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Abstract

We describe a practical algorithm to compute the (orientable) genus of a graph, give re-
sults of the program implementing this algorithm, and compare the performance to existing
algorithms. The aim of this algorithm is to be fast enough for many applications instead of
focusing on the theoretical asymptotic complexity.

Apart from the specific problem and the results, the article can also be seen as an example
how some design principles used to carefully develop and implement standard backtracking
algorithms can still result in very competitive programs.

Keywords: Genus, NP-complete, backtracking.
Math. Subj. Class. (2020): 05C10, 05-04, 05C85

1 Introduction

Algorithms are studied in two different ways. First, as underlying methods of computer
programs. These algorithms only come to their right when implemented as a program and
used as a tool. Second, as objects of research themselves. In the latter case the emphasis
lies on determining the asymptotic complexity of a problem — that is: of optimal algorithms
solving the problem — often without the intention or realistic possibility to transform the
described algorithms to a useful computer program. Even if such algorithms could be
implemented and used, many would be extremely inefficient for real problem sizes and
outperform standard algorithms only for problem sizes far beyond the limit where either
of them can be used. Of course there are also some nice cases — e.g. the linear time pla-
narity algorithm described in [3] — where both aspects meet and algorithms with the best
asymptotic behaviour also perform well in practice.
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The general difference between these two approaches can very well be illustrated at the
example of the problem of determining the genus of a graph, which is defined as the genus
of the smallest orientable 2-manifold so that the graph can be embedded on its surface
without crossing edges. The problem is NP-complete [16], but for any fixed g there is a
linear time algorithm that can compute the genus ¢’ < g or decide that it has genus larger
than g [14]. On the other hand, there is no algorithm implemented and available that is at
least guaranteed to compute the genus of a single sparse graph with, say, 80 vertices, or
determine that it has genus larger than, say, 20, in one year of CPU time.

Nevertheless, the interests in genus computations remain alive. Even lately papers have
been published that theoretically determine the genus of specific relatively small graphs or
describe algorithms fine tuned for these graphs [7, 8, 12]. In addition to that, researchers
have also started to develop general purpose genus computation programs. In [1] such
an algorithm based on an integer linear programming approach was published. Later, an
improved approach described in [6] was — although also being a general purpose algorithm
— able to achieve many of the results formerly obtained by individual theoretical research,
automatically in a reasonable amount of time. Unfortunately, some of these programs are
neither publicly available nor easy to use.

In this article we will describe an algorithm that — in spite of also being exponential al-
ready for small genus — outperforms these approaches for moderate genus is widely usable.
The program multi_genus based on this algorithm has the options to compute the genus of a
graph, one or all minimum genus embeddings, one or all embeddings on an orientable sur-
face of given genus, or to filter large lists of graphs for those with genus at most or at least
a given bound. When choosing for all embeddings, for graphs with a nontrivial symmetry
group isomorphic embeddings can be generated, but no two embeddings that are (labelled)
mirror images are generated. We use a carefully designed backtracking algorithm.

2 The algorithm and its implementation multi_genus

We assume all input graphs to be simple connected graphs. The embeddings are con-
structed by interpreting each undirected edge as a pair of oppositely directed edges. We
build a rotation system, that is a cyclic ordering of all directed edges starting in a vertex
and interpret this ordering as clockwise. Faces of an embedded graph are defined by the
usual face tracing algorithm (see e.g. [10]) starting from a directed edge (v, w) and con-
structing the face containing (v, w) by going to the inverse edge (w, v), and then to the next
edge in the orientation around w. This process is repeated until being back at (v, w). A face
f is thus a set of oriented edges. We will use the following notation for a given embedded
graph: with f* we denote the set of all vertices contained in one of the directed edges of
a face f and with f(e) we denote the number of directed edges in the face containing the
directed edge e. The set of all faces is denoted by F/, the set of all vertices by V/, and finally
the set of all edges by E. Following the Euler formula, the genus g of the embedded graph
isg =1+ (] - V| - |F)/2

Preprocessing

Vertices of degree 1 are irrelevant when computing the genus — they can simply be removed
without any impact on the genus. Similarly vertices of degree 2 can be replaced by an edge
connecting their two neighbours. If this operation produces a double edge, the new edge
can be removed too without changing the genus of the graph. Except when all embed-
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dings of a graph on a surface of a certain genus must be computed and there are at least
three vertices, these operations are recursively applied before the real computation of the
genus begins. This means that e.g. cycles, trees or complete bipartite graphs K5 ,, are all
reduced to a single vertex. After having computed an embedding, reduced vertices are re-
stored. For graphs with minimum degree at least 3 — which is almost always the case when
mathematical research about the genus is done — this preprocessing step has of course no
impact.

When computing the genus, the algorithm works by first searching for plane embed-
dings, then embeddings with genus 1, etc. until an embedding is found. The upper bound
for the genus of the embedding that is to be constructed is used in the recursive routine
embedding edges. When trying to embed the graph in genus g > 0, it has already been
determined that there are no embeddings of genus at most g — 1 and the first embedding of
genus g determines the genus of the graph. Sometimes — this also depends on chance — such
an embedding can be found relatively fast and the real bottleneck is the complete search
for embeddings of genus g — 1. By computing a lower bound on the genus, sometimes ex-
pensive complete searches can be avoided, but the lower bound must be fast to compute in
order to have an advantage over the complete search. We will now first describe a method
to compute a (cheap) lower bound:

Computing a lower bound for the genus

When embedding a graph G = (V, E), the values of |V| and | E| are fixed, so a minimum

genus embedding is in fact an embedding with a maximum number of faces and if f’ is an
|E|-|V]-f

+e

upper bound on the number of faces in any embedding then ¢’ = [1 is a

lower bound on the genus.

A trivial upper bound on the number of faces is @ as all faces have at least three
edges. This lower bound comes for free and is always computed and used. Instead of the
constant value 3, except for trees one could also use the girth of the graph, but that would
also have to be computed. The following methods give a better bound if there are few
cycles of minimum length.

For a given embedding, let s[| denote the vector of size 2|E| indexed from 1 to 2|E]|
containing all values f(e) of directed edges e in non-decreasing order. Then |F| = F(s) =
S22EN(1/s[d]). A vector s'[] of size 2| E| with s'[i] < s[i] for 1 < i < 2|E, is said to be
dominated by s[]. For a vector s’[] dominated by s[] we have F(s') = 22|E| (1/8'[7]) >

We call a cyclic sequence ey, . .., e;_1 of k pairwise distinct directed edges a faczal-
like walk if and only if for 0 < i < k the starting vertex of €;,1 (moda ) is the end vertex
of e; and €;11 (mod k) 18 the inverse (e;)~! of e; if and only if the degree of the end vertex
of e; is one. A first approximation sg[] of s[] is obtained by taking for each directed edge
e the length f,,(e) of the shortest facial-like walk containing e. The value of f,,(e) can be
easily computed by a Breadth First Search.

As each facial walk in an embedded graph is also a facial like walk, we see immedi-
ately that the non-decreasing sequence sg[] is dominated by s]], as f,,(e) < f(e) for each
directed edge e. Especially so[2|E|] < s[2|F|] and as in s[] at least s[2| E|] edges — all di-
rected edges in a longest facial walk — have value s[2|E|], we can replace the last so[2|E|]
values of sg[] with so[2| F'|] and get another sequence s [] dominated by s[]. We use F'(s1)
as a first nontrivial upper bound on the number of faces.

In fact the length of the shortest facial-like walk is the same for a directed edge and its
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reverse, but unless the graph is a cycle, one facial-like walk that does not also contain the
reverse edge, can only form a face for at most one of them. This observation might lead to
a better approximation, but in order to keep the computation of the approximation easy and
fast, the length of the shortest facial-like walk is used for a directed edge and its inverse.

An angle « of a face is a pair of directed edges, following each other in the facial walk.
The central vertex of the angle is the endpoint of the first edge — so except when this vertex
has degree 1 it is the only common vertex of the two edges. In what follows we use that for
an edge e and its inverse e ! we have f,,(e) = f,(e1).

Instead of summing over all edges, we can sum over all angles. With f(«) the size of
the face that contains « and A(v) the set of all angles with central vertex v, we have |F| =
> vev(Zaeaq) 1/ f(a)). If for a vertex v the sequence s,[1], .. ., s [deg(v)] is the non-
decreasing sequence of all f(a) with v € A(v), then [F| =37, /(31 <;<deg(o) 1/50[1])-
Taking for each vertex v a vector dominated by s/ [] we again get an upper bound on
|F'|. If we take for a vertex v and each angle @ € A(v) instead of f(«) the value
max{ f,,(e), fu(e)}, with e, ¢’ the edges in the angle, we get a non-decreasing sequence
50, ] dominated by s []. If s , [] is the non-decreasing sequence of values of f,,(e) with e
starting at v, then we define s5 ,[| = s ,[2], 51 ,[3], ..., 51 ,[deg(v)], 51 ,[deg(v)]. So we
remove the smallest value of s , [] and add a copy of the largest value.

Remark 2.1. Let G = (V, E) be an embedded graph. Then for each vertex v € V the
sequence s;,[] dominates 5 ,[].

Proof. We know that s [] dominates s ,[]. We will show that s; ,[] dominates s5 ,[].
As the maximum values of s; ], 1 ,[] and s5 ,[] are the same, it is sufficient to prove
801 = 85 ,1i] = 81, [i +1] fori < deg(v). Letay, ..., a; be the angles (that is: pairs of
edges) determining the values sg ,[1], ..., sq ,[i] and S; ., be the set of all directed edges
starting at v, so that e or e~ is in at least one of these angles. Then the value of s, , [4] is
max{ f,(e)|e € S; .} (here we use that f,,(e) = f,(e~1)) and as |S; | > i + 1, we have
that sq , [i] > 87 ,[i + 1]. O

Weuse D, oy (31 <i<deg(v) 1/52,0[4]) as a second nontrivial upper bound on the num-
ber of faces.

These upper bounds on the number of faces and the corresponding lower bounds on the
genus are relatively fast to compute. Nevertheless they do not always speed up the program.
Especially for small graphs or small genus they can even slow down the program, as the
embedding algorithm can exclude low genus embeddings very fast. While for few small
graphs this is no problem, for very large lists of small graphs it can have some impact. Of
course the bounds can only increase the running time of the program by a small factor and
never by a large factor, but they can sometimes speed the program up a lot:

In this article, all running times for the C-program multi_genus implementing the al-
gorithm described here are on an Intel Core i7-9700 CPU @ 3.00GHz (running on one
core at 4.4-4.7 Ghz). The prefix multi stands for the graph coding that is accepted as input:
multi_code. Examples for the impact of the computation of a lower bound when computing
the genera of graphs are:

All bipartite graphs on 14 vertices with degrees between 5 and 6 (73 graphs, genus 3 to
5): without lower bound 60.9 seconds, with lower bound 0.035 seconds.
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All cubic graphs on 22 vertices (7,319,447 graphs, genus 0 to 3): without lower bound
300 seconds, with lower bound 364 seconds.

Checking 1,000, 000 random cubic graphs on 50 vertices, generated by genrang (which is
part of the nauty-package [13]) for being planar: without lower bound 18.5 seconds, with
lower bound 56.2 seconds.

Checking the same 1,000,000 random cubic graphs on 50 vertices for having genus at
most 1: without lower bound 144.8 seconds, with lower bound 85.5 seconds.

The default is that the nontrivial bounds are used, but the use can be switched off by an
option to multi_genus.

Constructing an embedding

We begin by relabeling the graph in a BFS way. The time necessary to compute the genus
can differ a lot for isomorphic graphs depending on the labelling. In some cases a BFS la-
belling results in a better performance, in others it slows down the program. We have cho-
sen for the BES labeling as the results for different, but isomorphic, input graphs often differ
less when always using such a labeling. An example showing the large differences that can
still occur can be seen when computing a genus 7 embedding (that is a minimum genus
embedding [11, 4]) of C30C500C5. Taking the first graph of the file ucay27_05_k=06
provided by Gordon Royle in his list of Cayley graphs (and doing BFS), it takes 0.19 sec-
onds to find an embedding, taking the same graph from a program constructing cartesian
products and not doing BFS, it takes 6.2 seconds. Taking the graph from the second source
and doing BFS, it takes 281 seconds. So even when relabeling the graph in a BFS manner
the time still depends on the labeling of the input graph.

The algorithm works by first greedily embedding a subgraph so that for each embedding
or its mirror image, the induced embedding of this subgraph is the one constructed. It has
genus 0. If the maximum degree is smaller than 3, the graph is a path or a cycle, both
of which can be uniquely embedded and only in the plane. Otherwise we construct the
initial subgraph by taking a vertex with minimum degree among all vertices with degree at
least 3, embedding this vertex and three of its edges in an arbitrary way (thereby fixing the
orientation) and greedily extending the three edges — one after the other — to paths until they
cannot be made longer. The result of this construction forms the root of the recursion tree
of the Branch and Bound algorithm in which the remaining edges are added recursively .

In branch and bound algorithms, the performance is often improved if one manages
to reduce the branching at every node of the recursion tree. This is not a mathematical
theorem, but more a rule of thumb, as in some cases more branching might be beneficial if
it allows earlier bounding. Nevertheless in our case we have chosen to take small branching
as the base (but not only) criterion for the order in which the edges are inserted. As an
expensive choice of the next edge to insert is sometimes more costly than more branching,
we work in three parts:

(i) Before the recursion starts, the edges that are still to be embedded are sorted as
{z1,11}, {x2,92}, ..., {Tk, yx}, so that with S; the initial subgraph with edges
{z1,y1}, ..., {xs,y;} added, for 1 < i < k, we have for {z;,y;} that at least one
of x;,y; isin S; and degg,  (z;) - degg.  (v;) < degg,  (x;)-degg, ,(y;) forall
i < j < kfor which at least one of ;, y; isin S;. If one of degg.  (x;),degg,  (¥:)
is 0, then also degg,_, (2;) + degg, , (vi) < degg,  (x;) + degg, ,(y;) forall j
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for which one of degs, _,(z;),degg, ,(y;) is 0 and the other is in S;. Informally
speaking: first all edges leading from the already embedded part to not yet included
vertices are added and then the edges with both endpoints in the embedded subgraph
are added. In each case we choose an edge that has the smallest number of possibili-
ties how it can be added if there are no other restrictions.

During the recursion we always have an upper bound max_genus on the genus. As
long as this bound is not reached, edges can be inserted in all possible angles — sometimes
increasing the genus and sometimes not. In order to reach this bound as fast as possible
and therefore be able to reduce the branching, we check at each node of the recursion
tree whether there is an edge that cannot be embedded in any existing face of the partial
embedding — we call such an edge a critical edge — and therefore always increases the
genus. If there is such an edge and the partial embedding has already genus max_genus,
we can backtrack, otherwise the first such edge in the list gets priority above other edges
that do not have this property and is inserted first.

We distinguish two cases:

(ii) If the recursion is still close to the root node and the genus of the partial embedding
is still smaller than max_genus, we have relatively few nodes and the impact of a
smaller branching is large. In this situation, also more expensive tests can pay and we
do not only check for the existence of a critical edge, but do in fact look for an edge
which has the smallest number of faces into which it can be embedded and take such
an edge as the next one to be embedded. Among all edges with the same number of
faces where they can be embedded, the first one in the sorted list is taken. Note that
it is possible that an edge can be embedded into a face in more than one way, but this
is not taken into account when counting the number of faces.

(iii) Close to the leaves of the recursion tree we have many nodes and the impact of a
smaller branching is small. In this situation, or when the genus of the partial embed-
ding is already max_genus, we only check for the existence of a critical edge.

The decision when we consider a node of the recursion to be close to the root or close
to the leaves has an impact on the performance, but a simple rule for the optimal moment
to switch is hard to determine. Tests on different kinds of graph showed that considering
nodes where at most half of the edges (edges of the initial tree not counted) are embedded as
close to the root and considering the others as close to a leave is often a good compromise.

The method to find critical edges fast is crucial for the performance. An edge can
be embedded into a face if both endpoints of the edge are in the same face. In the C-
implementation we use bit vectors — that is C data types: integers of type unsigned long
int (64 bit) or unsigned __int128 to represent sets of vertices. Especially for graphs with up
to 64 vertices this allows to determine whether an edge can be embedded in a face in few
CPU cycles — provided the fact that the set of end vertices of the edge and the set of vertices
of the face are represented as bit vectors. Unless otherwise mentioned, up to 64 vertices
the version using unsigned long int is used for the timings and the version using unsigned
__int128 for larger graphs on up to 128 vertices.

Lemma 2.2. Assume that an algorithm to embed a graph G = (V, E) starts with embed-
ding a spanning tree and then inserts the remaining edges of a graph step by step, but in
each step inserts non-critical edges only if there are no critical edges. Let G' = (V' | E’)
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be a subgraph with at least one cycle that was embedded by this algorithm and let e be the
last edge that was inserted in one face f and split it into two faces with vertex sets f{, f3.
If there is a critical edge e. for G, then e N (f¥ \ f9)| = e« N (f&\ f1)] =1].

Proof. Note first that G’ need not have faces with vertex sets f7, f¥. The faces fi, fo
can not have been subdivided, as they are the result of the last subdivision, but after that
subdivision they might have been united with other faces (or with each other) when an edge
with endpoint in two different faces was inserted.

If there is no critical edge, the statement is trivially true, so assume that there is a critical
edge e.. Let G be the embedded subgraph into which e was embedded to form G;. As e
was inserted into a face, there was no critical edge for Gy, so e. could be embedded into
a face fo of G (so e. C f). After e only critical edges were inserted, so the vertex sets
of all faces of G’ are unions of those of G1. If f # fo, f§ C fi¥ for some face f) of
G’, s0 e, could be embedded into fj and would not be critical. So we have f = fy. As
(PN )N (fZ\ f1) = 0 it is sufficient to show that e. N (f7 \ f3) and e. N (f3\ f7)
are both not empty. Assume that (w.l.o.g.) e. N (f\ f3) = 0. As f{ U f¥ = f*, we have
e. C f¥,butas f¥ is a subset of the vertex set of a face of G/, e. would not be critical. So

e N (fI\ f3) # 0. O

Finding critical edges is a nontrivial task. The straightforward way is a loop over all
edges that still need to be inserted and inside this loop a loop over all faces of the embedded
graph. The previous lemma gives a very cheap criterion to decide for many edges that they
are not critical — without using the inner loop. In fact one could even make a list of all
candidates for critical edges whenever a face is subdivided, but in the implementation this
is not done.

Performance

There are some programs available, where the exact algorithm is not published — e.g. sim-
ple_connected_genus_backtracker in the computer algebra package sage. As a backtracking
program it seems to be related to the algorithm described here. The manual says that it is an
extremely slow but relatively optimized algorithm. This is “only” exponential for graphs
of bounded degree, and feels pretty snappy for 3-regular graphs. It also says that K7 may
take a few days, while multi_genus takes less than 0.001 seconds for K7. So we tested it
only for cubic graphs, but already for relatively small vertex numbers, it is very slow, e.g.
more than 24 minutes for the unique cubic graph with girth 8 on 34 vertices (instead of less
than 0.001 seconds of multi_genus), so tests on a larger scale were not possible.

The program used in the graph database House of Graphs — short HoG [5] at the mo-
ment (it will be replaced by multi_genus) is much faster. It is a Java program called Min-
GenusEmbedder written by Jasper Souffriau as a student project and it is also a backtrack-
ing algorithm using branch and bound. That program was also used for independent tests.
For the generation of random graphs we use the program genrang [13] which allows to re-
strict the generation to regular graphs of a given degree or to graphs with a given number of
edges. As genrang also generates graphs that are not connected, we filtered them for con-
nected graphs. If we say that we tested n random graphs generated by genrang, this means
that we generated random graphs by genrang and took the first n connected ones. In order
to have the results completely reproducible, we always fixed the seed used by genrang to 0.

For 2000 random cubic graphs on 30 vertices, MinGenusEmbedder needed 16.3 sec-
onds (compared to 0.6 seconds of multi_genus — a factor of 27) and for 2000 random cubic
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graphs on 40 vertices, MinGenusEmbedder needed 435 seconds (compared to 12.5 sec-
onds, a factor of 34). For larger degrees the ratio grows. For 30 quartic graphs on 30
vertices MinGenusEmbedder already needs 792 seconds (compared to 6.6 seconds, a fac-
tor of 120) and for 30 5-regular graphs on 22 vertices 2, 226 seconds (compared to 13.7
seconds, a factor of 163). For 6-regular graphs, testing 30 graphs on 19 vertices already
took quite some time: 10.56 hours for MinGenusEmbedder and 2 minutes for multi_genus
(a factor of 315). Of course such small samples are not sufficient for reliable results and
we should see these numbers just as a hint what the relation of the running times might be.
Unfortunately the running times do not allow tests on large sets of data.

The fastest published general purpose program is the integer linear programming ap-
proach described in [6] and implemented in the program ILP, , . The program ILP} , is
not publicly available, so we compare the running times for a data set they used in [6]:
the Rome graphs, which can be downloaded from http://graphdrawing.org/d
ata.html. This set of graphs contains 11,534 graphs with (at least indicated by the
file names) up to 100 vertices which are used e.g. for graph drawing and are said to come
from practical applications. Among these graphs, 3 are disconnected and 3, 279 planar. In
[6] only nonplanar graphs were tested. Note that the set of Rome graphs not only con-
tains isomorphic graphs, but even identical copies. Some files also seem obscure: e.g.
in grafo6975.39.graphml due to the otherwise used convention, there should be a
graph with 39 vertices. Nevertheless it has 105 vertices. We filtered out the disconnected
graphs, the planar graphs, and the obscure ones and — like [6] — received a list of 8,249
nonplanar graphs for which the genus had to be computed. It should be mentioned that the
sizes of the Rome graphs are a bit misleading when it comes to estimating the complexity
of computing the genus: many of the graphs have vertices of degree 1 and 2, which do not
increase the complexity of the computation of the genus. In [6] a Xeon Gold 6134 CPU
was used to compute the genus of these graphs. For each graph a time limit of 10 minutes
and a memory limit of 8 GB was given. With these restrictions ILP} , was able to decide
82% of the instances. For multi_genus the memory consumption is negligible. On the Core
i7 it could determine the genus of 98.57% of the graphs within the same time limit of 10
minutes and even with a time limit of only 0.25 seconds for each graph, it can decide 83.7%
of the cases.

In Figure 1 the development of the running times for random cubic and quartic graphs
are given. For all sizes the version for more than 64 vertices using unsigned __int128 was
used in order not to have some misleading behaviour around 64 vertices. As expected, for
given fixed degree of the vertices, the measured times depend exponentially on the number
of vertices.

