32 69 —78 68 | —35
—13 31 —40 1| 30 | —16
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We then construct the following globally simple Hqq(11;9):

-9 | 18 4 -5 6 -7 -2 -8 3
10 -1 | -15| 14 25 | —45 | 36 | —46 | 22

29 | 20| —-34 | 33 44 | -83 | T4 | -84 | 41
60 48 | =39 | 53 52 63 88 | =97 | 87
49 79 67 | =58 | =72 | T1 82 50 | =59
—-21 | 11 98 86 | =77 | =91 | 90 101 12
—-26 | 17 | =27 | —-92 —-104 | =96 | 99 | —100 | —89
—70 | —-64 | 55 | —65| —73 -85 | 94 80 | —81
—62 | =51 | =102 | 93 | —103 | —54 —66 | 75 61
42 | —-43| =32 | 69 | =78 | 68 | =35 —47 | 56
37 23 | —-24 | -13| 31 | —-40| 30 | —16 —28

In what follows we show that for some particular values of n the relative
Heffter array built in Proposition [7.3.8] contains several pairwise mutually or-
thogonal Heffter systems.

We first define a class of partial linear spaces. For an odd prime p, let A be
a p X p partially filled array, and let Zf, be the set given by the pairs of the row
and the column index of each cell of A. Define the following subsets of Zf,:

(1) for every pair (a,b) € Z2, let Bay = {(x,y) € Z2 : y = ax + b};
(2) for every b € Zy, let Boop = {(2,y) € Z : x = b}.
We then define the partial linear space S, as the pair
Sp = (Vp,By), where V, =172,

Bp = U me U U Boo,b

(a,b)€Z2,a#1 beZy

(7.3.2)

Note that for every b € Z, the block set B, does not contain B .

Remark 7.3.10. The partial linear space S, is resolvable having parallel classes:

Lo={Bap:b€Z,} foraecZ,\{1},
Lo = {Boo,b (b e Zp}.
Equivalently, S, can be seen as an incidence structure isomorphic to the Desar-

guesian affine plane of order p (see Example [7.1.3)), with the removal of one of
its parallel classes.

Given a block B € B, denote by £(B) the entries of the filled cells of A that
correspond to the block B. For instance, if A is the Hg(5;3) of Example [7.3.2
and B is the first column of A, then £(B) = {1, 16, —17}.

Lemma 7.3.11. Let p be an odd prime and let 3 < k < p be any integer. Let

A be the Hy,(p; k) built in Proposi and let S, = (Vp, Bp) be the partial
'

linear space defined by Equation Then for every B € By, it holds:

Z x=0 (mod 2pk + p).
z€&(B)

Moreover {z : x € £(B)} admits a simple ordering.
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Proof. Let p, k and A be as in the statement, and denote by L the set given by
the entries of A modulo 2k + 1; it can be easily seen from the construction in
Proposition that L is a zero-sum half-set of Zoy41. Since A is an H,(p; k),
the statement immediately follows for blocks of type By for every b € Z, and
for blocks of type B for every b € Z,. So, from now on we assume that a
given block B is of type B, for some a ¢ {0,1}.

In what follows we consider a collection of blocks of the Desarguesian affine
plane, that are not blocks of S,. Let then £ = {Bi1 : b € Zp}: since S, U L,
is the set of blocks of the affine Desarguesian plane of order p, for every B € B,
and By, € L1 it holds [BN By | = 1. As a consequence, ZwEE(B) T = ZZGLZ
(mod 2k+1), hence by the hypothesis on L it holds 3 ez =0 (mod 2k+1).
Furthermore £(B) admits a simple ordering since L does. We now show that
> vee() © =0 (mod 2pk + p).

We recall that A is built by filling sets of consecutive diagonals using the
procedures Ds({a1,as,as};m), Dy({a1,as,as,as};m) and Ds({a1,as, as, aq,
as};m) described in the proof of Proposition In particular, for each
r € {3,4,5} the application of the procedure D, fills cells corresponding to
U:;(} Bi m+i for some m € Zy; for simplicity, denote by S, , this set of cells.

Given two blocks By € B, and By € L4, let (u,v) € Zg be their unique
intersection; after some simple algebra it can be seen that B, N Bict1 =
(u— v — 1%-). We then show that for any fixed B, ; € B it holds

r
E Tr = E ;.
i=1

2EE(Sm,rNBa,b)

1
l1—a’

The statement follows from the fact that the sum of the entries in the first row
of A is equal to 0 (mod 2pk + p). Now we split the proof into 3 cases according
to the values of r.

Case r = 3. Assume that 5(U?=o Bi.m,;) is filled by applying the procedure
Ds({a1,a2,a3}; m) for some a1, as, ag € Zopiyp. If (u,v) = Bap N Bim, then:

1
Ba,mel,erl: (’LL—,’U— ¢ >7

1—a 1—a

2 2
B,yNBymyo=|u———,v— a4 .
’ ’ 1—a 1—a

We have
E(Ba,b n Bl,m) =ay + u(2k + 1),

1
S(Ba,b N Bl,m+1) =ag — 2 <U — 1> (2]{1 + 1),

2
g(Ba,b N Bl,m+2) =a3+ (U — 1—a> (2k' + 1)

It can then be easily seen that the sum of the elements of the previous equation
is a1 + as + as.