If we fix the number of vertices, but vary the number of edges, we get — as expected —
again an exponential growth, as shown in Figure 2.

Together with the number of vertices and edges, also the average genus increases, so it
is also interesting to know how the running times develop, when it is only tested whether
the graphs can be embedded in a surface of given genus — similar to planarity testing. In
Figure 3 the running times for testing whether 1000 random cubic resp. quartic graphs can
be embedded in a surface of genus at most 3 are given. In fact for practically all of the
larger graphs tested, the answer was no. Nevertheless it is astonishing that from a certain
point on the time necessary to test a graph decreases again.

If one wanted to apply the algorithm to perform very well when testing only planarity,
one could apply the reasoning of Demoucron, Malgrange and Pertuiset [9] as soon as a



G. Brinkmann: A practical algorithm for the computation of the genus 535

10000

1000

4-regular graphs

10

3-regular graphs

0.1

Time for 1000 random graphs (sec)

0.001 L L L L

Number of vertices

Figure 1: The running times for computing the genus of 1000 random cubic, resp. quartic
graphs. Note that the time scale is logarithmic.
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Figure 2: The running times for computing the genus of 1000 random graphs with 32
vertices and a given number of edges. Note that the time scale is logarithmic.

spanning tree and the first cycle is formed. Of course that would not be useful, as special-
ized and very efficient algorithms for planarity testing exist. Although no special adaptation
for the planar case is implemented and this is not the task the algorithm was developed for,
a comparison with specialized programs for planarity testing might be interesting. In [3]
a practical linear time algorithm for planarity testing is presented. In the program planarg
[13] an implementation of this algorithm by Paulette Lieby is available.

Testing 100, 000 random cubic graphs on 50 vertices with planarg and multi_genus with
0 as an upper bound for the genus, the times are 2.29 (planarg) resp. 5.5 (multi_genus) sec-
onds. Testing 100, 000 random cubic graphs on 100 vertices, planarg is more than 4 times
faster than multi_genus (5.0 seconds to 22.1 seconds). All these graphs were non-planar.
Filtering the 11, 529 rome graphs for non-planar ones took 0.36 seconds with planarg and
0.29 seconds with multi_genus. In this case about 28% of the graphs were planar. In order
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35+ 3-regular graphs

4-regular graphs

Time for 1000 random graphs (sec)
N
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_ " .
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Figure 3: The running times for testing 1000 random cubic, resp. quartic graphs for having
genus at most 3.

to test how fast embeddings are found if they exist, once sparse planar graphs — that is cu-
bic graphs — were tested and once dense graphs — that is triangulations. For these tests, for
multi_genus no lower bound for the genus was computed. We used the 285, 914 fullerenes
on 100 vertices and their duals (triangulations on 52 vertices) randomly relabeled in order to
avoid an impact of the embedding produced by the generation program. For the fullerenes,
planarg needed 19.5 seconds (compared to 19.1 seconds for multi_genus) and for the trian-
gulations planarg needed 11.85 seconds (compared to 11.1 seconds for multi_genus).

Testing

In order to test the implementation, independent programs were used and the results were
compared to the results of multi_genus. For all cases tested the results agreed.

In order to test the option to compute the genus, the genus of each (connected) graph
in the following set was computed by multi_genus and MinGenusEmbedder and the result
was compared. The sets of graphs are: all graphs on up to 11 vertices, all 3-regular graphs
on up to 24 vertices, all 4-regular graphs on up to 16 vertices, all 5-regular graphs on up
to 14 vertices, all 3-regular graphs on up to 26 vertices with girth at least 5, all 3-regular
graphs on up to 28 vertices with girth at least 6, all 3-regular graphs on up to 34 vertices
with girth at least 7, all 3-regular graphs on up to 44 vertices with girth 8, all (3, 9)-cages
— that is all 3-regular graphs on 58 vertices with girth 9, all 4-regular graphs on up to 24
vertices with girth 5, and finally all graphs with valence vector (2, 2, 3, 3, 3).

In order to test the option that makes multi_genus generate all embeddings of a certain
genus, a simple independent program was implemented that generated all combinations of
all vertex orders around the vertices. Filtering the embeddings generated this way for those
with a given genus we had a very slow but independent test. Then for each graph in one
of the following sets, the range of possible genera was computed by the Euler formula and
for each graph and each possible genus the embeddings of this genus were independently
generated and the number of embeddings as well as the number of non-isomorphic embed-
dings (computed by an isomorphism checking program using lists) were compared. Due
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to the enormous number of embeddings already for small graphs, not too many graphs and
no large graphs could be tested. The sets of graphs are: all 3-regular graphs on up to 18
vertices, all graphs on 7 vertices with 6 to 17 edges, all graphs on 8 vertices with 14 and
with 15 edges, all graphs with valence vector (1, 1,1, 5), and finally all graphs with valence
vector (0,2,3,2,3) and girth at least 4.

Results obtained or confirmed by multi_genus

Times given for multi_genus in this section are again on an Intel Core i7-9700 CPU @
3.00GHz running on one core at 4.4-4.7 Ghz.

In [15] Plummer and Zha prove a theorem describing the cases when K. is the unique
c-connected graph with smallest genus — except for the two cases ¢ = 9 and ¢ = 13
which are not decided and posed as an open question. This question is answered in [2]
showing that in these cases the complete graphs are not unique, but that in these cases the
graphs M., 5 on ¢ + 2 vertices, obtained by deleting a maximum matching from K.,
have the same genus as K.;;. The embeddings given in that article were computed by
multi_genus. Computing the genus g(M;1) = 4 takes 0.005 seconds and computing the
genus g(My5) = 10 takes 7 hours and 6 minutes.

In [7] Conder and Grande determine all circulant graphs of genus 1 and 2. A large part
of the proof discusses 12 specific circulant graphs and in order to prove that 11 of these
graphs have genus larger than 2, next to several pages of theoretical argumentation also
more than 80 CPU hours were needed. The program described in [1] confirms these results
in 180 hours of CPU time (without additional theoretical arguments), and ILP}, , computes
the genera in a matter of seconds (the exact value isn’t given). Multi_genus confirms the
results of the paper in less than 0.03 seconds. Computing the exact genera (once genus 2, 7
times genus 3, 3 times genus 4, and once genus 5) and minimum genus embeddings takes
6.4 seconds.

In [12] the genus of the Gray graph is theoretically determined by a nontrivial con-
struction. ILP} , confirms this result within 42 hours. Multi_genus confirms this in 28.3
seconds. In order to determine all 258, 696 (labeled) minimum genus embeddings (219
non-isomorphic), multi_genus needed a bit less than 10 minutes. Isomorphism rejection is
done by an independent program simply storing canonical embeddings in lists.

In [8] the genus (and also non-orientable genus) of several graphs was determined.
They describe four specialized approaches they apply to some special graphs that have in
general a large symmetry group. One of them — they call it the subgroup orbit method — is
especially suited for as they write graphs on surfaces with a certain degree of symmetry and
works well for graphs that allow an embedding with a face-transitive automorphism group.
So the approach is not intended for general graphs and the program is also not available for
everybody. Our general approach cannot reproduce their results for the Hoffman-Singleton
graph, the Ljubljana graph or the Iofinova-Ivanov graph — at least not without an excessive
amount of time and/or special adaptations. Some of the other examples they give can also
be solved and sometimes extended by our general approach without any manual interfer-
ence — just by piping the graph into multi_genus. The instances for which the results could
be confirmed and sometimes extended are:

The graph C300Cs0Cs: In [8] it says that with a natural vertex labeling the subgroup
orbit method takes only a couple of minutes to find a genus 7 embedding. The method
described here takes — depending on the labeling — from 0.19 seconds to 281 seconds
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to find an embedding. Of course there may also be labelings that take even less
or even more time. In total there are 188,211,024 minimum genus embeddings,
145, 468 of them pairwise non-isomorphic, but computing these took almost 3 weeks
of CPU time (on another, much older, machine used for the large memory available
for isomorphism rejection).

Not only constructing a genus 7 embedding, but also proving its minimality by ex-
cluding the existence of an embedding of smaller genus takes between 1.5 and 4
hours depending on the labeling (both with BFS numbering first).

In [11] bounds for the genus of the cartesian product of four or five triangles are
given. Determining the genus or useful bounds for the genus of these graphs or of
Cs0OC30C50K5 is out of reach of the program described here.

The Tutte graph (or (3, 8)-cage): In [8] no running times are given, but they construct

a genus 4 embedding with cyclic automorphism group of order 3. The present ap-
proach takes 0.005 seconds to determine the genus as 4 and 0.13 seconds to construct
all 13, 440 embeddings. Among these embeddings there are 15 non-isomorphic em-
beddings — 4 with a group of order 1, 10 with a group of order 2 (2 of them allowing
a reflection) and one with a group of order 3.

The Gray graph: The running times for the Gray graph were already given. In [8] it is

reported that there are minimum genus embeddings with an automorphism group
of order 6. Checking all possible embeddings, the result is that there are 186 non-
isomorphic embeddings with trivial symmetry, 23 with a group of order 2, 4 with a
group of order 3, 4 with a group of order 6, and 2 with a group of order 18.

The Folkman graph: For the Folkman graph, in [8] minimum genus embeddings with

a group of order 8 are constructed. The method described here takes less than
0.001 seconds to determine the genus as 3 and 0, 037 seconds to construct all 7, 680
minimum genus embeddings. Among these embeddings there are 7 pairwise non-
isomorphic, 2 with a group of order 2, 3 with a group of order 4, and 2 with a group
of order 8. All groups contain a reflection.

The Doyle-Holt graph: For the Doyle-Holt graph [8] describes a genus 5 embedding with

an automorohism group of order 2. The present approach needs 0.23 seconds to
determine the genus of the graph and 7.3 seconds to determine all 1, 107 minimum
genus embeddings. There are 24 pairwise non-isomorphic embeddings — 17 with a
trivial group and 7 with a group of order 2.

The dual Menger graph of the Gray configuration: For this 6-regular graph on 27 vertices,

the present approach needs 20 seconds to determine the genus as 6. In a bit more
than 26 minutes it constructed all 216 minimum genus embeddings — which turned
out to be isomorphic. So the minimum genus embedding of the dual Menger graph
of the Gray configuration is unique. It has an automorphism group of order 6.

Conclusion

The program described in this article can be a useful tool and has — among other applica-
tions — e.g. be used to solve an old question of Plummer and Zha [15] about the uniqueness
of certain complete graphs K. as the only c-connected graphs embeddable in a surface of
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minimal genus into which K., can be embedded [2], determine the genus of the Georges-
graph, etc. ... Nevertheless computing the genus of a graph is a very difficult problem and
as can be deduced from the figures, the time grows fast with the genus and the size of
the graph. Also in the future, theoretical approaches — maybe combined with specialized
computer programs — will be necessary to determine the genus of some graphs of special
interest.
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Abstract

Using the notion of a Mahonian statistic on acyclic posets, we introduce a g-analogue
of the h-polynomial of a simple generalized permutohedron. We focus primarily on the
case of nestohedra and on explicit computations for many interesting examples, such as
Sy -invariant nestohedra, graph associahedra, and Stanley-Pitman polytopes. For the usual
(Stasheff) associahedron, our generalization yields an alternative g-analogue to the well-
studied Narayana numbers.
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1 Introduction

Given any combinatorially defined polynomial, a common theme in enumerative combina-
torics is to consider multivariate analogues which further stratify and enrich the encoded
data by an additional combinatorial statistic. A notable example of is the Euler—Mahonian
polynomial
An(t, q) — Z tdcs('n’)qmaj(ﬂ')
TESy
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which is a bivariate generalization of the more foundational Eulerian polynomial

An(t) =) 9=,

TESy

both of which are specializations of the n — 1 variable polynomial

An(tl,tg,...,tn_l):z H t.

TESy i€Des(m)

In this case, we further stratify the descent statistic on permutations by the additional data
of the major index. Such a generalization is commonly referred to as a g-analogue in
reference to usual choice of added variable.

Given a convex polytope P C R", the h-polynomial is an encoding of the face numbers
of P obtained as a linear change of variables of the generating function for the face num-
bers. If P is simple or simplicial, then the Dehn—Sommerville equations for P are reflected
in the palindromicity of the h-polynomial. For simple rational polytopes, the hA-polynomial
is the Poincaré polynomial of the cohomology groups of the toric variety attached to the
polytope. Moreover, for simplicial polytopes, the h-polynomial is the generating function
for facets of P according to the size of their restriction sets [25, Section 8.3].

Generalized permutohedra are a broad class of convex polytopes which exhibit many
nice properties. First introduced by Postnikov [20], these polytopes have been the subject
of much study and are of wide interest in many areas of algebraic and enumerative com-
binatorics, including the combinatorics of Coxeter groups, cluster algebras, combinatorial
Hopf algebras and monoids, and polyhedral geometry (see, e.g., [2, 4, 15, 16]).

Of particular interest for our purposes, Postikov, Reiner, and Williams [21] give a com-
binatorial description of the h-polynomial for any simple generalized permutohedron using
an Eulerian descent statistic on posets. Moreover, they provide a formula for well-behaved,
special cases of generalized permutohedra. We give a bivariate generalization of their de-
scription for any simple generalized permutohedron: for P a simple generalized permuta-
hedron and @, the cone poset for a full dimensional cone ¢ in the normal fan A/(P) (See
Definition 2.1), we define

hp(t, q) = Z tdeS(ch)qmaj(QU)
cEN(P)

where des and maj are statistics defined below. Furthermore, we are able to be more
explicit when restricting to particular classes of generalized permutahedra, specifically .S, -
invariant nestohedra, graph associahedra, and Stanley—Pitman polytopes.

Our definition of the bivariate ~-polynomial, which specializes to the usual ~-polynomial
is justified by analogy with the Euler—Mahonian polynomial. Other possible definitions ex-
ist. An inequivalent definition is the principal specialization of the Frobenius characteristic
of the permutohedral toric variety. This definition does not extend to generalized permuto-
hedra and is not discussed in the body of the paper. However, it does make use of the major
index.

The structure of this note is as follows. In Section 2, we provide a review of necessary
background and terminology on permutations, posets, polyhedral geometry, and general-
ized permutohedra. Section 3 defines and discusses the the g-analogue for the h-polynomial
of any simple generalized permutohedron. In Section 4, we focus on general results for a
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large class of simple generalized permutohedra called nestohedra, including a palidromic-
ity result for special cases. Section 5 is devoted to several explict examples, including
S, -invariant nestohedra, graph associahedra, the classical associahedron, the stellohedron,
and the Stanley—Pitman polytope. These examples produce some alternative g-analogues
of some well-known combinatorial sequences, including the Narayana numbers.

2 Background

In this section, we provide a brief review of basic properties of permutations statistics,
posets, polytopes and normal fans, and generalized permutohedra.

2.1 Permutation statistics

Let A = {a; < as < ... < a,} be a set of n elements. The symmetric group on A,
denoted S 4, is the set of all permutations of the elements of A. In the case of A = [n], we
will simply write S,,. Given 7 = myms - - - T, € Sa, the descent set of 7 is

Des(m)={i€n—1] : m > my1},

the descent number of 7 is des(m) = |Des()

maj(m) = Z i.

i€Des(m)

, and the major index of m is

The descent statistic is commonly referred to as an Eulerian statistic, due to the con-
nection to polynomial first studied by Euler [14]. The Eulerian polynomial A, (t) is the
unique polynomial which satisfies

At
> (k+ 1)t = (1_t()3+1

k>0

However, this polynomial can be interpreted entirely combinatorially as

An(t) — Z tdes(ﬂ').

TESy

The major index, on the other hand, is commonly known as a Mahonian statistic, as it was
introduced by MacMahon [18]. The descent statistic and major index statistic are naturally
linked as they both encode information regarding the descent set of a permutation. Thus,
it is fruitful to consider the joint distribution of these statistics, which motivates the Euler—
Mahonian polynomial
An(t,q) — Z tdes(ﬂ')qmaj(w)’
TES,

which specializes to the Eulerian polynomial under the substitution ¢ = 1. This polynomial
and various generalizations are widely of interest (see, e.g., [1, 5, 7, 9]).

2.2 Posets

Let @ be a partially ordered set (poset) on [n] with relation <. Givenz,y € Q,letz <qy
denote the covering relation. Two elements x,y € @ are incomparable if we have neither
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x <@ ynory <qg x. A chainin Q, is a collection of elements z1, 22, ..., T € Q such
thatz; <qg --- <@ @k. Achainxy, 29, ..., x5 € Q is called saturated if v1 <q - - - <g x.
The Hasse diagram of () is the graph with an oriented upwards direction such that there is
an edge from x up to y if and only if z < y. We say that Q) is acyclic if for all z,y € [n]
with  <¢ y there is a unique saturated chain from x to y.

Given two posets ()1 and Q)2, the ordinal sum Q1 ® Q2 is the poset on the disjoint union
of the ground sets of ()1 and )5 such that x < y if

() z,y € Qirandz <@, v,
(ii) z,y € Q2 and x <g, y, or
(iii) x € Q1 and y € Qa.

The poset () is called graded (or ranked) if there is a function p: () — Z> such that if
x <qy, then p(y) = p(z) + 1. While there are infinitely many rank functions for a graded
@, there is a unique minimal rank function p such that p(z) — 1 is not a valid rank function.

Given a poset () on [n], we can generalize the notion of the descent statistic for per-
mutations. The descent set of Q) is

Des(Q) :=={(i,j) : i <qgjandi >z j}

and thus the descent number of @ is des(Q) = |Des(Q)|. If @ is a graded poset on [n]
with minimal rank function p, we further have a notion of major index of

maj( @) = 3. pl).

(i,7)€Des(Q)

We note that if @) is a totally ordered set with labels m <g 7 <g -+ <g Ty, these
quantities are precisely des(7) and maj(7).

2.3 Polytopes, fans, and h-vectors

A (convex) polytope P is the convex hull of finitely many point a1, . .., x; € R?. The di-
mension of P, denoted dim(P), is the dimension of the smallest affine subspace containing
P. A face F of P is the collection of points where a linear functional £ € (R™)* is maxi-
mized on P. Faces of dimension 0 are called vertices and faces with dim(F') = dim(P)—1
are called facets. A polytope P is called simple if every vertex is contained in exactly
dim(P) many facets. The set of all faces of P forms a poset L(P) under inclusion of
faces, which we will the face lattice of P. We say that two polytopes P; and P» are com-
binatorially equivalent if L(Py) = L(Py).

A polyhedral cone o C R™ is solution set to the weak inequality Az > 0 for some real
matrix A. A cone o is called pointed if o contains no linear subspaces. The dimension of
o, denoted dim(o), is the dimension of the smallest affine subspace containing o. A cone
is called simplical if it is defined by exactly dim (o) many independent inequalities. A face
of o is the subset obtained by replacing some of the defining equalities with equality. Two
cones o1 and oo intersect properly if 01 N o9 is a face of both o; and o5. A collection of
cones F is called a fan if it is closed under taking faces, and any two cones 01,02 € F
intersect properly. We say F is a complete fan if F covers R”.
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Let P be a polytope with face F'. The normal cone of F in P, denoted Np(F) is the
subset of linear functions ¢ € (R™)* whose maximum on P occurs at all points of F. That
is,

Np(F)={le R")* : {(zr) =max{l(y) : y€ P}forallz € F}
The normal fan of P, denote N'(P) is the complete fan formed by the normal cones of all
faces. Note that N'(P) is pointed if and only if dim(P) = n. However, one can always
reduce NV'(P) to a pointed fan in the space (R™)* / P+, where P+ C (R™)* is the subset of
linear functionals constant on P.

Given a polytope P, the f-vector of P is the vector (fo(P), fi(P), ..., faim(p)(P))
where f;(P) is the number of i-dimensional faces of P. The f-polynomial of P is the
generating function fp(t) = Z?;’B(P) fi(P)t*. Moreover, one can define f-vector and
f-polynomial of fan F in the obvious way. The f-vectors of a polytope P and its normal
fan NV (P) are related by f;(P) = faim(p)—i(N(P)).

Given P a simple polytope, or equivalently if F is a simplical fan, one can instead

consider a different vector. The h-vector of P is the vector (ho(P), ..., haimp)(P)) €
ZE P and the h-polynomial is hp(t) = Y02 hy(P)t? defined uniquely by the

relation fp(t) = hp(t + 1). Likewise, the h-polynomial of F, hz(t) = S0 b, (F)i
is given by the relation t4™(F) f~(+~1) = hx(t + 1). Hence, the h-polynomial of a
polytope P and the h-polynomial of its normal fan A'(P) coincide. In this case, it happens
that the h-polynomial satisfies the Dehn-Sommerville relations h;(P) = hgim(py—;(P) for
i=0,1,...,dim(P) (see, e.g., [25, Section 8.3]).

2.4 Generalized permutohedra

Given o = («a1,09,...,a,) € R such that 0 < a3 < ag < -+ < ap, the a-
permutohedron or usual permutohedron II¢ C R"™ is the convex hull of the S,,-orbit
of a. Note that this is an (n — 1)-dimensional polytope, as it lies in the hyperplane
>y @i = > j_o ;. Regardless of the choice of a, the normal fan of II; is the braid
fan is
Br, ={o(m) : 7€ S,} CR*/(1,1,...,1)
where the full dimensional cones o () are
o(m)={xeR"/(1,1,...,1) : &g, <Xy, <+ <y}

See Figure 1 for the example of Brs. Given that any choice of o produces the normal fan
of Br,,, we will usually consider usual permutohedron for « = (0,1,2,...,n — 1), which
we will simply denote II,,. It is a well-known result that the h-polynomial for IT,, is given

by the Eulerian polynomial
th (t) _ Z tdes(w) )

TESy
Introduced by Postnikov in [20], a generalized permutohedron P C R" is a convex
polytope whose normal cone N'(P) € R™/(1,1,...,1) can be refined to Br,,. We say that
N (P) is a coarsening of Br, if there is a polytopal realization for N (P) which can be
refined by Br,,.

Definition 2.1. Suppose that F is a coarsening of Br,. Given a full-dimensional cone
o € F, the cone poset @), is a poset on [n] given by the relations ¢ <q_ j if z; < z; for
allz € 0.
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T = T

123~ 2o

132

312

Figure 1: Brz in R3/(1,1,1).

It follows immediately from the definition that the cone poset ), is connected and
acyclic if and only if ¢ is a full-dimensional simplical cone. For additional exposition and
details on this correspondence, the reader should consult [21, Section 3]. Moreover, we
make the following observation.

Proposition 2.2. Given o € N (P) be a full dimensional cone for a simple generalized
permutahedron P. Then the poset (), is an connected, acyclic, graded poset with a unique
minimal rank function p: Qo — Z>o.

Proof. Since P is simple, this implies that o is simplicial. As noted above, it follows
directly from Definition 2.1 that the poset (), is connecteded and acyclic. This implies
that if x <g_ v, there is a unique saturated chain from x to y. Hence, we can define a
rank function p such that p(x) > 0 forall z € Q, and if x <g, y then p(y) = p(x) + 1.
To obtain the unique minimal rank function, let p be any valid function above and define
plx) = p(x) — o, where o = mingyeq, p(y). O

Remark 2.3. In [21], the authors use the alternative language of a tree-poset, which is
poset whose Hasse diagram in a spanning tree on [n]. This is equivalent to a poset which
is acyclic and connected.

In the case of a simple generalized permutohedron, or rather a simplicial coarsening of
Br,,, one can give a combinatorial formula for the h-polynomial in terms of descents on
acyclic posets, which is a natural generalization of the result for the usual permutohedron.

Theorem 2.4 ([21, Theorem 4.2]). Let P be a simple generalized permutahedron and let
{Qs}oen(p) be the cone posets for full dimensional cones in the normal fan N'(P) as in
Definition 2.1. Then
hp(t)= Y (@),
ceN(P)
One should note that it is straightforward to verify that
hm, (t) = Z gdestm,
TESR

using Theorem 2.4, as the posets for the full dimensional cones are simply linear orderings
of [n].
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3 Simple generalized permutohedra

In this section, we will introduce a bivariate generalization for the h-polynomial of any
simple generalized permutohedron. Particularly, we will give a formula for a g-analogue of
Theorem 2.4, which gives us the expected bivariate polynomial in the case of II,,. Unfor-
tunately, our generalization does not produce a polynomial invariant for the combinatorial
type of A/ (P). Rather, the polynomials will vary based upon the particular choice of coars-
ening of Br,,, and thus one may have combinatorially equivalent generalized permutohedra
with different polynomials.

Based on the obserations of Proposition 2.2, we can now give a g-analogue of the h-
polynomial for a simple generalized permutohedron.

Definition 3.1. Let P be a simple generalized permutahedron and let {Q, }»car(p) be the
posets for full dimensional cones in the normal fan N'(P). Then, the g-h-polynomial is

given by
hp(t,q) [ Z tdes(Q(,)qmaj(Q,,).
cEN(P)

In the case of the usual permutohedron II,,, this g-analogue gives us the expected gen-
eralization. The full dimensional cones of the braid fan correspond to permutations 7 € .S,,
giving the total order ), which is 71 < 79 < -+ < m,. By definition, des(Q,) = des(w)
and maj(Q,) = maj(n). Thus we have

hi, (tq) = Y 4™ gmaitm)
TESH

which is the Euler—Mahonian polynomial, an expected g-analogue of the Eulerian polyno-
mial.

Unfortunately, this construction is not invariant under reordering of the ground set.
That is, the g-analogue depends on the choice of embedding or (equivalently) the choice of
coarsening of the braid fan, as demonstrated by the following example.

Example 3.2. Consider the associahedron A(3) C R? which is the polytope whose normal
fan is obtained by merging exactly 2 full-dimensional cones that intersect in an edge in Brj
(see Section 5.3 for an in depth discussion of A(n)). Two different choices of coarsening
will produce combinatorially equivalent fans (resp. polytopes), but different multivariate
polynomials. If one coarsens the braid fan by merging the cones corresponding to the
permutations 132 and 312, the obtained g-analogue is hr, (t,q) = 1 + tq + 2tq® + t2¢>.
Alternatively, if one instead coarsens the braid fan by merging the cones corresponding to
231 and 321, the obtained g-analogue is hr, (t, q) = 1+ 2tq+ tq* +t2¢>. Of course when
g = 1 in either case we have hr(t) = 1 + 3t + t2 as expected. These two choices of
coarsening are depicted in Figure 2.

4 Nestohedra

In this section, we focus on a broad class of simple generalized permutohedra known as
nestohedra, for which one can be more explicit in producing combinatorial definitions for
these g-analogues. The nestohedra were first introduced by Postnikov [20]. To construct a
nestohedron, we need the notion of a building set.
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T = x3 ’/ 123 rg = x3 T = x3 213 123 T = x3

312

Figure 2: Two coarsenings of Brg which are combinatorially equivalent but produce differ-
ent g-h-polynomials in Example 3.2.

Definition 4.1 ([20, Definition 7.1]). A collection B of nonempty subsets of [rn] is called a
building set if it satisfies the following conditions:

1. IfI,JeBandINJ # O, thenI U J € B.
2. B contains all singletons {¢}, such that i € [n].

A building set B is connected if [n] € B. For any building set, one can define a
nestohedron. For any subset I C [n], let Ay := conv{e; : i € I}. The following
definition appears implicitly in the results of [20, Section 7], but stated explicitly in this
form in [21, Definition 6.3].

Definition 4.2 (see [21, Definition 6.3], [20, Section 7]). Given a building set B on [n].
The nestohedron P on the building set B is the polytope obtained from the Minkowski
sum
Pg = Z YrAr
IeB
for some strictly positive parameters ;.

One can see that Py is a generalized permutohedron because N (Aj) is refined by Br,,
and thus N(ZIGB yrAr) must also be refined by Br,, [25, Proposition 7.12]. For our
purposes, we are primarily interested in the explicit cones and associated posets in N'(Pg).
These can be described through combinatorial means. Given a rooted tree 7' on [n] which
is directed such that all edges are oriented away from the root and a vertex ¢ in 7', let T<;
be the tree of descendants of . That is, j € T; if there is a directed path from ¢ to j in T'.
We define B-trees for a connected building set 5.

Definition 4.3 ([20, Definition 7.7]). For a connected building set B on [n], a B-tree is a
rooted tree T" on the set [n] such that

1. For any i € [n], one has T<; € B
2. For any k > 2 incomparable nodes i1, . .., i € [n], one has U§:1 T<;, € B.

One can algorithmically construct all of these B-trees using the following proposition.
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Proposition 4.4 ([21, Proposition 8.5], [20, Proposition 7.8]). Let BB be a connected build-

ing set on [n] and let i € [n]. Let By,...,B, be the connected components of of the
restriction B[\ 1:3- Then all B-trees with root at i are obtained by picking a Bj-tree Ty,
for each component B;, j = 1,...,r, and connecting the roots of Ty, . . ., T to the node i
by edges.

For a building set B, a B-tree T" has the structure of a poset by x < y provided that the
there is an edge («, y) and y is closer to the root. For ease of notation, we will write x <7y
to denote an edge (x, y) in T and to indicate which element is closer to the root. So,

Des(T) = {(¢,j) : i <p jandi >y j}

and des(T) = |Des(T)|. Given z € T, we say that the depth of x, denoted dp(x),
is the length of the unique path from x to the root. The depth of T is depth(T) =
max,er dp(z). The major index of T is

maj(T) = Y (depth(T) — dp(j))
(i,7)€Des(T)

Remark 4.5. Note that for any « € T, the quantity depth(7T) — dp(z) is precisely p(z)
where p is the minimal rank function on the poset representation of 7'.

Proposition 4.6 ([21, Corollary 8.4]). For any connected building set B on [n], the h-
polynomial of the generalized permutohedron Pg is

hB(t) _ thes(T)

T
where the sum is over B-trees T.

Given connected building sets 51, . . ., 3, on pairwise disjoint sets S, ..., .S, we can
form the combined connected building set Bon S = |J;_; S; by B = (| |i_, B;) U {S}.
We will now give a formula for the h-polynomial of such a building set.

Proposition 4.7. Let By, ..., B, be connected building sets on the pairwise disjoint sets
S1,...,Sy, and let B be the combined connected building set on S = U;Zl S;. Then

h(t)= (1 +t+-+t"h) ﬁh&(t).

Proof. Without loss of generality, let S = [n] and let the sets Sy, . .., .S, partition [n] such
that if x € S; and y € S;, *+ < y if and only if ¢ < j for every
1 < 4,5 < r. Let T be a B-tree with vertex ¢ as the root. Suppose that i € S; for
some j. By Proposition 4.4, T' is formed by connecting the root ¢ to the roots of trees on
the connected components of B|(,)\ {;3- Note that the connected components are precisesly
By where k # j and the connected components of Bj|s \ ;). Therefore, T" is formed by
By-trees 11,15, . .., T, such that for all k # j, the root of 7}, is connected to the root of T}
for some j = 1,2,...,r. Additionally, given any collection of By-trees, we can form a 3-
tree by simply choosing one of the trees T’; to contain the root. Therefore, we will consider
T as being partitioned into By -trees 11,75, ..., T;. with root in T} in this way. Now, it is a
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straightforward computations to note that des(7") = r—j+_,_, des(T}%) as the construc-
tion preserves all existing descents in each tree T}, and introduces exactly one new descent
between T} and T}, where k > j. Since we the choices of trees for each £ are independent,
the contribution of all trees where T has the root to the h-polynomial is "~ [T, _, hg, (t).
Thus, summing over all choices of 7 gives us the desired expression. O

Now we give a different characterization of the ¢-h-polynomial of the generalized per-
mutohedron. This description comes from specializing Definition 3.1 to the case of nesto-
hedra, making use of alternative descriptions of the descent set and major index.

Proposition 4.8. For any connected building set B on [n|, the q-h-polynomial of the gen-
eralized permutohedron Pg is

hg (t, q) _ Z tdes(T) qmaj(T)
T

where the sum is over B-trees T.

Define the statistic (T") = 3_; ;)7 (depth(T) — dp(j)). Note that this statistic
depends only on the isomorphism type of the rooted tree 7' not on the labeling. With
this, we introduce a trivariate analogue of the h-polynomial of a nestohedron on connected
building set

hi(t,q,u) = Z tdes(T)qmaj(T)uu(T)
T

By the Dehn-Sommerville relations, we have that the h-polynomial is palindromic. In
certain cases, we can provide a multivariate analogue of palindromicity.

Theorem 4.9. Let B be a connected building set on [n] which is invariant under the invo-
lution w: [n] — [n] such that w(i) = n— i+ 1. Then the h-polynomial for the nestohedron
PB is

hi(t, g, u) = " hs(t™, a7, qu)

Proof. Let B be a building set such that w(B) = B. Suppose that 7" is a B-tree. By
Proposition 4.4, there exists a B-tree T" such that 7" and 7" such that T' = w(T"). That is, the
trees are isomorphic as unlabeled rooted trees, and one can obtain the appropriate labels of

one tree by applying the involution. It is clear that Des(T') = {(4,7) : (i,J) & Des(T)}.

Hence des(T) = n — 1 — des(T') and maj(T) = p(T) — maj(T). This gives the equality
above. O
5 Examples

We conclude with a section computing explicit examples of g-h-polynomials for nestohe-
dra of interest. Included in the list are S,-invariant nestohedra, graph associahedra, the
associahedron, the stellahedron, and the Stanley—Pitman polytope.

5.1 S, -invariant nestohedra

We will now specialize to the case of building sets which are invariant under the action of
Sy, on the ground set [n]. Note that a connected building set B on [n] is S,,-invariant if and

only if
B= {{1},...,{n}, <[’]f‘]>, j—k,.‘.,n}
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for some 2 < k < n. Therefore, for a fixed n and fixed 2 < k < n, we will denote this
building set BE.

Proposition 5.1. Let BX be the S,,-invariant connected building set of [n] with minimal
nonsingleton set of cardinality k. Suppose that Ty and Ty are any two B-trees. Then
Ty and Ts are isomorphic as unlabeled rooted trees. Moreover, for any B-tree T, T =
Ap—1® Cr—41 as a poset, where A; is an antichain on i elements, C; is a totally ordered
chain on j elements, and @ is ordinal sum.

Proof. This follows from Proposition 4.4 with the observation that B |j,\ (i} = Bk}
which is a connected building set. Continuing in this fashion, repeated restictions will result
in connected building sets until we arrive at B |,,;\ - where W C [n] with [W| = n—k+1,
which consists only of singleton elements. O

Theorem 5.2. Let B be the S, -invariant connected building set on [n] with minimal
nonsingleton set of cardinality k. The q-h-polynomial for the nestohedron Pgy. is

hpr (t,q) = Z Z pdes(m)+[{FEMNA 5 >m1}| gmaj(m)+des(m) +] {FEMNA: 5> }|

A€(7L7[7;]+1) TESA

Moreover; this polynomial satisfies

1 k%*—2kn—ki4n?43n-2 1
hl’j’ﬁ (t7 q) =" q 2 hBi‘L (t 4 )

Prior to giving the proof of this formula, it is instructive to give concrete example of
enumerating the descents in B%-trees.

Example 5.3. Consider the B-tree T given in Figure 3. The descents which occur along
the chain are precisely the descents of the permutation m = 5481 € Sy; 455} which
has Des(5418) = {1,3} and des(5418) = 2. Moreover, there are descents which oc-
cur between the antichain and the chain itself. The number of such descents is precisely
the number of elements of [8] \ {1,4, 5,8} which are larger than 5. There are precisely
2, and hence yielding des(T') = des(5481) + [{j € [8] \ {1,4,5,8} : j > 5} =
4. When computing the major index, we note that the contributions of m = 5418 is
2 icDes(sa1s) (¢ +1) = maj(5418) + des(5418) = 4 + 2 = 6, to account for the cor-
rect rank. Moreover, every descent between the antichain and the chain has rank 1, so this
contributes a total of 2. Thus, maj(7T") = maj(5418)+des(5418)+|{; € [8]\{1,4,5,8} :
j > 5} =8.

Proof. By Proposition 5.1, we know that any 7" has the poset structure of A1 @& Cp—g41.
So any labeled tree is described by an n — k + 1-element subset A of [n] and a permutation
m € S4. The permutation labels C),_j1, and the remaining elements of [n] \ A label
the antichain Aj;_;. There are two types of descents in the labeling: descents in Cj,_j+1
which are enumerated by des(w), and descents where a label on the antichain Aj_1 is
greater than 7, which is enumerated by |[{j € [n]\ A : j > m1}|. To compute maj(7T),
note that if ¢ € Des(7) this corresponds to (j,¢) € Des(T') such that p(¢) = ¢+ 1. So
the contribution from descents of this form is ¢™2i(™)+des(™) The other descents are of the

form (i, 1) € Des(T) and since p(m;) = 1, this contributes gl {7€\A:7>m}
To see the palidromicity statement, note that since Bﬁ is S, -invariant, then it is invariant
nkarl,L- _

under the involution w(i) = n — i+ 1. Itis clear that u(T) = k — 2+ >, =
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kz_zk”_k; n®£3n=2 for any BE-tree T. Subsequently, applying the result of Theorem 4.9
and setting u = 1 yields the desired statement. O

Figure 3: An example of a B3-tree T as appears in Example 5.3. By directly applying
the definitions of descent and major index statistics, we can see that des(T)) = 4 and
maj(T) = 8.

5.2 Graph associahedra

We now consider a large family of examples of nestohedra arising from graphs. Given a
graph G = ([n], E), a tube of G is a proper, nonempty subset I C [n] such that the induced
subgraph G|y is connected. A k-tubing of G, , is a a collection of k distinct tubes subject
to:

1. For all incomparable A1, As € x, A1 U As & x (non-adjacency);
2. For all incomparable A1, As € x, A1 N As = & (non-intersecting).

We do, however, allow for A; C A, which is called a nesting. We say that a tubing
X is maximal if it cannot add any additional tubes to x, or equivalently, if |x| = n — 1.
Given a graph G, the graph associahedron of G is the polytope Pg whose face lattice is
given by the set of all tubings of G where y < X’ if x is obtained from x’ by adding
tubes. Subsequently, the vertices of Pg correspond to maximal tubings. This notion of
graph associahedra originates with Carr and Devadoss [12, 13] and has been a well-studied
family of examples of simple generalized permutohedra (see, e.g., [3, 6, 10, 11, 19]).

Remark 5.4. Given a simple graph G = ([n], E), the graph associahedron Pg is an ex-
ample of nestohedron on a connected building set, even when G is not a connected graph.
The graphical building set of G, B(G) is the collection of nonempty J C [n] such that the
induced subgraph G| ; is connected. While the building set B(G) is connected if and only
if G is connected (c.f. [21, Example 6.2]), the graph associahedra P using the notions of

—

Carr and Devadoss [12, 13] is the nestahedron with building set B(G) = B(G) U [n] which

—

is always connected and B(G) = B(G) if G connected.

In light of Remark 5.4, we can specialize Proposition 4.7 to determine the h-polynomial
of a disconnected graph.
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Corollary 5.5. Let G be a simple graph on [n] with connected components G1, G, . . ., G.
Then
k
ha(t) = (L+t 4+t ] ] he, (8).
i=1

Let G = ([n], FE) be a simple graph and let x be a maximal tubing of G. Given i € [n],
the nesting index of i, denoted v, (i), is the number of tubes containing i. The nesting
number of x is nest(x) = max;c[,) vy (7). Given any maximal y, observe that for any
tube A; € x, there exists a unique element a; € A; such that for any tube A, C Aj, we
have o; ¢ Ay. For convenience, we will write Ay, < A; if Ay C A; and there is no tube
Ay such that Ay, C Ay C Ay. Let v, denote the unique element which is not contained in
any tube of x.

The nesting descent set is

NestDes(x) ={(ou, ;) : a > a;j and Ay, < A;}
U{(ay, ) + ag > vy and Ay ¢ Ap forany A, }.

The nesting descent number is
nestDes(x) := | NestDes(x)|

and the nesting major index is
nestMaj(x) = Z (nest(x) — vy (ay))
(ag,aj)€NestDes(x)

We now state a formula for the ¢g-h-polynomial of graph associahedra in terms of graph
tubings.
Proposition 5.6. Let G be a simple graph. The q-h-polynomial is
he (t, q) _ Z tnestDes(x)qnestMaj(x)
X

where the sum is taken over all maximal tubings .

Proof. This follows by unpacking the definitions of B-trees in terms of graph tubings and
applying Proposition 4.8. O

Remark 5.7. As was the case with nestohedra in general, we should note that this poly-
nomial is invariant only under labeled graph automorphisms. Under most circumstance, a
different choice of labeling of the vertices G will produce a different bivariate polynomial.
However, the specialization under ¢ = 1 is invariant under permutation of the ground set.

Remark 5.8. As with nestohedra, we can similarly define a trivariant polynomial for graph
associahedra, namely

ha (t7 q U) _ Z tncstDcs(x)qncstMaj(X)u#(X)
X

where the sum ranges over all maximal and p(x) = > (4, o,)(nest(T) — vr(a;)) where
this sum is over all pairs (o, ;) such that A;, < A;, which is a direct translation of the 1
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statistic for nestohedra. If the involution w: [n] — [n] such that w(i) = n — i + 1 produces
a labeled graph automorphism, then Theorem 4.9 gives us that palindromicity statement

ha(t,q,u) =t"Tha(t™' g7t qu).

There are only two S, -invariant graphs, namely the complete graph K,, and the null graph
N, = K, (i.e.the edgeless graph), which produce only the simplest examples of gen-
eralized permutohedra. P, is the usual permutohedron II,,, and hence hg, (t,q) is the
usual Euler—Mahonian polynomial. Py, is simply an n — 1 dimensional simplex and thus

ha, (tq) = 312 (tq)".

5.3 The associahedron and a new g-analogue of Narayana numbers

The associahedron A(n), which first appeared in the work of Stasheff [24], as well as the
notable work of Lee [17], is the graph associahedron for G = Path(n), where the vertices
are labeled linearly. It is well-known that

hpath(n) () = > N(n, k)tF~!
k=1

where N (n, k) = % (Z) ( il 1) is the Narayana number, which refine the Catalan numbers.
That is, hpath(n)(l) = C,. To verify this formula, one should note that B-trees, or graph
tubings on Path(n), are in bijection with binary trees on n vertices (See [20, Section 8.2]).
The bijection sends descents in a B-tree to right edges in an unlabeled binary tree and
N(n, k) is known to enumerate the number of unlabeled binary trees on n vertices with
k — 1 right edges. Subsequently, we will phrase all formulae in terms of binary trees.

Let T be a binary tree. Given an edge e € T, let dp(e) be the length of the path from
the root vertex to the closest vertex incident with e. Let depth(T") = max.cr dp(e). The
right multiset of T' is the multiset

R(T) := {dp(e) : eisarightedge of T} .
The right number of T is r(T') = |R(T')| and the right index of T is
rindex(T") := depth(T Z J
JER(T)

By translating the general results for nestohedra into the above language for binary trees,
we have the following:

Corollary 5.9. The q-h-polynomial for the associahedron is

hPath(n) t q ZtT(T) rindex(T")

where the sum ranges over all rooted unlabelled binary tree T’ on n vertices.

Remark 5.10. This theorem gives rise to a g-analogue of the Narayana numbers. We say
the (alternative) q-Narayana number is

]\7(,'17 k‘, C]) _ Z qrindcx(T).

T
r(T)=k—1
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It is clear that the substitution ¢ = 1 yields N(n, k) as desired. We call these the alter-
native g-Narayana numbers because, while this is the natural g-analogue in the context of
generalized permutohedra as it arises from the major index, this does not agree with the
usual g-Narayana number in the literature (see, e.g., [8, 22]).

5.4 The stellahedron

The star graph on n + 1 vertices is the complete bipartite graph K ,,. The stellohedron
is the graph associahedron associated to K ,. Let K , be labeled such that the center
vertex is labeled n + 1. Recall that a partial permutation of [n] is a linear ordering of a
k-subset L C [n] for some k = 1, 2,...n. The B-trees for K ,, are in bijection with partial
permutations of [n]. In particular, the structure of a B-tree is given by the ordinal sum of
an antichain with a totally ordered chain A,,_x_1 ® Ck41 for some k = 0, ..., n such that
the minimal element of C',1 has label n + 1.

Figure 4: A tubing of K ¢ and its corresponding 5-tree.

To see this, note that we can identify the B-trees with graph tubings. Any tubing of
Ky, is either

(i) the tubing where each vertex ¢ = 1,2,...,n is in a singleton tube and n + 1 is the
root, or

(i) some vertex ¢ is the root and we have a tube containing all other vertices.

In the case of (ii), once i is chosen, then the tubing directly arises from a tubing of K ,,—;
on the labels [n + 1] \ {i}. Thus, by induction, we will have B-trees of the proposed form.
For example, consider the tubing and B-tree given in Figure 4, which corresponds to the
partial permutation 7 = 61 on [6].