Case r = 4. Assume that S(U?zo Bi.m,;) is filled by applying the procedure
Dy({a1,a2,as,a4};m) for some a1, as, ag, as € Zoppip. Let (u,v) = Bgp N
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B m; as done in the previous case, we have

E(Ba,b n Bl,m) =ay + u(2k + 1),

1
E(Bap N By mt1) = ag — (U 1

—a

>(2k+1),

2
E(Bypy N By mt2) = ag — (u - 1) (2k + 1),

3
E(me N Bl,m+3) =a4 + (U — M) (2]€ =+ 1)
It can be easily seen that these elements sum to a; + as + a3 + a4.

Case r = 5. Assume that S(U?ZO Bi,m;) is filled by applying the procedure
Ds({a1,a2,as,a4,a5};m) for some a1, az, as, as, a5 € Zoppt+p- Let (u,v) =
Bm(, N Bl,m, then

E(Bupy N By ) = a1 +u(2k + 1),

1
g(BaJ) n B17m+1) = a2 — 2 (u —

2
E(Bap N Bimy2) = az +2 (u— )(2k+ 1),
S(Ba’b n Bl,m+3) =a4 — 2 ('LL — >

(

4
E(Ba,b N Bl,m+4) =as5+ <U — a)

It can be seen that these elements sum to a; + as + a3 + a4 + as. O
We prove the following:

Theorem 7.3.12. Let p be an odd prime, and let 3 < k < p be any integer.
Then, there exists a simple (pk, k; p) relative Heffter space over Zopp+p \ (2k+1).

Proof. Let A be the H,(p; k) built in Proposit and let S, = (ZI%,BP)
be the partial linear space defined in Equation (7.3.2]). By Remark S, is
resolvable with parallel classes Lo, Ls,...,L,_1, Lo, and since it is contained
in an affine plane of order p every pair of blocks belonging to distinct parallel
classes meet in exactly one (possibly empty) cell of A.

From Lemma [7.3.T1] we have that each parallel class of B, is a simple Heffter
system over Zopk+p \ (2k+1), and any two distinct parallel classes are orthogonal

by Remark [7.3.10] hence
H={{EB):BeLi}:ic2,p—1]}U{L},

is a relative Heffter space over Zopj1p \ (2k +1). Moreover, every block B € B,
has k elements, thus H is a (pk, k; p) relative Heffter space. O

Remark 7.3.13. Given an odd prime p and an integer 3 < k < p, the density
of the Heffter space H constructed in Theorem is:

_pk—p
o) = =T
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It can then be seen that as p grows towards infinity the constructed Heffter

spaces have density approaching %

Remark 7.3.14. If k£ = p the density of the Heffter space H constructed in
Theorem is #, that as p grows becomes arbitrarily close to 1. It follows
moreover by the inequality that a relative Heffter linear space (p?, p;r)
has r = p + 1, that cannot exist on a cyclic group by Corollary [7.3.3] Hence
the cyclic relative Heffter space of Theorem is the densest that can be

achieved on this set of parameters.

Example 7.3.15. Call A the H;(5; 3) array constructed in Example whose

entries form a half-set of Zss \ (7):
1 2 -3
8 —-12| 4
15 9 11
—17 —13 | -5
16 | —10 —6

It can be seen that A has been filled with the procedure D3({1,2,—3};1). We
construct then the incidence structure S5 = (Vs,B5) having Vs = Zs X Zs,
whose block set B5 is partitioned in the following parallel classes £; with ¢ €
I =1{0,2,3,4,00} (for simplicity, we denote and element (z,y) € Zs X Z5 as
xy):
Lo = {{00, 10, 20, 30,40}, {01, 11, 21, 31, 41}, {02, 12,22, 32,42},
{03,13,23,33,43},{04, 14,24, 34,44} }
Lo = {{00,12,24,31,43},{01,13, 20,32, 44}, {02, 14, 21, 33, 40},
{03,10,22,34,41},{04,11,23,30,42}},
L3 = {{00,13,21,34,42},{01, 14, 22, 30, 43}, {02, 10, 23, 31, 44},
{03,11, 24, 32,40}, {04,12, 20, 33,41} },
L4 = {{00,14,23,32,41},{01, 10, 24, 33,42}, {02, 11, 20, 34,43},
{03,12,21,30,44}, {04, 13,22, 31, 40} },
Lo ={{00,01,02,03,04},{10,11,12,13,14}, {20, 21, 22, 23, 24},
{30,31,32,33,34},{40,41,42,43,44} }.
It can then be seen that for every ¢ € I and for every B € L; it holds

Yo eyt =0 (mod 35). In particular the Heffter systems obtained from the
parallel classes of By are precisely the ones shown in Example namely:

m=\J em). m=\Jem). H= | &),

BeLlo BeLo BeLs

Hy= ] &B), H;= ] &)

BeLs BeLy
Since the constructed Heffter spaces are simple, we have the following de-
compositions of a complete multipartite graph:

Corollary 7.3.16. Let p be an odd prime, and let 3 < k < p be any inte-
ger. Then, there exist p mutually orthogonal cyclic k-cycle decompositions of
Kok t1)xp-
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