Subsequently, the elements of the Cj, 1 above the n+ 1 are the partial permutation (see
[21, Section 10.4]) With this in mind, we can state the g-analogue of the h-polynomial for
the stellohedron.

Proposition 5.11. The q-h-polynomial for the stellohedron is

hK1,n (t, q) =1+ Z tdcs(w)+lqmaj(w)+2dcs(w)+2

where the sum is over all nonempty partial permutations of [n).
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Proof. The labels on Cj41 correspond to a partial permutation of @ of [n + 1] where
w; = n + 1. Thus, we consider w to be the partial permutation of [n] with this first
element omitted. If w = @, the corresponding B-tree has no descents. If w # &, then the
corresponding B-tree T has precisely des(w) + 1 descents, due to the guaranteed descent
between n + 1 and w;. When computing the major index, note that if i € Des(w), this
means that we have an element of rank 7 + 2 where a descent occurs in 7. Hence, the
contribution to the major index is 3, pes(,) (¢ +2) = maj(w) + 2des(w). Additionally,
the descent between n 4+ 1 and w; contributes 2, as p(wy) = 2. Thus, we have the desired
formula. O

5.5 The Stanley-Pitman polytope

Introduced by Stanley and Pitman in [23], the Stanley-Pittman polytope is a integral poly-
tope defined by the equations

J
PS(n) = {a: €R™ : z; > 0and sz <jforeachl <j < n} )
i=1
This polytope is combinatorially equivalent to an n-cube, as illustrated in Figure 5. How-
ever, this polytope is of particular interest as it appears naturally when studying empirical
distributions in statistics and has connections to many combinatorial objects, such as park-
ing functions and plane trees. Postnikov [20, Section 8.5] observed that this polytope can
be realized as the nestohedron from the building set

Bps = {[ian]a {Z} S [n]}v

where [i,n] = {i,i + 1,...,n}. Notably, this is not a graph associahedron. Given that
this polytope is combinatorially equivalent to an n-cube, we have hp,(t) = (1 + t)"1
[23, Theorem 20]. We now give the g-analogue.

€2

X2

T
Figure 5: PS(2) and PS(3).

Proposition 5.12. The q-h-polynomial for the Stanley-Pitman polytope is

n—2
-2 243042
hies (t:0) = (”e )tfqe ().
£

=0
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3 3
2 4 2 4
6 7
5 7 5 6

Figure 6: Two Bps-trees for n = 7 from the increases sequences [; = {3 <4 < 6 < 7}
and I = {3 < 4 < 7}. Alternatively, these are the two trees from the set {3,4} C [5].

Proof. First note that hp.(t,1) = (¢t + 1)"71, so this agrees with the known results.
To compute this, we will need Bps-trees, which as determined by Postnikov, Reiner, and
Williams [21, Section 10.5], are formed in the following way. Given any increasing se-
quence of positive integers I = {i; < iz < --- < i, = n} where we let i1 be the root and
form the chain of edges (i1,2), (i2,%3), ..., (ik—1,ik) and for all j € [n] \ I we have the
edge (is,j) where i, is the minimal element of I such that i, > j. An example can be seen
in Figure 6.

It is clear that all descents will be occur along the chain of edges. So, we must consider
two cases:

(i) 7x—1 =n — land
(i) ig—1 <n-—2.

In case (i), for convenience let £ = k — 2. We form a tree T' by choosing a subset J €
([”22]) and arranging it increasing order to form a chain of edges which ends in (ig,n — 1),
(n — 1,n). By definition, depth(T") = £ + 1, des(T) = £ + 1, and maj(T) = (£ + 1) —

Zf:o 1= % So, the contribution of trees of this form to the g-h-polynomials is
(e
=0

In case (ii) where i1 # n — 1, for ease of notation, let { = k — 1. Similarly, we
form such a tree T' by choosing J &€ (["22]) and arranging it increasing order to form a
chain of edges which ends in (iz,n). Note that, when including the elements not in the
chain, we gain edges from the vertex n going away from the root, in particular, the edge
(n,n —1). So, we again have depth(7T') = ¢ + 1. However, we now have des(T") = ¢, and
maj(T) = (( +1)% — Ef;é i= % So the contribution of trees of this type to the
q-h-polynomial is

Z( )E T (5.2)

=0

Summing (5.1) and (5.2) and simplifying gives the desired expression. O
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Remark 5.13. We conclude our discussion by noting that our computation produces an
alternative q-analogue of (";1) , hamely

N T Ll
0—1)1 e )? ‘

This, of course, reduces to (";1) when ¢ = 1 and arises quite naturally from generalizing

the major index statistic. However, this is not the usual g-analogue of a binomial coefficient
which arises in many natural ways, such as bit string inversions and lattice path areas.
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Abstract

In a graph G, a vertex dominates itself and its neighbours. A set D C V(G) is said to
be a k-tuple dominating set of GG if D dominates every vertex of GG at least k times. The
minimum cardinality among all k-tuple dominating sets is the k-tuple domination number
of G. In this note, we provide new bounds on this parameter. Some of these bounds
generalize other ones that have been given for the case k = 2.

Keywords: k-domination, k-tuple domination.

Math. Subj. Class. (2020): 05C69

1 Introduction

Throughout this note we consider simple graphs G with vertex set V(G). Given a vertex
v € V(G), N(v) denotes the open neighbourhood of v in G. In addition, for any set
D C V(G), the degree of v in D, denoted by degp(v), is the number of vertices in D
adjacent to v, i.e., degp(v) = |N(v) N D|. The minimum and maximum degrees of G will
be denoted by J(G) and A(G), respectively. Other definitions not given here can be found
in standard graph theory books such as [12].

Domination theory in graphs have been extensively studied in the literature. For in-
stance, see the books [9, 10, 11]. A set D C V(G) is said to be a dominating set of G
if deg(v) > 1 for every v € V(G) \ D. The domination number of G is the minimum
cardinality among all dominating sets of G and it is denoted by v(G). We define a y(G)-set
as a dominating set of cardinality v(G). The same agreement will be assumed for optimal
parameters associated to other characteristic sets defined in the paper.

*We are grateful to the anonymous reviewers for their useful comments on this note that improved its presen-
tation.
E-mail address: acmartinez@uco.es (Abel Cabrera Martinez)
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In 1985, Fink and Jacobson [4, 5] extended the idea of domination in graphs to the
more general notion of k-domination. A set D C V(G) is said to be a k-dominating set of
G if degp(v) > k for every v € V(G) \ D. The k-domination number of G, denoted by
vk (G), is the minimum cardinality among all k-dominating sets of GG. Subsequently, and
as expected, several variants for k-domination were introduced and studied by the scientific
community. In two different papers published in 1996 and 2000, Harary and Haynes [7, 8]
introduced the concept of double domination and, more generally, the concept of k-tuple
domination. Given a graph G and a positive integer & < §(G) + 1, a k-dominating set D
is said to be a k-tuple dominating set of G if degp(v) > k — 1 for every v € D. The
k-tuple domination number of G, denoted by v« (G), is the minimum cardinality among
all k-tuple dominating sets of G. The case k = 2 corresponds to double domination, in
such a case, yx2(G) denotes the double domination number of graph G.

In this note, we provide new bounds on the k-tuple domination number. Some of these
bounds generalize other ones that have been given for the double domination number.

2 New bounds on the k-tuple domination number

Recently, Hansberg and Volkmann [6] put into context all relevant research results on mul-
tiple domination that have been found up to 2020. In that chapter, they posed the following
open problem.

Problem 2.1 ([6, Problem 5.8, p. 194]). Give an upper bound for v, (G) in terms of
v, (G) for any graph G of minimum degree 6(G) > k — 1.

A fairly simple solution for the problem above is given by the straightforward rela-
tionship v« (G) < kvi(G), which can be derived directly by constructing a set of ver-
tices D’ C V(@) of minimum cardinality from a 74(G)-set D such that D C D’ and
degp, () > k — 1 for every vertex € D. From this construction above, it is easy to
check that D’ is a k-tuple dominating set of GG and so,

xk(G) < |D'[ = |D|+ [D"\ D| < |D| + (k = 1)|D| = ky(G).

This previous inequality was surely considered by Hansberg and Volkmann and, in that
sense, they have established the previous problem assuming that v« (G) < kv, (G) for
every graph G with §(G) > k — 1.

We next confirm their suspicions and provide a solution to Problem 2.1.

Theorem 2.2. Let k > 2 be an integer. For any graph G with §(G) > k — 1,
Yok (G) < kv (G) — (k—1)2

Proof. Let D be a v (G)-set. As v« (G) < |V(G)| we assume, without loss of generality,
that k|D| — (k — 1)2 < [V(G)|. Now, let U = {uy,...,up_1} C V(G)\D,D' = DUU
and Dy = {v € D : degp,(v) < k — 1}. The following inequalities arise from counting
arguments on the number of edges joining U with Dy and U with D \ Dy, respectively.

k—1 k—
Z degp (v) > z:degDO (u;) and |D\ Dol|(k Z egp\ p, (Ui)-
i=1

vEDg = i=1
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By the previous inequalities and the fact that D is a k-dominating set of G, we deduce that

k—1 k—1
Z degp/ (v) + |D\ Do|(k —1) >ZdegD Uu; +ZdegD\D0(uz)
vEDg i=1 =1
k—1
:ZdegD(Ui)
i=1
> k(k—1).

Now, we define D" C V(G) as a set of minimum cardinality among all supersets W of D’
such that degy, (z) > k — 1 for every vertex € D. Since degp/(x) > k — 1 for every
x € D\ Dy, the condition on W is equivalent to that every vertex v € Dy has at least
k—1—degp, (v) neighbours in W\ D. Hence, by the minimality of D" and the inequality
chain above, we deduce that

|D"\ D'| < |Do|(k — ) degp(v
vEDg
= |D|(k <Z degp:(v) + D\ Do|(k — 1))
ve Dy

<|D|(k —1) — k(k — 1).

Moreover, it is easy to check that D" is a k-tuple dominating set of G because each vertex
in V(G) \ D is dominated & times by vertices of D C D" (recall that D is a k-dominating
set of ) and the construction of D" ensures that each vertex in D is dominated % times by
vertices of D”. Hence,

Vxk(G) < |D"| = |D'| + D"\ D'|
<|D|+k—1+|D|(k —1) — k(k — 1)
= kyi(G) — (k — 1),

which completes the proof. O

The bound above is tight. For instance, it is achieved by any complete bipartite graph
K g with k' > E, as vy, (Kg ) = 2k—1 and vy (K 1) = k. When k = 2, Theorem 2.2
leads to the relationship v« 2(G) < 27v2(G) — 1 given in 2018 by Bonomo et al. [1].

A set D C V(G) is a 2-packing of a graph G if N[u] N N[v] = ) for every pair of
different vertices u, v € D. The 2-packing number of G, denoted by p(G), is the maximum
cardinality among all 2-packings of G.

The next theorem relates the k-tuple domination number with the 2-packing number
of a graph. Note that the bounds given in this result are generalizations of the bounds
vx2(G) > 2p(G) due to Chellali et al. [3], and 7x2(G) < |[V(G)| — p(G) due to Chellali
and Haynes [2].

Theorem 2.3. Let k > 2 be an integer. For any graph G of order n and 6(G) > k,

kp(G) < vxk(G) < n—p(G).
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Proof. Let D be a p(G)-set and S a v (G)-set. Since degg(v) > k foreveryv € D\ S,
and degg(v) > k — 1 forevery v € D NS, we deduce that

yxi(G) =18] > Y degg(v)+ D (degs(v)+1) > k|D| = kp(G),
vED\S veDNS

and the lower bound follows.

Next, let us proceed to prove that V(G) \ D is a k-tuple dominating set of G. Since
5(G) =2 k, N(D)N D = () and deg(x) < 1 forevery z € V(G) \ D, we deduce that
degy )\ p(v) > k for every v € D and degy (), p(v) > k — 1 forevery v € V(G) \ D.
Hence, V(G) \ D is a k-tuple dominating set of G, as desired.

Therefore, v« (G) < |[V(G) \ D| =n — p(G), which completes the proof. O

Let H be the family of graphs H}, ,. defined as follows. For any pair of integers k, r € Z,
with & > 2 and r > 1, the graph H}, , is obtained from a complete graph K, and an
empty graph 7K such that V(Hy, ;) = V(K ) UV (rKy), V(Kgyr) = {v1,..., vk} and
V(rKy) ={us,...,u,} and E(Hy,) = E(K},) U (U:;ol{uiJrl'UkiJrla oy Ui 1 Uik )
Figure 1 shows a graph of this family. Observe that |V (Hy )| = 7(k+1), yxk (Hk,») = kr
and p(Hy,,) = r for every Hy, € H. Therefore, for these graphs the bounds given in
Theorem 2.3 are tight, i.e., Y« (Hy.r) = kp(Hyr) = |V (Hg )| — p(Hi,r).

Figure 1: The graph Hs o € H.

In [8], Harary and Haynes showed that v, (G) > 2"3,’;‘% for any graph G of order n
and size m with 6(G) > k — 1. The next result is a partial refinement of the bound above
because it only considers graphs with minimum degree at least k.

Proposition 2.4. Let k > 2 be an integer. For any graph G of order n and size m with
(G) >k,
(6(G) + k)n —2m

0(G)+1

Proof. Let S be a yx(G)-setand S = V(G) \ S. Hence,
2m = Z degg(v) +2 Z degg(v) + Z degg(v)

Yxk(G) >

ves vES veES
= Z degg(v) + Z degg(v) + Z degy (¢ (v)
veS vES vES

> (k= D[S+ k(n = [S]) +6(G)(n - |5])
= (k= 1DIS[+ (6(G) + k)(n - |S])
= (6(G) + F)n — (6(G) + 1[5,
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which implies that | S| > W

. Therefore, the proof is complete. 0

The bound above is tight. For instance, it is achieved for the join graph G = K} + Cj
obtained from the complete graph K}, and the cycle graph C}, with k > 3. For this case,
we have that 7. (G) = k, |V(G)| = 2k, §(G) = k + 2 and 2|E(G)| = 3k? + k. Also, it
is achieved for the complete graph K,, (n > 3)and any k € {2,...,n — 1}.

ORCID iDs
Abel Cabrera Martinez ® https://orcid.org/0000-0003-2806-4842

References

[1] F. Bonomo, B. Bresar, L. N. Grippo, M. Milani¢ and M. D. Safe, Domination parameters with
number 2: interrelations and algorithmic consequences, Discrete Appl. Math. 235 (2018), 23—
50, doi:10.1016/j.dam.2017.08.017.

[2] M. Chellali and T. W. Haynes, On paired and double domination in graphs, Util. Math. 67
(2005), 161-171.

[3] M. Chellali, A. Khelladi and F. Maffray, Exact double domination in graphs, Discuss. Math.
Graph Theory 25 (2005), 291-302, doi:10.7151/dmgt.1282.

[4] J. F. Fink and M. S. Jacobson, n-domination in graphs, in: Graph Theory with Applications
to Algorithms and Computer Science (Kalamazoo, Mich., 1984), Wiley, New York, Wiley-
Intersci. Publ., pp. 283-300, 1985.

[5] J. F. Fink and M. S. Jacobson, On n-domination, n-dependence and forbidden subgraphs, in:
Graph Theory with Applications to Algorithms and Computer Science (Kalamazoo, Mich.,
1984), Wiley, New York, Wiley-Intersci. Publ., pp. 301-311, 1985.

[6] A. Hansberg and L. Volkmann, Multiple domination, in: Topics in Domination in
Graphs, Springer, Cham, volume 64 of Dev. Math., pp. 151-203, 2020, doi:10.1007/
978-3-030-51117-3\ _6.

[7] F. Harary and T. W. Haynes, Nordhaus-Gaddum inequalities for domination in graphs, volume
155, pp. 99-105, 1996, doi:10.1016/0012-365x(94)00373-q.

[8] F. Harary and T. W. Haynes, Double domination in graphs, Ars Comb. 55 (2000), 201-213.

[9] T. W. Haynes, S. T. Hedetniemi and M. A. Henning (eds.), Topics in domination in
graphs, volume 64 of Developments in Mathematics, Springer, Cham, 2020, doi:10.1007/
978-3-030-51117-3.

[10] T. W. Haynes, S. T. Hedetniemi and P. J. Slater, Domination in Graphs, Advanced Topics,
Monographs and Textbooks in Pure and Applied Mathematics, Marcel Dekker, Inc., New York,
1998, doi:10.1201/9781315141428.

[11] T. W. Haynes, S. T. Hedetniemi and P. J. Slater, Fundamentals of Domination in Graphs, vol-
ume 208 of Monographs and Textbooks in Pure and Applied Mathematics, Marcel Dekker, Inc.,
New York, 1998, do0i:10.1201/9781482246582.

[12] D. B. West, Introduction to Graph Theory, Prentice Hall, Inc., Upper Saddle River, NJ, 1996,
https://faculty.math.illinois.edu/~west/igt/index.html.






creative ARS MATHEMATICA
@commons CONTEMPORANEA
ISSN 1855-3966 (printed edn.), ISSN 1855-3974 (electronic edn.)

ARS MATHEMATICA CONTEMPORANEA 22 (2022) #P4.04 / 567-594
https://doi.org/10.26493/1855-3974.2659.be1
(Also available at http://amc-journal.eu)

Growable realizations: a powerful approach
to the Buratti-Horak-Rosa Conjecture*

M. A. Ollis *

Marlboro Institute for Liberal Arts and Interdisciplinary Studies, Emerson College,
Boston, MA 02116, USA

Anita Pasotti ®

DICATAM, Sez. Matematica, Universita degli Studi di Brescia,
Via Branze 43, I 25123 Brescia, Italy

Marco A. Pellegrini ®

Dipartimento di Matematica e Fisica, Universita Cattolica del Sacro Cuore,
Via della Garzetta 48, 1 25133 Brescia, Italy

John R. Schmitt
Mathematics Department, Middlebury College, Middlebury, VT 05753, USA

Received 17 June 2021, accepted 16 December 2021, published online 3 August 2022

Abstract

Label the vertices of the complete graph K, with the integers {0,1,...,v — 1} and
define the length of the edge between the vertices  and y to be min(|z —y|,v—|z—y|). Let
L be a multiset of size v — 1 with underlying set contained in {1, ..., [v/2]}. The Buratti-
Horak-Rosa Conjecture is that there is a Hamiltonian path in K, whose edge lengths are
exactly L if and only if for any divisor d of v the number of multiples of d appearing in L
is at most v — d.

We introduce “growable realizations,” which enable us to prove many new instances
of the conjecture and to reprove known results in a simpler way. As examples of the new
method, we give a complete solution when the underlying set is contained in {1,4, 5} or in
{1,2, 3,4} and a partial result when the underlying set has the form {1, z, 2z }. We believe
that for any set U of positive integers there is a finite set of growable realizations that
implies the truth of the Buratti-Horak-Rosa Conjecture for all but finitely many multisets
with underlying set U.

Keywords: Hamiltonian path, complete graph, edge-length, growable realization.
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1 Introduction

Let K, be the complete graph on v vertices, labeled with the integers {0,1,...,v — 1}.
For two vertices x and y, define the length of the edge between them to be

U(z,y) = min(jz —y|, v — [z —y|),

which is an integer in the range 1 < ¢(x,y) < |v/2].

A Hamiltonian path h = [hy, ho, ..., h,] in K, uses v — 1 edges and gives a multi-
set L = {l(h;,hiz1) : 1 < i < v — 1} of edge-lengths. Call h a realization of L or
say that h realizes L. For example, with v = 7 the Hamiltonian path [0,5,1,2,6,3,4]
has edge-length sequence [2, 3,1, 3, 3, 1] and hence realizes the multiset {12,2, 3%} (where
exponents indicate multiplicity).

Given a multiset L, its underlying set is given by U = {z : © € L}.

The focus of our inquiry is the Buratti-Horak-Rosa Conjecture, or BHR Conjecture:

Conjecture 1.1. Let L be a multiset of size v — 1 with underlying set U contained in
{1,...,|v/2]}. Then there is a realization of L in K, if and only if for any divisor d of v
the number of multiples of d in L is at most v — d.

When v is prime, in which case the condition on divisors is always satisfied, we have the
original Buratti Conjecture, see [1, 11]. Horak and Rosa [5] generalize this to composite v
and show that the condition on divisors is necessary; Pasotti and Pellegrini [9] reformulate
Horak and Rosa’s statement into the one in Conjecture 1.1.

Call a multiset L of size v — 1 admissible if it has underlying set U C {1,...,|v/2]}
and it satisfies the divisor condition of the BHR conjecture. Denote the BHR Conjecture
for L by BHR(L).

Much work has been done on the BHR Conjecture. Theorem 1.2 captures the main
progress that has been made to date.

Theorem 1.2. Let L be a multiset of size v — 1 with underlying set U. In each of the
following cases, if L is admissible, then it is realizable.

(D U] <213,51,

2) U =1{1,2,4},{1,2,6},{1,2,8} [10],

3) U C€{1,2,3,5} [2,9],

4) L ={1%,2% 3¢ 4} with either a > 3 and c,d > 1 ora =2 andb,c,d > 1 [8],
(5) L ={1%,2% 2} when z is even and a + b > = — 1 [10],

(6) L = {12,2° (x + 1)¢} when z is odd and either a > min(3x — 3,b + 2x — 3) or
a>2x—2andc> 4b/3 [8],

E-mail addresses: matt_ollis@emerson.edu (M. A. Ollis), anita.pasotti @unibs.it (Anita Pasotti),
marcoantonio.pellegrini @unicatt.it (Marco A. Pellegrini), jschmitt@middlebury.edu (John R. Schmitt)
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(7) L = {1 2% (z + 1)°} when x is even and either a > min(3z — 1,c + 2z — 1) or
a>2x—1landb > c[8],

8) U C{1,2,4,...,22} and {1?*~1 22} C L [8],
) UC{1,2,4,...,20,22 +1} and {151, 20 + 1} C L [8],
(10) L ={1%,2% . . 2%} witha; > as > -+ > a, [7,8],

(11)y L = MU{1%} for any multiset M and a > aps, where a g is a constant that depends
on M [5],

(12) v <19o0rv =23[6].

After proving Theorem 1.2(11), Horak and Rosa observe that “to get an explicit bound...
one only needs refer to lemmas used in the proof” [5]. It turns out that their methodology
can be used to give a bound that is linear in the elements of the underlying set and inde-
pendent of their multiplicities, neither of which is clear from the statement of the result.
We believe that this is of interest and so give an explicit bound with these properties in
Theorem 1.3.

Theorem 1.3. Let M be a multiset with underlying set U = {x1,...,x}, where
1<z <---<axk Then L = M U {1°} is realizable for any s > 3z, — 5 + Zle T

Proof outline. We give the steps required to establish the bound, referring to [5] for the
specific details.

In the notation of [5, Theorem 3.4], we partition M as L; U Lo U L3 U Ly in a certain
way and then M U {1°} is realizable for all s > s1 + s + s3 + s4 — 1, where each s; is
dependent on L; for 1 < ¢ < 4. Let U; be the underlying set of L; for 1 < < 4.

By [5, Lemma 3.12], we may take s; = 1 — 2|Uy| + ZwEUl x; hence s1 <
(Zle xi) —1. By [5, Lemma 3.9], we may take s = max(Us)—1; hence s3 < z3,—1. By
[5, Lemma 3.7], we may take s3 = max(Us) — 1; hence s3 < z — 1. By [5, Lemma 3.13],
we may take s, = max(Uy) — |Uy|; hence s4 < a2, — 1.

Combining these bounds we find that L is realizable for all s > 3z, —5+ Zle z;. O

The BHR Conjecture has close connections to many other problems and conjectures
concerning sequences with distinct partial sums or subgraphs of K, other than paths;
see [8] for more discussion of this. A recent paper also makes a connection between the
BHR Conjecture and the Traveling Salesman Problem [4].

We are frequently concerned with the congruence classes of multiple elements with
respect to multiple integers. The following notation is useful for these situations: if z; = y;
(mod z;) for 1 < i < k, then write

(1, s7k) = (Y1,-- -5 yk) (mod (z1,...,21)).
We also need the notion of a translation of a sequence h = [h1, ..., h,| by an integer m:
h+m=1Jhi+m,...,h, +m].

The translation of a sequence produces the same multiset of absolute differences as the
original sequence.
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We require a lot of small examples of realizations for particular multisets. These were
mostly found using a heuristic algorithm implemented in GAP. Given a target multiset L
of size v — 1, the algorithm starts from a random Hamiltonian path in K, and keeps trying
to move to a Hamiltonian path that is “closer” to realizing L—in the sense of trying to
increase |L N L’|, where L’ is the multiset realized by the path under consideration—by
removing an edge from the path and reconnecting the two resulting paths in a different way.
If it gets stuck before finding a realization of L, then it tries again from a different starting
path. For the fairly small values of v in which we are interested, this simple algorithm is
sufficient to find the desired realizations quickly. The programs are available on the ArXiv
page for this paper.

The most far-reaching components of Theorem 1.2 were proved using “linear” realiza-
tions. A Hamiltonian path h = [hy, ha, ..., h,] of K, defines a multiset of absolute differ-
ences L = {|h; — hj+1| : 1 <7 <wv — 1} with underlying set contained in {1,...,v — 1}.
In this situation, h is a linear realization of L. If h;y = 0, then the linear realization is
standard; if hy = 0 and h,, = v — 1, then the linear realization is perfect. To emphasize the
distinction between linear realizations and realizations, realizations as defined above are
sometimes referred to as cyclic realizations.

Linear realizations are closely related to cyclic realizations. For example, if each ele-
ment in a multiset L of size v — 1 is at most |v/2], then a linear realization of L is also a
cyclic realization of L. See [5] for further discussion.

What makes linear realizations so useful in addressing the BHR Conjecture, standard
and perfect ones especially, is their ability to be combined and hence used in inductive
arguments. This is the approach taken by Horak and Rosa in [5] and the multisets L given in
Theorem 1.3 in fact have linear realizations that are also cyclic realizations for the same L.

The main contribution of this work is to introduce an alternative object: the “growable”
realization, which we define in the next section. These are cyclic realizations that can be
used in inductive arguments in somewhat similar ways to linear ones.

In Section 3 we reprove, with a much shorter proof, the result from [2] that BHR(L)
holds when L has underlying set U = {1, 2,3} to illustrate that this new tool is, in some
ways, more powerful than existing ones. We go on to prove instances of the BHR Conjec-
ture that seem beyond the reach of current techniques. In particular, we are able to add the
following items to Theorem 1.2:

U = {1,4,5} (Section 3),

U C {1,2,3,4} (Section 4),
o L={1% 2% (22)°} whena > z — 2, cis even and b > 5z — 2 + ¢/2 (Section 5),
o L ={1%3%6°} when cis odd and b > 18 + (¢ — 1)/2 (Section 5).

2 Growable realizations

Growable realizations will let us move from solving BHR(L) to BHR(Z U {z”}) under
certain circumstances. When this can be done for multiple choices of z, this is a powerful
tool.

Take « with 0 < 2 < v/2. For a given m, with 0 < m < v, we shall embed K, into
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K, as follows:

y wheny < m,
Yy .
y + x otherwise.

This embedding preserves some edge lengths and increases others. Call it the m-embedding
of K, into K4 5.

Remark 2.1. Let y, z be two vertices of K, and assume, without loss of generality, that
y < z. Let 3y’ and 2’ be the images of y and z, respectively, by the m-embedding of K,
into K, 4,. One can check that ¢(y, z) = ¢(y', z’) if and only if one of the following holds:

cy<z<mandz—-y<2%;
em<y<czandz—y <2,
. _ v

y<m<zandz—y> 3.

Definition 2.2. Let h = [hq, ..., h,] be a cyclic realization of a multiset L. Take « and m
with0 < z <wv/2and 0 < m < v. If each y with m — z < y < m is incident with exactly
one edge whose length is increased by the m-embedding of K, into K, and there is no
other edge whose length is increased, then say that h is x-growable at m.

A realization is said to be z-growable, if it is xz-growable at some m. If a realization is
z-growable for each x € X for some set X, then say that it is X -growable.

Example 2.3. Tt is easy to see that the sequence [6,4,3,0,7,1, 5,2, 8] is a cyclic realization
of {1,22,3% 4} and that it is 3-growable at 2. In fact, we can represent this Hamiltonian
path of Ko writing in bold the vertices not increased by the 2-embedding of Ky into K1,
and using the symbol — for each edge whose length does not change and the symbol - - -
for each edge whose length increases by 3:

6-4—3---0—-7—1---5---2—38.

Note that every vertex in bold is incident with exactly one edge - --. Also, note that the
edges 0 — 7, 7 — 1 and 2 — 8 do not change length, since their absolute differences are
greater than L%J

Theorem 2.4 and its immediate consequence Theorem 2.6 are the core results for using
growable realizations.

Theorem 2.4. Suppose a multiset L has an X -growable realization. Then for each x € X,
the multiset L U {x®} has an X -growable realization.

Proof. Let g = [g1,...,9gy] be an X-growable realization of a multiset L. Take x € X
and m such that g is x-growable at m. Each element y with m — x < y < m is adjacent to
exactly one element z such that the edge between them is lengthened by the m-embedding
of K, into K, 4,.

Applying the embedding we obtain a sequence h’ = [hq,...,h,] in K,;,. Each
adjacent pair y, z in g as above becomes a subsequence (y, z+x) or (z+x,y) in h'. Obtain
anew sequence h in K, 1, by replacing each subsequence (y, z + ) with (y,y +x, z +x)
and each subsequence (z + z,y) with (z + =,y + z,y). As there is one pair for each y in
the range m — x < y < m, this adds the elements m + 1, ..., m + x to the sequence and
hence h is a Hamiltonian path in K.
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Now, h has the desired lengths because each pair of adjacent elements in g whose
length was fixed by the embedding are still adjacent in h and each adjacent pair y, z whose
length was not fixed is replaced by a triple whose lengths are the original length and x.
There are x such pairs.

We now show that h is z-growable at m. Let (a,b) be an edge of g and let (a’,d’)
be the corresponding edge of h, obtained by the m-embedding of K, into K, ,. Clearly,
we may assume a < b. Now, let (a”,b”) be the edge obtained from (a’,d’) applying the
m-embedding of K, into K1 2,.

First, suppose £(a’,b’) = {(a,b): we show that £(a”,b") = {(a’,b"). We have to
distinguish three cases and apply Remark 2.1:

< v4+2x

1. Ifd’, b’ <mthena” = a’ = aand b’ = b’ = b: hence, b’ —a" = b—a < 5L

e

2. Ifad/,b/ >mthena =a+z,b =b+x,a” =d +xand b’ = V' + x: hence
_ ) ) +2x
b//—all—b_a§%<%.

3. Ifa’ <m <V thena <mandb>m,soa’ =a,b' =b+xandb—a > §: hence,
7 " __ v+2x
b —a —b+x—a>T.

In each case, by Remark 2.1, we get that £(a”,b") = £(a’, V") = £(a,b).

Now, suppose £(a’,b') # £(a,b). Thenm — x < a < m and b > m. Take the edge
(a + x,b+ x) of h: the corresponding edge (a”, V") by the m-embedding of K, into
K42, is such that a” = a + 2z, " = b + 22, whence b” — a” < %. This implies that
(a”,b") = £(a’,b'). Finally, consider the edge (a,a + x). Note that (a + ) — a =
r <3< ”JFT”:, so the corresponding edge in K42, has length which is increased by the
m~embedding, and this is the unique edge whose length changes. We conclude that h is
z-growable at m.

With similar reasoning, but with many more tedious calculations, one can prove that if
g is 2’'-growable at m/, then h is 2’-growable at m’ if m’ < m and z’-growable at m’ + x
ifm’ > m. O

Example 2.5. Applying the 2-embedding of Ky into K, to the 3-growable realization of
Example 2.3 we obtain the sequence

9—7-6--0—10—1---8---2—11.

Now, following the proof of Theorem 2.4, we insert the vertices 3, 4, 5, replacing the edges
6---0,1---8and 8---2with6 —3---0,1---4 —8and 8 — 5--- 2, respectively. In this
way, the sequence

9-7-6-3---0-10—-1---4—-8—-5---2—11
is a cyclic realization of {1, 22,37, 4}, which is still 3-growable at 2.

Theorem 2.6. Suppose a multiset L has a realization that is {x1, . . ., xx }-growable. Then
the multiset LU{z* 232 . o™ %Y hasa {x1,. ..,z }-growable realization for any
b1, 0a, ..., 0k > 0.

Proof. Repeatedly apply Theorem 2.4. O
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Example 2.7. The sequence
[0,3,6,2,1,13,10,11,14,12,9,8,5,4,7]

is a cyclic realization of L = {1%,2,3%,4}. It is 1-growable at 8 and 9; it is 2-growable at
3; it is 3-growable at 11; and it is 4-growable at 5.

If we apply Theorem 2.4 four times with x = 2 and then three times with z = 3 we get
the sequence

[0,3,5,7,9,11,14,10,8,6,4,2, 1,30, 27,24, 21,18, 19,
22,25,28,31,29,26,23,20,17,16, 13,12, 15],

which is a {1, 2, 3, 4}-growable realization of {14,2,38 4} U {28,3%} = {14,29 317 4}.

Any standard linear realization (and hence any perfect realization) is 1-growable at 0.

Suppose we are investigating multisets that have underlying set U = {1, ..., zx}. Us-
ing Theorem 2.6, a U-growable realization for a multiset L = {z{*,...,z}3"} is sufficient
to cover all multisets M = {z}*,... 2%} with b; > a; for each i and

(b1y...,bk) = (a1,...,ar) (mod (z1,...,2k)).

This means that the task frequently breaks naturally into considering Hle x; cases accord-
ing to congruence modulo (z1, ..., xy).

We conclude this section with two lemmas that allow the expansion of the range of
values for which realizations are growable.

Lemma 2.8. Suppose L has an X-growable realization with 1 € X and K has a Y -
growable perfect linear realization. Then L U K has a (X UY')-growable realization.

Proof. Suppose |K| = k and let g = [g1,...,gr+1] be a Y-growable perfect linear real-
ization of K.

Apply Theorem 2.4 k times with = 1 to the X -growable realization of L to obtain an
X -growable realization of L U {1"} with subsequence m, m + 1, ..., m + k. Replace this
subsequence with g + m to obtain the desired (X UY")-growable realization of LUK. [

It is possible to take Y to be the empty set in Lemma 2.8 to construct an X -growable
realization for L U K.

Lemma 2.9. Suppose L has an X -growable realization with 2 € X. Let y and z be even
(possibly with y = z). Then L U {1¥7*=4 y¥T1 22T has an (X U {y, 2})-growable
realization.

Proof. Apply Theorem 2.4 y+2z—1 times with x = 2 to the X -growable realization of L to
obtain an X -growable realization of LU {22(y+z_1)} with the following two subsequences:

[m,m+2,...,m+2y+2z—2],[m—1,m+1,...,m+2y+2z—3].
The sequence

g=[Ly+1y+223y+3,....v—1,2y—1,2y+2—1,2y + 2z — 1]
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uses the elements
(1,2,...,y—Ly+1Ly+2....2y—1,2y+2—1,2y+22—1}
and has edge-lengths {1¥72,y¥~1, 22}. The sequence
h=1[0,y,2y,2y+2,2y+2z+ 1,2y + 1,2y + 2,2y + 2+ 2,...,2y + 2z — 2]
uses the elements
{0,y,2y,2y +1,...,2y+2—2,2y+ 2,2y + 2+ 1,...,2y + 2z — 2},

and has edge-lengths {1°=2 y2, 2*~1}. The elements used by g and h together are exactly
those used in the two subsequences from the realization of L U {22(+2~1)}, Replace the
two subsequences with g +m — 1 and h + m — 1 respectively to obtain a realization of
LU {1y+zf4’ nyrl, Zerl}-

It is y-growable at m + y — 1 because each t intherange m — 1 <t <m+y —1
isadjacenttot+y >m+y—landtot£1 <m+y —1,and m 4+ y — 1 is adjacent
tom — 1 and m + 2y — 1. It is z-growable at m + 2y + z — 2 because each t in the
rangem + 2y —2 <t <m+2y+z—2isadjacenttot + 2z > m + 2y + z — 2 and to
t+1 < m+2y+2z—2, and m+2y+z—2is adjacent to m+2y—2 and m+2y+2z—2. U

3 Complete solutions for U = {1,2,3} and U = {1,4,5}

Given any fixed set U, we may use growable realizations to try to prove BHR(L) for
all but finitely many multisets L with underlying set U. To do this, divide the problem
into [[, .« cases, corresponding to the possible congruence classes of the number of
occurrences of each element x (mod z). For each case, a finite number—possibly one—
of growable realizations can show that all but finitely many—possibly zero—admissible L
matching these congruence classes has a realization. The finitely many exceptions can
then be dealt with directly. In this section we illustrate this process for U = {1,2,3} and
U=1{1,4,5}.

When U = {1, 2,3}, the BHR Conjecture is already known to hold [2]. However,
the self-contained proof given here in Theorem 3.1 is significantly shorter, which gives an
indication of the power of the method of growable realizations compared to existing tools.

When U = {1, 4,5}, from previous work we know that {1%, 4%, 5¢} is realizable when
a > 11 or when both @ > 7 and b > ¢ [8]. However, the proof of Theorem 3.3 does not
rely on this result.

Theorem 3.1. Let L = {1%,2° 3¢} be an admissible multiset with a,b,c > 1. Then
BHR(L) holds.

Proof. We start with the {1,2, 3}-growable cyclic realizations of {1,2" 3¢} described in
the first part of Table 1, which allow to cover all the 6 possibilities of the congruence
class combinations of (b,¢) (mod (2,3)). Using Theorem 2.6 this proves BHR(L) for
all a,b > 1 and ¢ > 4. To complete the case b + ¢ > 4, we use the {1,2}-growable
realizations for (b, ¢) € {(2,2),(3,1),(3,2),(3,3), (4,1)} from the second part of Table 1
and the 1-growable realization of {1,2, 33}, described in Table 2.

Now, the cases when b 4+ ¢ < 4 can be solved using the 1-growable realizations of
{12,2% 3¢}, described in Table 2. O
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Table 1: {1,2, 3}-growable cyclic realizations for {1,2° 3°}: they are x-growable at m,,.
The congruence classes of (b, ¢) are taken modulo (2, 3).

Classes Realizations (b,c) (m1,m9,ms3) Missing cases
(0,0) [2,4,1,5,3,0,6] (2,3) (5,1,3)

0,1)  [3,6,0,5,2,1,7,4]  (2,4) (2,3,4) c=1

(0,2) [6,5,2,8,1,4,7,0,3] (2,5 (7,5,2) c=2

(1,0)  [8,5,2,3,6,0,7,1,4] (1,6) (1,6,3) c=3

(1,1)  [2,5,1,3,6,0,4] (1,4) (1,3,6) c=1

(1,2)  [6,1,4,7,5,0,3,2]  (1,5) (4,1,2) c=2

0,1)  [0,2,4,1,6,5,3] 4,1) (5,2,3)

(0,2)  [3,1,4,5,2,0] (2,2) (4,1,-)

(1,0)  [7,4,2,0,3,1,6,5]  (3,3) (4,5,2) (b,¢) = (1,3)
(1,1)  [4,2,5,3,1,0] (3,1) (1,3,-)

(1,2)  [2,4,6,5,1,3,0] (3,2) (4,1,2)

Table 2: 1-growable cyclic realizations for {1?,2% 3¢}: they are 1-growable at m.

(a,b,c) Realizations  m; | (a,b,c) Realizations  mq
(1,1,3) [2,5,4,1,3,0] 4 |(2,1,2) [0,3,5,4,1,2] 3
(2,2,1) [3,1,0,5,2,4 1 |(3,1,1) [0,5,4,1,3,2] 4

We now move on to U = {1,4, 5}.

Lemma 3.2. Let L = {1%,4° 5°} be an admissible multiset with a > 2. Then BHR(L)
holds.

Proof. In view of Theorem 1.2(1), we may assume b, ¢ > 1. We start with the {1,4,5}-
growable cyclic realizations of {12, 4% 5¢} described in the first part of Table 4 (note that
in this case b + ¢ > 7). These realizations allow to cover all the 20 possibilities of the
congruence class combinations of (b,¢) (mod (4,5)). Using Theorem 2.6, this proves
BHR(L) foralla > 2,b > 7and ¢ > 1. The case 2 < b < 6 with b + ¢ > 8 can be solved
using the {1,5}-growable cyclic realizations of {12,4% 5¢} provided by Table 4, with the
exception of (b,¢) = (2,4) (mod (4,5)). Furthermore, the same table gives 5-growable
cyclic realizations of {12,4,5°} for ¢ > 7 with ¢ # 1 (mod 5). Note that the multisets
{124, 5°%%6} are not admissible.

To complete the case b + ¢ > 7 we consider the 5-growable cyclic realization of
{12,42 5%} and the 1-growable cyclic realizations of {12,4% 57}, 2 < b < 6, given in
Table 4, as well as the {1, 5}-growable cyclic realization of {13,42 5%} given in Table 3.

To conclude our proof, we use the 1-growable cyclic realizations of {1¢,4° 5°} with
a+b+c=29, described in Table 3. O

Theorem 3.3. Let L = {12,4% 5°} be an admissible multiset with a,b,c > 0. Then
BHR(L) holds.
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Table 3: {1,5}-growable cyclic realizations for {1¢,4% 5¢}, a > 3: they are x-growable at
M.

(a,b,c) Realizations (mqy,ms)
(3,1,6) 1[6,7,2,1,5,0,10,4,9,3,8] (9,4)
(3,2,9) [9,14,0,10,5,4,8,13,3,7,12,2,1,11,6] (3,9)
(3,1,5) [8,3,2,7,1,6,5,0,9,4] (2,-)
(3,2,4) [7,2,6,1,5,0,9,8,3,4] (1,-)
(3,3,3) [3,2,8,4,9,0,5,1,6,7] (8,-)
(3,4,2) 1[6,2,8,7,3,4,9,0,5,1] (7,-)
(3,5,1) [5,6,2,8,9,4,0,1,7,3] (7,-)
(4,1,4) [2,1,6,7,3,8,9,4,5,0] (1,-)
(4,2,3) [7,8,4,9,3,2,1,6,5,0] (4,-)
(4,3,2) 1[9,5,0,6,1,2,3,4,8,7] (4,-)
(4,4,1) 1[0,9,4,3,7,8,2,6,5,1] (8,-)
(5,1,3) [8,3,2,7,6,5,1,0,9,4] (6,—)
(5,2,2) [5,4,9,0,1,2,8,3,7,6] (8,—)
(5,3,1) [4,5,9,8,3,7,6,2,1,0] (2,-)
(6,1,2) [3,4,8,9,0,5,6,7,2,1] (8,-)
(6a271) [8747332317776753())9] (437)
(7,1,1) [3,2,1,0,4,9,8,7,6,5] (8,—)

Proof. By Lemma 3.2 we are left with the case L = {1,4% 5¢} with b,c¢ > 1. The mul-
tiset L is admissible only if b + ¢ > 8. Also, the following multisets are not admissible:
{1,4,5%%+7}, {1,4% 55846} and {1,4%*+! 5}. The {4,5}-growable cyclic realizations
of {1,4%,5¢} described in the first part of Table 5 allow to cover all the 20 possibilities
of the congruence class combinations of (b,¢) (mod (4,5)). Using Theorem 2.6, this
proves BHR(L) for all b > 2 and ¢ > 6. To complete the case b = 1 we use the 5-
growable cyclic realization of {1, 4,51} given in Table 5. Finally, the case ¢ < 5 can be
solved using the 4-growable cyclic realizations of Table 6, as well as the cyclic realization
[0,5,9,4,8,3,7,2,1,6] of {1,43 5°}. O

4 A complete solution for U C {1,2, 3,4}

In this section we prove BHR ({1%,2°,3¢,49}). In view of Theorem 1.2(2) and 1.2(3), we
may assume ¢,d > 1. Also, by Theorem 1.2(4) we have as a starting point that BHR (L)
holds for @ > 3 and also for a = 2 when b > 1. We begin by closing the case a = 2.

Lemma 4.1. Let L = {12, 3,44} be an admissible multiset with c,d > 1. Then BHR(L)
holds.

Proof. First, note that L is admissible only if ¢ + d > 5. The first part of Table 7 collects
{3, 4}-growable cyclic realizations for L in each of the 12 possibilities of congruence class
combinations of (¢,d) (mod (3,4)). Using Theorem 2.6, this proves BHR(L) except in
the following cases: d = 1,2; d = 3and ¢ # 0 (mod 3); d = 4 and ¢ = 1 (mod 3).
So, we prove the validity of BHR(L) for these exceptional cases using the 3-growable
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Table 4: {1, 4, 5}-growable cyclic realizations for {12, 4% 5°}: they are z-growable at m,,.
The congruence classes of (b, ¢) are taken modulo (4, 5).

Classes Realizations (byc)  (mi,ma,ms) Missing cases
0,0) [5,9,1,6,7,2,10,3,8,4, 11, 0] (4,5)  (9,4,5)

(0,1)  [5,9,1,6,2,10,11,3,7,8,4,0] (8,1) (9,3,5) b=4
0,2)  [5,6,1,10,9,0,4,8,12,3,7,2,11] (8,2)  (8,3,5) b=4
(0,3)  [1,11,12,2,7,3,13,4,8,9,5,0, 10, 6] (8,3)  (10,5,6) b=14
(0,4)  [1,6,7,2,9,5,0,10,3,8,4] (4,4)  (9,3,4)

(1,0)  [7,8,3,11,2,10,6,1,5,9,4,0,12] (5,5  (10,6,7) b=1
(1,1)  [10,1,6,2,11,12,3,7,8,4,0,9, 5] 9,1)  (9,3,5) b=1,5
(1,2)  [5,9,13,3,7,8,4,0,10,1,6,2,12,11] 9,2)  (9,3,5) b=1,5
(1,3)  [5,9,2,7,6,1,0,4,8,3,10] (5,3)  (9,3,5) b=1
(1,4)  [0,1,5,9,4,11,3,8,7,2, 10, 6] (5,4)  (10,4,6) b=1
(2,0)  [4,9,13,0,10,5,1,11,6,2,3,8,12,7] (6,5) (1,4,7) b=2
(2,1)  [7,11,1,5,9,10,6,2,12,13,3,8,4, 0] (10,1) (11,3,7) b=26
(2,2)  [1.6,2,9,5,0,10,3,7,8,4] (6,2)  (9,3,5) b=2
(2,3)  [5,9,1,6,2,10,3,7,8,4,11,0] (6,3)  (9,4,5) b=2
(2,4)  [5,6,1,10,9,0,8,4,12,3,7,2,11] (6,4)  (8,4,5) b=2
(3,0)  [1.6,2,8,9,3,7,0,5,4,10] (3,5) (7,10,4)

(3,1)  [10,3,7,8,4,0,1,6,2,9,5] (7,1)  (9,3,5) b=3
(3,2)  [11,3,7,2,10,6,1,0,4,8,9,5] (7,2)  (10,3,5) b=3
(3,3)  [11,12,3,8,4,0,9,5,1,10,2,7, 6] (7,3)  (9,3,6) b=3
(3,4)  [11,12,2,7,6,1,10,0,4,8,3,13,9,5| (7,4)  (9,3,5) b=3
(0,1)  [12,11,3,8,4,0,5,9,1, 10, 2,7, 6] (4,6) _(9,5,6)

(0,2)  [3,13,4,9,10,5,0,1,6,11,7,2,12, §] (4,7)  (12,7,8)

(0,3) [12,2,6,1,11,7,3,13,8,9,14,10,0,5,4] (4,8)  (7,3,4)

(1,1)  [0,5,9,8,4,13,12,3,7,2,11,1,10, 6] (5,6)  (10,5,6)

(1,2)  [4,9,5,1,12,7,2,3,8,13,14,10,0,11,6] (5,7) (1,5,8)

(2,0)  [10,0,5,4,14,9,8,13,3,7,12,2,6,1,11] (2,10) (7,10,4)

(2,1)  [2,7,0,6,1,8,3,4,9,10,5] (2,6)  (1,4,5)

(2,2)  [5,10,11,6,1,9,4,3,8,0,7, 2] (2,7)  (1,4,5)

(2,3)  [5,10,1,6,11,12,7,2,3,8,0,9,4] (2,8)  (1,4,5)

(3,1)  [2,7,0,8,3,4,9,1,5,10,11,6] (3,6)  (1,4,6)

(3,2)  [10,2,7,3,11,12,4,8,0,9,1,6,5] (3,7)  (8,4,5)

(3,3)  [4,9,0,1,10,5,6,11,2,12,7,3,13,8] (3,8)  (3,6,8)

(3,4 [0,5,10,6,1,11,7,2,12,13,3,14,4,9,8] (3,9) (11,7,8)

(1,0)  [11,2,7,12,3,8,13,4,9,10,6,1,0, 5] (1,10) (=,9,4)

(1,2)  [8,3,2,7,1,6,0,10,4,9,5] (1,7 (—4,5)

(1,3)  [6,11,4,9,8,1,2,7,3,10,5,0] (1,8)  (—,5,6)

(1,4)  [5,10,2,7,8,3,11,6,1,0,9,4,12] (1,9)  (—.4,5)

(2,4)  [6,11,2,7,12,3,8,4,5,10, 1,0, 9, 13] (2,90 (—,5,6)

(0,3 [5.0,6,1,7,2,3,9,8,4] 4,3 (4,-.)

(1,2)  [4,8,3,9,5,0,6,7,1,2] (5,2)  (4,—,—)

(2,0)  [9,4,0,5,6,1,7,2,3,8| 2,5  (7,— —)

(2,1)  [9.3,4,0,6,5,1,7,2,8] 6,1)  (6,—, —)

(3,4)  [9,4,5,0,1,6,2,8,3,7] (3,4)  (8,—,—)
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Table 5: {4,5}-growable cyclic realizations for {1,4% 5°}: they are z-growable at m,.
The congruence classes of (b, ¢) are taken modulo (4, 5).

Classes Realizations (b,c)  (mg,ms5) Missing cases
(0,0) [4,9,5,0,1,6,10,3,7,2,8] 4,5)  (3,4)

(0,1) [927310 5,1,0,8,4,11, 6] (4,6) (4,6) c=1

0,2)  [4,9,1,5,0,8,12,11,6,10,2,7, 3] 4,7)  (3,4) c=2

(0,3) [6,10,5,0,9,13,4,8,3,12,7,2,1, 11] (4,8) (5,6) c=3

(0,4)  [3,14,4,9,5,0,10,6,1,11,12,7,2,13,8] (4,9) (7,8) c=14

(1,0)  [6,11,3,8,0,12,7,2,10,5,1,9, 4] (1,10) (4,6) c=5

(1,1)  [4,9,5,0,8,3,12,7,11,10,1,6,2] (5,6)  (3,4) b=1lorc=1
(.2)  [12,3,7,11.2,1,6,10,0,5,9.4. 13, §] (5,7 (6,8) b=1lorc=2
(1,3)  [4,9,10,3,8,2,7,1,6,0,5] (1,8) (3,4) c=3

(1,4)  [10,3,8,1,2,7,0,5,9,4,11, 6] (1,9) (5,6) c=14

(2,0)  [7,2,11,6,1,10,5,0,9,13,12,3,8, 4] (2,10) (3,4) c=5

(2,1) [7,11,2,12,3,8,4,13,9,5,0,1, 10,6} (6,6) (6,7) b=2orc=1
(2,2) [1,6,0,5,10,3,7,2,8,9,4] (2,7)  (3,4) c=2

(2,3)  19,1,2,7,0,5,10,3,8,4,11, 6] (2,8) (5,6) c=3

(2,4)  [9,4,12,3,8,0,1,6,11,7,2,10,5| (2,9)  (4,5) c=4

(3,0)  [4,9,14,3,8,13,2,7,12,1,6,11,10,0,5] (3,10) (3,4) c=5

(3,1) [4,9,3,8 2,6,10,0,5,1,7] (3,6) (3,4) c=1

(3,2) [1,6,10,3,8,4,11,0,7,2,9,5] (3,7  (4,5) c=2

(3,3) [10,5,0,4,9,1,6,11,2,3,8,12,7] (3,8) (6,7) c=3

(3,4)  [11,6,1,2,7,12,3,8,4,13,9,0, 10, 5] (3,9 (4,5) c=4

(1,1) [1,6,10,11,2,7,12,3,8,13,4,9,0,5] (L,11) (9,4

cyclic realizations for the cases (c¢,d) € {(4,1),(5,1),(6,1),(3,2),(4,2),(5,2),(2,3),
(4,3),(4,4)} given in Table 7. The last case left open is L = {12,3,4*}, for which we
take the following cyclic realization: [0, 4,5,1,2,6,3,7]. O

Lemma 4.2. Let L = {1,2% 3°,49} be an admissible multiset, where b > 0 is even and
¢,d > 1. Then BHR(L) holds.

Proof. Suppose first d > 5. We start with the {2, 3, 4}-growable cyclic realizations of
{1, 3¢, 4d} described in the first part of Table 8 (note that in this case ¢ + d > 6). These
realizations allow to cover all the 12 possibilities of the congruence class combinations of
(¢,d) (mod (3,4)). Using Theorem 2.6 this proves BHR(L) except when ¢ = 1 and d # 2
(mod 4). So, suppose ¢ = 1. Table 8 also gives {2, 3, 4}-growable cyclic realizations for
d = 7,8, proving the validity of BHR(L) for b > O even, ¢ = 1 and d = 0,3 (mod 4).
Hence, we may assume d = 1 (mod 4). Note that the multiset L = {1,3,4***5} does
not satisfy the necessary condition, as 4k + 5 > v — 4 = 4k + 4. On the other hand, a
{2, 3, 4}-growable cyclic realization of {1,22,3,4°} is given in Table 9.

Next, we consider the cases 1 < d < 4. Table 8 provides {2, 3}-growable cyclic
realizations for {1,36,4‘1}, in the following cases: d = land 5 < ¢ < 7; d = 2 and
4 <c¢c<6;d=3,4and 3 < ¢ < 5. It also provides a 2-growable cyclic realization
for the multiset {1,32,4%}. This completes the analysis for the admissible multisets with
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Table 6: 4-growable cyclic realizations for {1, 4% 5°}: they are 4-growable at m.

(b,c)  Realizations my
(4,4) [7,3.8,4,9,0,5,1,6,2] 4
(5,3)  1[9,4,8,3,7,2,6,0,1,5] 4
(5,4) [9,10,3,7,1,5,0,6,2,8,4] 3
(5,5) [4,8,9,1,6,11,3,7,2,10,5,0] 3
(6,2) [7,3,8,4,0,9,5,1,6,2] 5
(6,3) [2,6,1,7,0,4,8,3,10,9, 5] 3
(6,4) [5,6,1,9,4,0,8,3,11,7,2, 10] 3
(6,5) [5,10,6,1,9,0,4,8,12,11,3,7,2] 4
(7,1) [7,3,9,4,8,2,6,0,1,5] 4
(7,2) [8,4,0,10,3,7,1,6,2,9,5] 4
(7,3)  [4,8,0,1,5,9,2,6,11,7,3, 10] 7
(7,4)  [8,3,12,0,4,9,5,1,10,2,6,11,7] 6
(7.5)  [5,10,0,9,13,4,8,7,3,12,2,6,1,11] 4
(8,1) [7,3,10,0,4,8,1,6,2,9,5] 3
(8,2) [4,8,0,5,9,1,6,2,10,11,3,7] 3
(8,3)  [6,10,11,2,7,3,12,8,4,0,5,9,1] 5
(9,2) [4,9,8,12,3,7,11,2,6,10,1,5,0] 3
(10,1) [6,10,1,5,9,0,4,8,12,11,2,7, 3| 3

b = 0. Now, Table 9 gives 2-growable cyclic realizations for the multiset {1, 22, 3¢, 49}
when (¢, d) € {(1,3), (1,4), (2,2), (2,3), (3,1), (3,2), (4, 1)}, that is with 4 < c+d < 5.
This completes the analysis for the admissible multisets with b = 2. Finally, Table 9 also
gives 2-growable cyclic realizations for the multiset {1, 2%, 3¢, 4%} for each (c, d) in the set
{(1,1),(1,2),(2,1)}, concluding our proof. O

Lemma 4.3. Let L = {1,2% 3¢,4%} be an admissible multiset, where b > 1 is odd and
¢,d > 1. Then BHR(L) holds.

Proof. The first part of Table 10 gives {2,3,4}-growable cyclic realizations for
{1,2,3¢,44} for each of the 12 possibilities of congruence class combinations of (c, d)
(mod (3,4)). Note that ¢ + d > 5. Using Theorem 2.6, this proves BHR(L) except for
the following cases: d = 1,2; d =3 andc # 0 (mod 3); d =4andc =1 (mod 3). So
we prove the validity of BHR(L) for these exceptional cases using {2, 3}-growable cyclic
realizations for {1,2,3¢ 49} and a 2-growable cyclic realization for {1,2,3,4*}, which
can be found in Table 10.

To conclude the proof we have to consider the cases when ¢ + d < 4. Table 10
also provides 2-growable cyclic realizations for {1,23 3¢ 49} when (c,d) is in the set
{(1,2),(1,3), (2,1), (2,2), (3, 1)}, and for {1,253, 4}. O

Lemma 4.4. Let L = {2° 3¢ 49} be an admissible multiset, where b > 1 is odd and
¢,d > 1. Then BHR(L) holds.
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Table 7: {3,4}-growable cyclic realizations for {12, 3¢,49}: they are z-growable at m,.

The congruence classes of (¢, d) are taken modulo (3, 4).
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Missing cases

(mg, m3,my)

(¢, d)
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Realizations

Classes

Table 8: {2, 3, 4}-growable cyclic realizations for {1, 3¢,49}: they are x-growable at m,,.

The congruence classes of (¢, d) are taken modulo (3, 4).
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(b, ¢, d)

Realizations

Classes

Table 10: {2,3,4}-growable cyclic realizations for {1,2% 3¢, 49}, with b > 1 odd: they
are z-growable at m,.. The congruence classes of (¢, d) are taken modulo (3,4).
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Proof. The first part of Table 11 gives {2, 3, 4}-growable cyclic realizations for {2, 3¢, 44}
in each of the 12 possibilities of congruence class combinations of (¢,d) (mod (3,4)).
Note that ¢ + d > 6. Using Theorem 2.6, this proves BHR(L) except for the following
cases: d = 1,2,3;d = 4,5and ¢ = 2 (mod 3); ¢ = 1l and d = 0,1 (mod 4). Next,
we consider the case ¢ > 2 and 1 < d < 5, using {2, 3}-growable cyclic realizations for
{2,3¢,4%}. For the exceptional case {2, 3% 4%} we use a 2-growable cyclic realization.
Now we complete the case ¢ > 2: Table 11 also provides 2-growable cyclic realization
for the multisets {23, 3¢, 49} when (c, d) € {(2,2),(2,3),(3,1),(3,2), (4,1)}, and for the
multiset {2°, 32, 4}.

Finally, we assume ¢ = 1. Note that the multiset {2, 3,445} does not satisfy the
necessary condition. For the multisets {2,3,4% %8} we use the 4-growable realization
[2,6,10,3,7,4,0,9,5,1,8] of {2,3,4%}. Table 11 gives {2, 4}-growable cyclic realiza-
tions for the multisets {23, 3,4%} and {23, 3,45} it also gives 2-growable cyclic realiza-
tions for the multisets {23, 3,43}, {25, 3,4} and {2°, 3,4%}. O

Theorem 4.5. Let L = {1%,2° 3¢, 4} be an admissible multiset with a, b, c,d > 0. Then
BHR(L) holds.

Proof. By Theorem 1.2(2)—(4) we may assume 0 < a < 2 and ¢,d > 1. If a = 2 the
result follows from Theorem 1.2(4) and Lemma 4.1. Suppose now a = 1. If b is even we
apply Lemma 4.2, otherwise we apply Lemma 4.3. Finally, assume a = 0. By [5] we may
assume b > 1. If b is odd we apply Lemma 4.4 and so, we may also assume b > 2 is even.

We start with the {2, 3, 4}-growable cyclic realizations of L = {22, 3¢, 4%} for each
of the 12 possibilities of congruence class combinations of (¢,d) (mod (3,4)) described
in the first part of Table 12. Note that ¢ + d > 5. Using Theorem 2.6, this proves
BHR(L) except for the following cases: d = 1,2; d = 3 and ¢ # 0 (mod 3); d = 4
and ¢ = 1 (mod 3). For these exceptions, Table 12 also gives {2, 3}-growable cyclic real-
izations when (¢, d) € {(4,1),(5,1),(6,1),(3,2), (4,2),(5,2),(2,3),(4,3),(4,4)} and a
2-growable cyclic realization for {22, 3,44},

We are left to the cases ¢ + d < 4. This table also provides a 2-growable cyclic
realization for the multiset {24, 3¢, 49} when (c,d) € {(1,2),(1,3),(2,1),(2,2),(3,1)},
and for the multiset {25, 3, 4}. O

The success in proving these small cases leads us to make the following conjecture,
which says that the method of the previous section and this one is always successful.

Conjecture 4.6. For any fixed set U, there is a finite set of growable realizations with un-
derlying set U that implies the existence of realizations for all but finitely many admissible
multisets L that have underlying set U.

If Conjecture 4.6 is true, then the BHR Conjecture for any given underlying set can be
proved with a finite set of realizations.

5 A partial solution for U = {1, z, 2z}

In previous sections we have seen how it is possible to completely prove the BHR Con-
jecture for a fixed U by the construction of one or more base case realizations for each of
[I,cu x cases. In this section we develop ways to produce general results with fewer base
cases.
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Table 11: {2, 3, 4}-growable cyclic realizations for {2°, 3¢, 49}, with b > 1 odd: they are

x-growable at m,,. The congruence classes of (¢, d) are taken modulo (3, 4).
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{1%,2°, (22)°}

—24-¢/2. When z is even, this covers many instances

not covered by Theorem 1.2(8). When z is odd, the instances covered are all new.

Our main goal is Theorem 5.10, which says that BHR(L) holds for L

and b > 5z

—2, ciseven,

whena > x

Lemma 5.1. Suppose L has an X-growable realization and take x € X. Take i with

{23720 (22)*"} has an X -growable realization.

1<i¢<xz Then LU
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Missing cases

(mQa ms, m4)

(b, ¢, d)
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Classes

Table 12: {2, 3, 4}-growable cyclic realizations for {2°, 3¢, 47}, with b > 2 even: they are

x-growable at m,. The congruence classes of (¢, d) are taken modulo (3, 4).
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if the original realization is y-

m—z+1lm+1l,m+1+z,m+1+ 2z

[m,m+x,m+2z,m+3z],[m—1,m—-—14z,m—14+2z,m—1+3z],..

These operations do not interfere with growability:
growable at m’, then the new realization is y-growable at m/ if m’ < m and at m’ + 3z

become [m, m + 2z, m + x, m + 3z]). Each time we perform this operation we obtain a
subsequence with differences {x, (27)2} instead of {x3}. After performing it i times the

sequences and in each switch the middle two elements (so, for example, the first would
new differences are {37 ~2% (2x)%}.

Proof. Apply Theorem 2.4 three times to the x-growable realization of L to obtain an X -
appearing, possibly reversed. Each subsequence has differences {z:3}. Take i of the sub-

growable realization of L U {x3*} with each of the subsequences
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otherwise. O

Let L = {1%,2° (22)°}. When z = 1 or 2 BHR(L) follows from Theorem 1.2(1)
or 1.2(2) respectively, so z = 3 is the first open case. We treat the x = 3 case first both
as an illustration of the general method and because some of the later constructions require
T > 3.

Lemma 5.2. Let L = {12,3% 6°}. If c is even and b > 13 + ¢/2, then BHR/(L) holds; if
cisoddand b > 18 + (¢ — 1) /2, then BHR(L) holds.

Proof. By Theorem 1.2(1) we may assume that a, b, ¢ > 1. The multiset L is not admissible
whena=1landb+c=1 (mod 3).
Table 13 gives {1, 3}-growable realizations for

(a,b,¢) € {(2,4,0),(1,5,0),(1,6,0),(1,10,1),(1,11,1),(2,9,1) }.

First we use Lemma 5.1 along with the realizations of Table 13 to obtain a {1, 3}-growable
realization of L/ = {1%,3" 6} with ' € {1,2}, ¥ = b (mod 3) and ¢ < 5 such
that ¢’ = ¢ (mod 6). We have to distinguish cases according to the congruence class of ¢
modulo 6.

Table 13: {1, 3}-growable realizations of {1?,3% 6°}. Where they are 1- or 3-growable is
indicated by (my,ms).

name realization (a,b,¢)  (mq1,ms3)
g [6,5,1,4,0,3,2] (2,4,0)  (4,2)
g2 [3,0,6,2,5,1,4] (1,5,0)  (5,2)
gs [5,2,7,0,3,6,1,4] (1,6,0) (6,2)
g:r  [2,12,9,6,3,0,10,7,4,5,8,1, 11] (1,10,1) (3,5)
gs  [5,2,13,10,7,8,11,0,3,6,9,12,4,1] (1,11,1) (6,8)
g6 [9,6,3,0,10,7,8,11,1,4,5,12,2] (2,9,1)  (6,8)

When c is even, we start with g1, g2 or gs. If ¢ = 0 (mod 6), then start by taking g1,
g2 or gz according to whether b is congruent to 1,2 or 0 (mod 3) respectively. If ¢ = 2
(mod 6), then start by taking g1, g2 or gs according to whether b is congruent to 2,0 or 1
(mod 3) respectively and apply Lemma 5.1 with ¢ = 1. If ¢ = 4 (mod 6), then start by
taking g1, g2 or gs according to whether b is congruent to 0,1 or 2 (mod 3) respectively
and apply Lemma 5.1 with ¢ = 2.

When ¢ is odd, we start with g4, g5 or g¢. If ¢ = 1 (mod 6), then start by taking g4,
g5 or gg according to whether b is congruent to 1,2 or 0 (mod 3) respectively. If ¢ = 3
(mod 6), then start by taking g4, g5 or g¢ according to whether b is congruent to 2,0 or 1
(mod 3) respectively and apply Lemma 5.1 with ¢ = 1. If ¢ = 5 (mod 6), then start by
taking g4, g5 or g according to whether b is congruent to 0,1 or 2 (mod 3) respectively
and apply Lemma 5.1 with ¢ = 2.

In each case we obtain the required realization of L’. Next, apply Lemma 5.1 (¢—¢')/6
times with z = i = 3 to obtain a {1, 3}-growable realization of {1%", 3" +(c=¢)/2 gc},
Finally, complete to the required realization using a — a’ applications of Theorem 2.4 with

xr=1and b_Tbl — C_TC/ applications with x = 3.
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When c is even, the method requires up to six 3’s in the g;, up to seven 3’s to adjust the
congruency class of the number of 6’s, and then ¢/2 3’s to obtain the correct number of 6’s.
Hence it always works for b > 6474 ¢/2 = 13+ ¢/2. When ¢ is odd, the method requires
up to eleven 3’s in the g;, up to seven 3’s to adjust the congruency class of the number of
6’s, and then up to (¢ —1)/2 3’s to obtain the correct number of 6’s. Hence it always works
forb>11+7+(c—1)/2=18+(c—1)/2. O

Example 5.3. Let L = {13,3'®,6'°}. Since b = 0 (mod 3) and ¢ = 4 (mod 6), we start
applying Lemma 5.1 with ¢ = 2 to g;. In this way we obtain the realization

[15,14,1,7,4,10,13,0,6,3,9,12,11,8, 5, 2|

of the multiset {12,3°,6*}. Now we apply Lemma 5.1 once with i = z = 3 to this new
multiset and we get a realization of {12, 312 610}:

[24,23,1,7,4,10,16,13,19,22,0,6,3,9, 15,12, 18,21, 20,17, 14, 11,5, 8, 2].

We now apply Theorem 2.4 twice with 2 = 3 to get a realization of {12, 38,619} and then
once with z = 1 to get a realization of L:

31,30, 1,4,7,13,10, 16, 22, 19, 25, 28, 29,0, 3,6, 12,
9,15,21,18,24,27,26,23,20,17,11, 14, 8,5, 2].

To use the method of proof of Lemma 5.2 for z > 3 we require {1, z }-growable realiza-
tions for {1¢, z%} for a as small as possible and for a b in each congruence class modulo z.
Lemmas 5.4, 5.6 and 5.8 provide these. Each of the constructions has at least one subse-
quence consisting of multiple instances of pairs [¢,t + ], triples [t,t 4+ z, ¢ + 2z] or their
reverses; we indicate these pairs and triples with underbraces to help illuminate the overall
structure.

Lemma 5.4. Let v > 4. The multisets {171, 21}, {1772 22} and {1*~2, 2%*} have
{1, x}-growable realizations.

Proof. First, we cover {171 z*+1} in which case v = 2z + 1. When z is even, the
sequence

[L,z+1,0,2z, 2,2 — 1,22 — 1,20 — 2,20 — 2,2 — 3,20 — 3,...,x + 2, 2]
——

has edge-lengths [z,x,1,2,1,2,...,1,z] and so realizes {1*~%, 2®"1}. It is 1-growable
at 1 and z-growable at x. When z is odd, the sequence

[x,2+1,1,0,2z,2 — 1,20 — 1,2 — 2,20 — 2,20 — 3,2 — 3,z — 4,22 — 4,...,x + 2,2]
——

has edge-lengths [1,x,1,1, 2,2, z,2,1,x,...,1, 7] and so realizes {171, 2 *1}. Tt is 1-
growable at 2 — 1 and z-growable at x.
Next, consider {1*2, 2*+2} and so v = 2z + 1. When z is even, the sequence

[z,22,0,z+1,1,2 4+ 2,2,3, 24+ 3,2+ 4,4,5,x+5,...,0. — 1,2z — 1]
—_——— —— —— —_———
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has edge-lengths [z, 1,2, z,2,2,1,2,1,2,...,1,2] and so realizes {1772, 2*+2}. It is
1-growable at 1 and x-growable at . When z is odd, the sequence

0,z,2 —1,2z,22 — 1,2 — 2,20 — 2,2 — 3,2x — 3,2¢ —4,x — 4,0 — 5,20 — 5,...,

x4+ 1,1]
——
has edge-lengths [z,1, 2,1, 2z, 2, 2,2, 1,2,1,,...,1,2] so this realizes {1°=2 2°T2}. It
is 1-growable at 2o — 2 and z-growable at z — 1.
Finally, consider {1~2, 22*} and so v = 3z — 1. When x is even, the sequence

0,2,22,2c+ 1,z +1,1,2,x + 2,204+ 2,...,0 — 4,20 — 4,3z — 4,
——
x—3,2x — 3,20 — 2,z —2,3x — 3,3x — 2,z — 1,2z — 1]

has edge-lengths [z, z,1,z,2,1,...,1, 2,2, z,2,1,2,x, 1, z, z] and so realizes {1°~2, 22},
It is 1-growable at 3x — 4 and x-growable at z — 1. When « is odd the sequence

Bx—2,2— 1,22 — 1,2z,2,0, L,z + 1,2z + 1,2c + 2,2+ 2,2,...,
——

x—4,2x —4,3x — 4,2 — 3,20 — 3,20 — 2,z — 2,3z — 3]

has edge-lengths [z, z, 1,2, z,1,2,2,...,1, 2, 2,7, 2,1, 7, 2] and so realizes {172, 227},
It is 1-growable at 3z — 4 and x-growable at x. O

Example 5.5. Let = 8. Lemma 5.4 gives the {1, 8}-growable realizations
[1,9,0,16,8,7,15,14,6,5,13,12,4,3,11, 10, 2],

8,16,0,9,1,10,2,3,11,12,4,5,13,14,6,7, 15],
[0,8,16,17,9,1,2,10,18,19,11,3,4,12,20,5,13, 14,6, 21, 22, 7, 15|

of {17,8%}, {16,810} and {16,816} respectively.
Let x = 9. Lemma 5.4 gives the {1, 9}-growable realizations

9,10,1,0,18,8,17,7,16,15,6, 5, 14, 13, 4,3, 12,11, 2],

0,9,8,18,17,7, 16,6, 15,14, 5,4, 13, 12,3, 2, 11,10, 1],

25,8,17,18,9,0,1,10,19,20,11,2,3,12,21,22,13,4, 5, 14, 23,6, 15, 16, 7, 24]
of {18,910} {17 91} and {17, 98} respectively.

Lemma 5.6. Let x > 4 be even. There is a {1,z }-growable realization for {1°=2 %}
forbinrange x +3 < b < 2x — 1.

Proof. We consider odd b and even b separately, starting with odd b.
Take 7 in the range 0 < r < (x — 4)/2. Write x = 2r + 2s + 4 for some s > 0. We
construct a realization for

L _ {12T+2S+2’ {I?4T+2S+7} _ {11—2’ (E$+2T+3}.

We have v = (2r + 25 +2) + (4r + 25+ 7) + 1 = 67 + 4s + 10.
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We build the required realization by concatenating three sequences. First:

[2r +1,4r4+2s+5,4r+2s4+6,2r +2,2r +3,4r +2s+17,...,

dr + 4s + 6,2r 4+ 2s + 2],

which has 2s + 2 pairs and produces edge-lengths {125*1 225+2}  Second:

[6r + 4s + 8,4r + 25 +4,2r,2r — 1,4r + 25+ 3,6r + 4s + 7,

6r+4s+6,4r+2s+2,2r —2 ... 4r +4s + 8,2r + 2s + 4, 0],

which has 27 + 1 triples and produces {127, 2*"*+2}. Third:
[6r +4s+9,2r 4+ 25+ 3,4r + 45 + 7]

which produces {2?}.
Upon concatenation we have a difference of = where the first and second sequences
join and a difference of 1 where the second and third join. Hence we have a realization of

L= {12S+17ZC2S+2} U {12T,$4T+2} U {x2} U {1790} _ {195—2’ xw+2r+3}.

Itis 1-growable at v—2 = 67 +4s+8: when embedding with m = 6r+4s+8, the only
lengthened edge is (2r+2s+2, 6r+4s+8). Itis x-growable at z — 1 = 2r+2s+3: when
embedding with m = 2r 4 2s + 3 the lengthened edges are (i,¢ + «) for 0 < i <z — 1.

For the case with b even, first note that when x = 4 there are no values of b to be
considered. Let > 6 be even and take r in the range 0 < r < (x — 6)/2. Write
T = 2r + 2s + 6 for some s > 0. We construct a realization for

L= {127'+25+47x47'+23+10} _ {1:1;—27xx+27'+4}.

We have v = (2r 4+ 2s +4) + (4r + 2s + 10) + 1 = 6r + 4s + 15.
We build the required realization by concatenating three sequences. First:

[4r + 25+ 11,2r 4+ 5,2r + 6,4r + 25 + 12,

dr 4+ 2s+13,2r+7,...,4r +4s+ 11,2r + 2s + 5,

which has 2s + 1 pairs and produces the edge-lengths {125, 225+1}, Second:

[2r + 25+ 6,4r +4s + 12,4r + 45 + 13,2r + 25 + 7,1,4r + 2s + 10,
2r +4,2r 4+ 3,4r + 25 + 9, 0]

which produces {12, z7}. Third:

[6r +4s+ 14,4r + 25+ 8,2r +2,2r + 1,4r + 25 + 7,60 + 4s + 13,

6r +4s+12,4r +2s+6,2r,...,4r + 4s+ 14,2r + 25 + 8, 2],
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which has 27 + 1 triples and produces {127, 2472},
Upon concatenation we have a difference of 1 at each of the joins. Hence we have a
realization of

L = {1257$25+1} U {12’ 337} U {127“, x4r+2} U {12} — {1x—27xz+2r+4}.

Itis 1-growable at 1: when embedding with m = 1, the only lengthened edge is (1, 2r+
2s + 7). Itis z-growable at = = 2r + 2s + 6: when embedding with m = 2r + 2s + 6 the
lengthened edges are (i,7 + x) for 1 < < z. O

Example 5.7. To construct a {1, 8}-growable realization of {1°,813} using the proof of
Lemma 5.6 we take = s = 1 to obtain

[3,11,12,4,5,13,14,6,18,10,2,1,9,17,16,8,0, 19, 7, 15],

which is 1-growable at 18 and 8-growable at 7.
To construct a {1, 10}-growable realization of {18,106} we take 7 = s = 1 to obtain

[17,7,8,18,19,9,10,20,21,11,1,16,6,5,15,0,24,14,4,3,13,23,22,12, 2]
which is 1-growable at 1 and 10-growable at 10.

Lemma 5.8. Let x > 5 be odd. There is a {1, z}-growable realization for {1°=2 x%} for b
inrange x +3 < b < 2x — 1.

Proof. The constructions are similar to those of Lemma 5.6 in that they each are built from
the concatenation of three sequences and we need to consider odd and even b separately.
We start with odd b.

Take r in the range 0 < r < (z — 5)/2. Write x = 2r + 2s + 5 for some s > 0. We
construct a realization for

I = {127*+25+37 (27“ 425+ 5)4r+25+9} _ {1z—2"rx+2r+4}.

Wehavev = (2r +2s+3) + (4r +2s+9) + 1 = 6r + 4s + 13.
The first sequence is

[6r +4s +10,4r + 25 +5,2r,2r — 1,4r + 25+ 4,6r +4s + 9,

6r+4s+8,4r+2s+3,2r —2,...,4r +4s+10,2r 4+ 2r + 5,0].

There are 2 + 1 triples, so this sequence produces edge-lengths {1%", 247+2}. The second
sequence is

[6r +4s+12,2r 4+ 25 +4,4r + 45+ 9,4r + 45 + 8,2r + 25 + 3,60 + 4s + 11].

This has internal differences [2r + 2s + 5,2r +2s+ 5,1, 2r + 25+ 5,2r + 2s + 5] and so
produces {1, x*}. The third sequence is

[Ar+2s+6,2r+1,2r+24r+2s+7,4r +2s+8,2r +3,...,

2r +2s+2,4r +4s + 7).
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There are 25 + 2 pairs, so this sequence produces {121 2252},

Upon concatenation, we have a difference of 1 generated where the first and second
sequences join and a difference of 2 4+ 2s + 5 = = where the second and third join. Hence
we have a realization of

I = {12r7x4r+2} U {1, 334} U {128+1,$23+2} U {1737} — {13:—2’xx+2r+4}.

The realization is 1-growable at v — 2 = 6r 4+ 4s 4+ 11: when embedding with m =
6r + 4s + 11, the only lengthened edge is (2r 4+ 2s + 3,61 + 4s + 11). It is z-growable at
x — 1 = 2r + 2s + 4: when embedding with m = 2r + 2s + 4 the lengthened edges are
(i,i+x)for0<i<z—1.

Moving to even b, take 7 in the range 0 < r < (x — 5)/2 and write z = 2r +2s + 5
for some s > 0. We construct a realization for

L = {12r+2s+3’ (27, 4925+ 5)4r+2s+8} _ {1x727xz+2r+3}‘

We have v = (2r + 25 +3) + (4r +2s + 8) + 1 = 6r + 4s + 12.
The first sequence is

[Ar +2s+6,2r +1,2r+2,4r +2s+7,4r +2s+8,2r + 3,...,

dr +4s +8,2r +2s + 3].

There are 25+ 3 pairs, so this sequence produces edge-lengths {12572 72573}, The second
sequence is the same as the first sequence of the previous construction:

[6r +4s + 10,4r 4+ 25 + 5,27, 2r — 1,4r + 25 + 4,6r + 4s + 9,

6r +4s+8,4r +2s+3,2r — 2,...,4r + 4s + 10, 2r + 2r + 5,0].

As before, there are 2r + 1 triples, so this sequence produces {12",2%"*2}. The third
sequence is
[6r +4s+11,2r + 2s + 4,4r + 4s + 9]

which has internal differences [2r + 2s + 5, 2r 4 2s + 5] and so produces {z?}.

Upon concatenation, we have a difference of 2r + 2s + 5 = x generated where the first
and second sequences join and a difference of 1 where the second and third join. Hence we
have a realization of

L = {12S+2,$25+3} U {12r7$4r+2} U {.132} U {Lx} — {11—27 xm+2r+3}.

The realization is 1-growable at v — 2 = 6r + 4s + 10: when embedding with m =
6r + 4s + 10, the only lengthened edge is (2r + 2s + 3, 67 + 4s + 10). It is z-growable at
x — 1 = 2r + 2s + 4: when embedding with m = 2r + 2s + 4 the lengthened edges are
(i,i+z)for0<i<z—1. O

Example 5.9. To construct a {1, 13}-growable realization of {111, 13?1} using the proof
of Lemma 5.8 we take 7 = s = 2 to obtain

[30,17,4, 3,16, 29, 28,15, 2,1, 14, 27, 26, 13,0,
32,12,25,24,11,31,18,5,6,19,20,7, 8,21, 22,9, 10, 23],
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which is 1-growable at 31 and 13-growable at 12.
To construct a {1, 13}-growable realization of {17, 9%} we take r = s = 1 to obtain

[12,3,4,13,14,5,6,15,16,7,20,11,2,1,10,19,18,9,0, 21,8, 17]
which is 1-growable at 20 and 9-growable at 8.

We can now prove the main result of the section.

Theorem 5.10. Let L = {1%, 2%, (22)}. Ifa > x — 2, cis even and b > 5x — 2 + ¢/2,
then BHR(L) holds.

Proof. If x < 2, then BHR(L) holds without restriction and the case = 3 is covered
in Lemma 5.2, so assume x > 4. We follow the method of proof of Lemma 5.2, with
Lemmas 5.4, 5.6 and 5.8 providing the realizations to get started.

Take 4 in the range 0 < ¢ < ¢/2 such that 2i = ¢ (mod 2z).

To construct the required realization for L, start with the realization of {1“/7 xb/} that
has b’ = b+ 2i (mod ) given by Lemma 5.4, 5.6 or 5.8. So ¢’ = x — 2, except when
b+ 2i =1 (mod z) and admissibility forces us to use ' = = — 1.

If ¢ £ 0 (mod 2z), then apply Lemma 5.1 using ¢ to give a realization whose number
of occurrences ¢’ of 2z differs from ¢ by a multiple of 22 and whose number of occurrences
of z differs from b by a multiple of z. (If ¢ = 0 (mod 2x), then this is already the case.)

Apply Lemma 5.1 a further (¢—c¢’) /2 times with ¢ = x to obtain a {1, 2:}-growable re-
alization of {1, z%", (2z)¢} where b” = b (mod z). Complete to the required realization
using the appropriate number of applications of Theorem 2.4 with 1 and x.

The method requires up to 2x occurrences of z in the initial realization, up to 3z — 2
occurrences of x to adjust the congruency class of the number of occurrences of 2z, and
¢/2 occurrences of x to obtain the correct number of occurrences of 2x. Hence it always
works forb > 22+ 32z — 2+ ¢/2 =5z — 2 + ¢/2. O

When c is odd, we are not aware of any reason why the same approach will not work.
However, without new ideas, it will take more work to get weaker results than in the even
case. This is because the starter realizations now need to be for {1772 2% 2z}, which
means that we must have v > 4z, compared to the constructions here which all have
v < 3z. As well as being larger, using the same approach as Lemmas 5.6 and 5.8 would
probably take more cases to cover all required values of b. Some of these issues are already
apparent in Lemma 5.2.

Lemma 5.1 can be thought of as combining the notion of growability with that of a
particular perfect realization. This can be generalized to other perfect realizations, which
we now do.

For a multiset L, define sL = {sy : y € L}. When we apply Theorem 2.4 k times to
an x-growable realization we produce a realization with the x subsequences

[m+1—z,m+1m+1+x,....m+1+(k—1zx]+t

for 0 < ¢ < x — 1. If we have a perfect linear realization of length k£ of a multiset L,
then we can multiply each element by x to get a sequence that realizes « L and then take a
translate of it to replace a subsequence of the above form.

Lemma 5.1 uses this process with the perfect linear realization [0, 2, 1, 3] of {1,22}. In
general the approach gives the following lemma.



M. Ollis et al.: Growable realizations: a powerful approach to the Buratti-Horak-Rosa ... 593

Lemma 5.11. Let L have an X-growable realization with x € X. Let Ly,...,L, be
multisets of size k — 1 that have perfect linear realizations. Then

LUxliU---UxL,
has an X -growable realization.

If we use the perfect linear realization [0, 1] of {1} in Lemma 5.11, then we end up
back at Theorem 2.4.

Example 5.12. Letx > 3. In this section we have constructed {1, z:}-growable realizations
of the multisets {171, x*+1} and {1772,2%} forz + 2 < b < 2z. Let¢,d,e, f,g > 0
withc+d+e+ f+ g = 0 (mod x). Take ¢ copies of the perfect linear realization
[0,1,2,3,4,5] of {15}, d copies of the perfect realization [0,2,1,3,4,5] of {13,22}, e
copies of the perfect linear realization [0, 3, 1, 2,4, 5] of {12,22, 3}, f copies of the perfect
linear realization [0, 3, 1,4, 2, 5] of {22,33}, and g copies of the perfect linear realization
[0,2,4,1,3,5] of {2%,3}. Lemma 5.11 proves BHR(L) for

L = {1a xb+5c+3d+2e (21,)2d+2e+2f+4g (31‘)6+3f+g}
fora>xz—2andb>x+ 1.
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Abstract

The index of a signed graph is the largest eigenvalue of its adjacency matrix. We estab-
lish the first few signed graphs ordered decreasingly by the index in classes of connected
signed graphs, connected unbalanced signed graphs and complete signed graphs with a
fixed number of vertices.
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1 Introduction

A signed graph G is a pair (G, o), where G = (V, E) is an unsigned graph, called the
underlying graph, and o: E — {1, —1} is the sign function or the signature. The number
of vertices of G is called the order and denoted by n. The edge set of G is composed of the
subset £ of positive edges and the subset £~ of negative edges. We interpret an unsigned
graph as a signed graph with the all positive signature, that is the signature which assigns
1 to every edge.

The adjacency matrix A, of G is obtained from the standard adjacency matrix of its
underlying graph by switching the sign of all 1’s which correspond to negative edges. The
eigenvalues of G are identified to be the eigenvalues of its adjacency matrix; they form
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the spectrum of G. The largest eigenvalue of G is called the index and denoted by A1 (or
A(G)). | | |

If S is a set of vertices of G, the switched signed graph G is obtained from G' by
reversing the signs of the edges in the cut [S, V(G) \ S]. The signed graphs G and G are
said to be switching equivalent. The switching equivalence is an equivalence relation that
preserves the eigenvalues, and the switching class of G is denoted by [G]

A signed graph is said to be balanced if it switches to the signed graph with all positive
signature. Otherwise, it is said to be unbalanced. Equivalently, G is balanced if every cycle
contained in G is balanced [15].

Ordering of unsigned graphs by the largest eigenvalue of some associated matrix has
received a great deal of attention in literature. Many results can be found in [12]. More re-
cently, there has been a growing interest for extremal problems in the framework of signed
graphs. For instance, in [9] Koledin and the second author studied connected signed graphs
of fixed order, size and number of negative edges that maximize the index. In the wake
of that paper, signed graph maximizing the index in suitable subsets of complete signed
graphs have been studied in [2]. Let 4, (resp. *8,,) denote the class of unbalanced uni-
cyclic (resp. bicyclic) signed graphs of order n. Akbari et al. [1] determined the signed
graphs attaining the extremal indices in ,,. Some of the same authors studied in [10]
signed graphs achieving the maximum index among signed graphs in {,, of fixed girth.
The first five largest indices among signed graphs in B,, with n > 36 are detected by He
et al. [8]. Signed graphs in 4, and ®B,, with extremal spectral radius were identified in [4].
Finally, extremal graphs in {,, and ‘B,, with respect to the least Laplacian eigenvalue were
studied in [5] and [3], respectively.

In [6] we determined the unbalanced signed graph with largest index, for every order
n. In this paper we continue this research by presenting a general method for ordering the
signed graphs with a fixed number of vertices by their index. We demonstrate the method
by determining the first few signed graphs ordered by the index in the class of connected
signed graphs, or connected unbalanced signed graphs, or complete signed graphs with n
vertices.

The paper is organized as follows. Section 2 contains a preliminary setting related to
the graphical representations of signed graphs in this paper along with terminology, nota-
tion, a few known results and the proofs of two preliminary lemmas. The main result that
provides the subsequent orderings is formulated in Theorem 3.2 of Section 3. Orderings
in the mentioned classes are considered in Sections 3-5. Further computations, including
orderings of signed graphs with a comparatively small number of vertices, are given in
Section 6.

2 Preparatory

We introduce a way of depicting signed graphs that will be used in the subsequent sections.
For a signed graph of order n, we draw only the negative edges and the non-edges, along
with the assumption that all non-depicted edges are positive. By convention, a negative
edge is represented by a full line and a non-edge is represented by a dotted line. Accord-
ingly, the complete signed graph with the all positive signature (i.e. the complete unsigned
graph) is represented by an empty figure, the complete signed graph with a single negative
edge is represented by a negative edge, and so on.
The following lemmas are taken from [13, 14].
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Lemma 2.1 ([14]). For a connected signed graph G = (G,0), we have \,(G) < M\ (G)
with equality if and only if G switches to G.

Lemma 2.2 ([13]). For an eigenvalue \ of a signed graph G, there is a switching equiv-
alent signed graph for which the \-eigenspace contains an eigenvector whose non-zero
coordinates are of the same sign.

For the sake of completeness we say that a signed graph of the previous lemma can
be constructed by taking G with Apsx = Ax and considering D_IAGD where D is the
diagonal matrix of +-1s whose negative entries correspond to negative coordinates of x.

We proceed with some notation. For a signed graph G we denote by R(G) the set of
signed graphs obtained by taking a positive edge e of some signed graph of the switching

class [(], and then either removing e or reversing its sign.

Let S = (Gl, G’g, e G’g) be a sequence which consists of the representatives of all
switching equivalence classes of connected signed graphs with n vertices such that the
representatives are ordered non-increasingly by the index and chosen in such a way that,
for1 < ¢ < g, the A\;-eigenspace of G; contains an eigenvector whose non-zero coordinates
are positive. (The existence of G; is provided by Lemma 2.2.)

We now prove the following lemmas. They generalize known results for unsigned

graphs that can be found in [12, Lemma 1.28].

Lemma 2.3 (Changing an edge). Letx = (v1,72,...,2,)T be an eigenvector associated
with the index of a signed graph G and let r, s be fixed vertices of G.

(1) If xrxs > 0 and rs is a non-edge (resp. s is a negative edge), then for a signed
graph G’ obtained by inserting a positive edge between r and s (resp. deleting rs or
reversing its sign) we have A1 (G') > \1(G). If at least one of ., z is non-zero, the
previous inequality is strict.

(i) If x5 < 0 and rs is a non-edge (resp. rs is a positive edge), then for a signed
graph G’ obtained by inserting a negative edge between r and s (resp. deleting s or
reversing its sign) we have \1(G') > A\ (G).

Proof. We only demonstrate the proof of (i), as (ii) is proved analogously. If y is an
eigenvector associated with A1 (G'), using the Rayleigh principle we get

M(E) = (@)
=yTApy —xTApx > xTApx —xTAex =xT(Ap — Ap)x
) 2aeas if (rs ¢ E(G)Ars e E*(G')) Vv (rs e E~(G)Ars ¢ E(G')),
4wz, ifrse E7(G) Ars € EY(G).

Hence, /\1(G’) > /\1(C¥).

Assume that 2, # 0 and, by way of contradiction, that \;(G’) = A\ (G). In this
case, the inequality in the previous chain reduces to equality, which means that x is an
eigenvector afforded by )\1(@’). Using the eigenvalue equations at vertex s in G and ¢,
we get

0= (/\1(G’) - /\1(G))ajs = Z o (is)a; — Z og(is)z; = azy, 2.1

i:is€B(G") i:is€E(G)
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where « depends on (r, s)-entries in Ac’: and AC:/’ but it is always non-zero; for example,
it rs ¢ BE(G) Ars € ET(G') then o = o¢v(rs) = 1, and similarly for the remaining
possibilities listed in the statement formulation. Together with (2.1), this leads to x, = 0,
which in turn contradicts the initial assumption and we are done. O

Let r,s,t,u be fixed vertices of a signed graph. A relocation Rot(r, s,t) (called a
rotation) is realised in the adjacency matrix by replacing the entries a,.s, a5, with the entries
art, a4y, and vice versa. In simple words, this relocation is realised by taking the object
(which can be a positive edge, or a negative edge, or a non-edge) located between r and s
and the object located between r and ¢ and then inserting the first object between r and ¢
and the second object between r and s.

A relocation Shift(r, s,t,u) (called a shifting) is realised in the adjacency matrix by
replacing the entries a,s, as With ay,, ¢, and vice versa.

Lemma 2.4 (Rotation and shifting). Let x = (z1,72,...,2,)7 be an eigenvector asso-
ciated with the index of a signed graph G and let r, s, t, u be fixed vertices of G.

(i) Let G’ be obtained from G by the relocation Rot(r, s, t). If (z (ws—24) >0V (25 =
Ty N\ Xy # 0)) A ((7'5 is a non-edge A rt is a positive edge) \V (rs is a negative edge
and rt is a positive edge) V' (rs is a negative edge and rt is a non-edge)) then

AM(G) > M(G).

(ii) Let G’ be obtained from G by the relocation Shift(r, s, t,u). If (actxu > z,.rs V
(e = Trxs A at least one of x,., Ts, Ty, Toy LS non-zero)) A ((rs is a positive edge
A tu is a non-edge) \V (rs is a positive edge and tu is a negative edge) V (rs is a
non-edge and tu is a negative edge)) then MG > M\ (G).

Proof. This proof is similar to the proof of the previous lemma. If rs and rt are as in (i),
then we compute

M(G) = M(G) > xXT(Ag — Ag)x = 20z, (x5 — 24),

where o = 1 for the first and the third assumption on rs and rt, and o = 2 for the second
assumption. Now, for z,.(zs — x;) > 0 we get )q(G”) > )\1((;). For z, = x; we have
A1 (G') > A (G). In case of equality, we have that x is afforded by A (G’). Considering
the eigenvalue equation at the vertex s in Gand G, we get x, = 0, which completes (i).

If rs and rt are as in (i), then we compute
M(G) =M (G) > xT(Ag — Ag)x = 2a(wywy — 25),

with « € {1,2}, as before. We are done for x;x,, > x,25, while for z;x, = x,x5, using
the previous reasoning we get that the equality between the indices necessarily leads to the
conclusion that x takes zero at the corresponding four vertices. O
3 Ordering signed graphs by the index

We start our considerations with an example.

Example 3.1. Clearly, there are just 3 connected signed graphs of order 3, up to switching:
the positive triangle (with index 2), the 3-vertex path (with index /2) and the negative
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triangle (with index 1). We know from [11] that there are exactly 12 connected signed
graphs of order 4 (again, up to switching). Their indices are computed directly, and the
corresponding ordering is given in Figure 1.

U AN BN RN B R ER R RS A R

1. 3.0000 2. 2.5616 3. 2.2361 4. 2.1701 5-6. 2.0000 7.1.7321 8. 1.6181 9.1.5616 | 10. 1.4812 | 11. 1.4142 | 12. 1.0000

Figure 1: Connected signed graphs with 4 vertices ordered by the index. Here and in the
subsequent graphical representations, signed graphs are depicted according to the conven-
tion explained in Section 2.

In what follows, we determine the first 5 connected signed graphs with n vertices or-
dered by the index, for every n > 5. In other words, we determine the signed graphs
G1 — G5 of the sequence S defined in the previous section. First, Gy is the complete
signed graph with the all positive signature, which follows from the well-known Perron-
Frobenius Theorem and Lemma 2.1. We now prove the following theorem, crucial for our
considerations.

Theorem 3.2. Let S’ = (Gk+1, Gk+2, . Gk+g) be a subsequence of S such that
M (Gr) > M(Grt1) = M (Gra2) = - = A (Grse) > M (Grpegr)- (3.1

Then, for every G € S', we have G € R(H) where H € {G1, G, ...,Grie} \ G.
In addition:

(a) For at least one G € S’ we have H € {Gl, Go, ..., Gk}

(b) If H ¢ {G1,G,...,G}} then a non-negative A1-eigenvector for G has at least two
zero coordinates and the same eigenvector is afforded by A1 (H ).

Proof. Assume by way of contradiction that for some G € &', G ¢ R(H), for every H
that belongs to the set given in the statement formulation. Let x = (21, x2,...,x,)T be an
eigenvector with non-negative coordinates afforded by the index of G.

Assume that at least one of x,., x5 is non-zero for some vertices r, s of G. If rs is not
a positive edge, then Lemma 2.3(i) produces a signed graph G’ that differs from G only
in the positive edge 7, along with \;(G’) > \(G). Since G ¢ Uf L R(G), we have
G ¢ UZ L[G,], i.e. there are at least k + 1 signed graphs whose index is larger than \; (G),
which contradicts (3.1). Hence, rs is a positive edge.

Further, if z,, = 2, = 0, then reversing the sign of rs, or removing rs, or adding rs do
not affect the existence of the corresponding eigenvalue; indeed, it is afforded by the same
eigenvector. Thus if for any such 7, s there is no positive edge between them, as before we
get G with A (G") > A\ (G). Since G ¢ Ule R(G;), we have A1 (G') = \;(G), but then
Ge Ule R(G}s) which together with the initial assumption leads to G € R(G), i.e. G
is isomorphic to the signed graph obtained by inserting a positive edge rs. Replacing G
with this signed graph we get that rs is positive.

Amalgamating the previous conclusions we get that G is the complete signed graph
with the all positive signature, which together with Lemma 2.1 contradicts (3.1) (since we
assumed in (3.1) that G is not Gy).
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Consider now (a). Take an arbitrary G € S’. If G € Ule R(G,), we are done.

Assume that G ¢ Ule R(G;). If x is the previously defined eigenvector, then there
is a positive edge rs for every pair r, s such that at least one of z,,zs is non-zero, as
otherwise by inserting a positive edge between such vertices we get G e Ule R(GZ) If
at most one coordinate of x is zero, then G switches to a complete unsigned graph, which
contradicts (3.1). Therefore there exist at least 2 vertices at which x takes zero. In addition,
there is a negative edge between at least one such a pair, since otherwise G has the all
positive signature and then x has no zero coordinates by the Perron-Frobenius Theorem.
If G is obtained by switching the sign of such a negative edge, then A\, (G’) = A (G), as
otherwise we get G € Ule R(G;). Moreover, A (G") is afforded by the same eigenvector,
so we may repeat the previous consideration with G’ in the role of G. In this way we
necessarily arrive at some G € S’ N (Uf:1 R(GL)) since the number of negative edges
strictly decreases in passing from Gto Q.

It remains to consider (b). Let G e R(H ). If at most one coordinate of x is zero,
then A\; (H) > \;(G) (by Lemma 2.3(i)), which implies H € {G, G, ..., G}}. Further,
the assumption that G € R(H) together with \;(H) = A, (G) leads to the conclusion
that x, = s = 0 for a non-positive (resp. positive) edge s in G (resp. H), and thus
Apx = Apx = Al(H)x. O

Remark 3.3. Theorem 3.2 gives a method for the ordering of signed graphs by the index.
Let G1,Go, ..., G} be the first k signed graphs ordered by the index such that all signed
graphs (if any) sharing the index with G}, are listed before it (so, as in the theorem). Then
the sequence is extended by the signed graph(s) belonging to Ule R(Gz) The candidates
must be connected and the )\ -eigenspace for each of them must contain an eigenvector with
non-negative coordinates. They are compared on the basis of an algebraic computation
that relies on Lemmas 2.3 and 2.4. As long as we deal with signed graphs whose A;-
eigenspaces do not contain an eigenvector with at least two zero coordinates, there are no
other candidates. In case of such eigenvectors, signed graphs with equal indices sharing
the same eigenvector may appear.

Remark 3.4. To determine the set R(() we need to consider the entire switching class of
G. For example, if G is the complete signed graph with exactly one negative edge, say e,
then the signed graphs obtained from G by removing a positive edge or reversing its sign

are the following 4:
° °
U SN S

By making a switch at a vertex incident with e and either removing e or reversing its sign,
we get 2 additional members of R(G) that are not switching equivalent to the previous
ones. But in both cases the \;-eigenspace does not contain a non-negative eigenvector
(the condition required in Remark 3.3). A method for computing the \;-eigenvectors is

demonstrated in the proof of the forthcoming Lemma 3.5.

Now we proceed with the ordering.
..

Lemma 3.5. Gy is S
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Proof. There are exactly two candidates for Go: F _obtained by removing an edge of e
and H obtained by reversing the sign of an edge of G;. If the vertices joined by the unique
negative edge of H are labelled by 1 and 2, using the eigenvalue equation for A (H) we
get

Aa=—a+(n—2)b
Mb= 2a+(n—3)b

which leads to the Al(H)—eigenvector b(§11§7 iiié, 1,1,...,1)7, b # 0. By virtue of

Lemma 2.3(i) (applied to ), we have Al(F) > Al(H). Hence Go = F. O

Lemma 3.6. G'g is \

Proof. The candidates for G+ are illustrated in Figure 2. They are obtained by considering

R(G1)UR(G2); we also include the transposes of the corresponding positive eigenvectors
afforded by the index.

2
.

4
1 ® °
3

1

A+l Ap 4l D) (A1 —2) A2 AZ4x -2 Al Al A4l A+l
b(““”\l“’l'l"”'l) b( X(+2)—1 "/\1(A1+2)74’Al(A1+2)74‘1’1""’1) b(h+3"A1+3"A1+2"A1+2"1’1"“’1)

2 4
¢ *
Hy ie Hs PR
1 3
(-1 AMOu+D)  AQa+) Ml Al Al Mgl
V(SoF=T MoaeT nbargen b L) (32 3 A A Lo 1)

Figure 2: The candidates for Gs.

From Lemma 2.3(i), we have M (Hp) > max{\ (Hs), )\1(H3)} We further apply
Lemma 2.4(i) to H5 with (r,s,t) = (1,2,3) to conclude that \; (Hy) > A;(Hs5). To show
that G3 = H; it remains prove that A\;(H;) > A1(Hy). The adjacency matrix of Hj is

0 -1

.

Ag = -1 o 7
J Ak,

(where J is the all-1 matrix) which leads to the quotient matrix (i.e. the matrix of row sums
in the corresponding blocks of Ay ):

-1 n—2
Qp, = ( 2 n-— 3) ’
We know from [7] that every eigenvalue whose eigenspace does not contain an eigenvector

orthogonal to the all-1 vector j belongs to the spectrum of the quotient matrix. In our case,
this means that A; (H) is an eigenvalue of Q; , i.e. A1 (H}) is the largest root of

2+ (4—n)x—3n+T7. 3.2)
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In the same way, we get that A1 (Hy) is the largest root of
f(z) =23 = (n—3)2® — (2n — 5)x +n — 3. (3.3)
TH_— V(TL;2)(TLJ’-6) — 2' Insert-

ing itin (3.3), we get f = /(n —2)(n+ 6)—n > 0, which leads to
the conclusion that either A\ (F1;) > Ay (H,) or the two roots of f are larger than A; ().
The latter is not true because f(0) > 0, f(1) < 0 which means that f has a negative root
and a root in (0, 1). O

Now, computing the largest root of (3.2) we get Ay (H 1) =
n+4/(n—2)(n+6)
( 2 - 2)

To avoid repetitive proofs, in the remainder of this section and the next two sections we
omit the parts in which we compute the A;-eigenvectors of potential candidates since these
are technical algebraic computations performed in exactly the same way as in the previous
proof.

[ ]
Lemma 3.7. G4 is ---e.

Proof. The 6 candidates for G4 are (those of Figure 2 that have not passed for G5 are
included, of course):

S S A S

We note that there are two additional members of R(Gg) mentioned in Remark 3.3, but the
non-existence of a required \;-eigenvector eliminates them.

The 3rd and the 5th candidate are eliminated since their indices are dominated by the
index of the 1st one, while the 4th and the 6th are eliminated by the 2nd one in the same
way — all this by virtue of Lemma 2.3(i). Finally, the fact that the index of the 1st signed
graph is larger than that of the 2nd one is established in the proof of Lemma 3.6, and we
are done. O

e
Lemma 3.8. G’s is o e

Proof. The candidates for G are the 5 signed graphs that are eliminated in the proof of the
previous lemma (when we considered GG4) and the following 8 signed graphs:

RN % S NS S SO NS O B

Lemma 2.3(i) eliminates all except the 2nd and the 3rd of the previous proof; in Figure 2
they are denoted by H5 and Hg) and the 1st and the 3rd of the additional candidates (we
denote them by F) and Fb). By Lemma 2.4, )\1(F2) dominates )\1(F1); we already had
this in the proof of Lemma 3.6.

Thus, it remains to prove that A (H5) > max{\;(Hz), A1 (F3)}. As in the proof of
Lemma 3.6 we deduce that these indices are the largest roots of characteristic polynomials
of the corresponding quotient matrices. These polynomials are:

hs(z) = 2% — (n — 3)x — 2(n + 3)
ho(z) = 2% — (n — 4)2® — 3n — 7z + 2(n — 4)z + 4(n — 3)
fa(z) = 2% — (n —3)2? —2(n — 3)z +2(n — 4)
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The largest root of hs is (n — 3+ \/(n — 3)(n + 5)). Concerning hy we get ho(—4) =
12(n 4+ 11) > 0, ho(—2) = —4(n — 4) < 0, ha(0) = 4(n — 3) > 0 and he(n — 2) =
—(n — 1)(n — 4)% < 0, which together with n — 2 < A;(Hs) leads to the conclusion
that at least 3 roots of hy are less than Ay (Hs). Since ho(A(Hs)) = (n —4)(n — 3 +
(n —3)(n+ 5)) > 0, we conclude that the fourth root of h; is also less than \; (H3).

Similarly, we have fo(—3) = —n — 26 < 0, f2(0) = 2(n —4) > 0 and f3(1) =
2—n < 0, which means that that two roots of f; are less than \; (Hs), while fo(\; (Hs)) =
2(n — 4) > 0 confirms the same for the third root, and we are done. O

Amalgamating the previous results we arrive at the following theorem.

Theorem 3.9. The first 5 connected signed graphs with n > 5 vertices ordered by their

indices are:
. \ . LI
» o -0 o o

Gy G G Gy Gs

4 Unbalanced signed graphs

Let now (Ul, Us,.. ., U, ) be the subsequence of S (defined in Section 2) containing only
unbalanced signed graphs. In other words, the previous sequence ignores the balanced
ones. In what follows, we determine U 1 — U4 forn > 6.

We know from [6] that U, is obtained by reversing the sign of a single edge in the
complete graph of order n.

[ ]
Lemma 4.1. U2 is e—e.
Proof. The candidates for U, are the last 4 signed graphs considered as the candidates in
the proof of Lemma 3.7. (As before, it is not complicated to show that these are the only
candidates with positive \;-eigenvectors).
The latter two candidates are eliminated by Lemma 2.3(i) — they are dominated by the
1st candidate. Observe that the A;-eigenvector for the 2nd candidate is given in Figure 2.

Using the same vertex labelling and applying the relocation Rot(3,4, 1) we arrive at the
result formulated in this statement. O

[ ]
Lemma 4.2. Us is o I

Proof. The candidates for Us are the following 14 signed graphs:

DL N
° 1¢-03 1e--%3
Jo Js Ja

Ji

0 (6 (G S 0 S 00 G ES 8
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All in the second row are easily eliminated on the basis of Lemma 2.3(i). The two in the
third row are eliminated by Lemma 2.4(i). Namely, if we denote the vertices in the rep-
resenting path by 1,2, 3, 4 (in the natural order) and if x5 > x3, then Rot(1, 2,3) implies
that the index of the signed graph under consideration is less than that of .J5. Otherwise,
we can apply Rot (4, 3,2) with the same result.

It remains to consider the indices of .J/; — J;. We first show that \; (J2) > max{\; (.J3),

Al(j4)}. As in the proof of Lemma 3.5 we can show that Js and Jy have a positive Aj-
A4+1D)A1—3) (A24XA—2)  (A2421—2) A1

eigenvector. (Namely, we compute b(

) )\1()\1-'1-2)—5 ? )\1(/\1+2)—57 Al(A1+2)—57 )\1()\1+2)—57
1,1,..., l)T for J3 which is positive for every b > 0, as A\; > 3 when n > 6. Similarly,
(A1+1)? A1 (A1+1) A (Aa+1)

we get b( 1,1,..., l)T for J,, which is positive for

A (A14+4)+17 A (Ai+4)+17 A (A+4)+1°
b > 0, as well.) Set J, € {jg, j4}, and let x be a positive eigenvector afforded by /\1(j*).
Observe that .J, is obtained by inserting a positive edge 12 and a negative edge 13 in J..
Therefore, we have

M (J2) — A (Jy) > XT(Aj, — Aj )x =2(x122 — 2123) = 0,

where the last equality follows since xo = x3 (by the symmetry in J,). Hence, )\1(]2) >
Al(J*). If )\1(j2) = Al(J*), then x is afforded by )\1(J2), but this is impossible since the
eigenvalue equation at the vertex 2 cannot hold in Jo and J,.

Characteristic polynomials of quotient matrices of ./; and .J, are:

Ji(z) =2* — (n—6)2® — (5n — 17)x — 6n 4+ 20
jo(z) = 2% — (n — 3)x? — (2n — 3)z + Tn — 23

We compute j(z) = ji(x) — ja(x) = 322 — (3n — 14)x — 13n + 43, with roots: z1, zo =
+(3n — 14 £ /9n(8 + n) — 320). It follows that ji(x) < ja(x) for z € (x1,22). For
the larger root 23 we have ji(z2) = j2(22) = 5= ((3n — 16)1/9n(8 + n) — 320 + 9n? —
96n + 248) > 0 where the inequality follows since 9n? — 96n + 248 > 0 for n > 7, while
for n = 6 it is confirmed directly. Taking into account that x; is negative (the easiest way
to see this is to compute j(0)), we conclude that A; (J1), A1 (J2) € (1, 22). Together with
ji(x) < ja(x) on the same interval, this leads to Al(jl) > )\1(j2). O

Lemma 4.3. U4 is I—o

Proof. Besides the 13 signed graphs listed in the previous lemma, we have other 4 candi-
dates for Uy (that arise from Us but not from Uy or Us):

Lo Ll il

The former two are elimjnated by Lemma 2.3(i), the latter two by Lemma 2.4(i). Therefore,
it remains to consider Jo — J4, but they have been already considered in the proof of the
previous lemma, when we proved that A1 (J2) > max{A;1(J3), A1(J4)}, as desired. O

The previous results lead to the following theorem.

Theorem 4.4. The first 4 connected unbalanced signed graphs with n > 6 vertices ordered
by their indices are:
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D DU ) (N

Ul U2 U3 Zif4

5 Complete signed graphs

As before, let (Cl, Ci,..., C’p) be the subsequence of S containing complete signed graphs.
Clearly, the complete signed graph with the largest index switches to the one with the all
positive signature. The next one contains exactly one negative edge. There are 2 candidates
for C5, both with 2 negative edges. By Lemma 2.4(i), Cs is the one in which negative edges
are adjacent.

In what follows we set n > 10.

Lemma 5.1. C’4 is I I
Proof. The candidates are:
I N LD L
1 4
Ly Lo Ls

The latter two are eliminated by Lemma 2.4(i). By inserting the largest eigenvalue of the
quotient matrix (); _ into the characteristic polynomial {5, we get

(3 6+ v/l 8 ) = 2n— 4+ Va8 ) <0

as n(n + 8) — 32 < (n — 4)°. The latter inequality implies that the largest root of /5 is
larger than the largest eigenvalue of Q; , i.e. A\1(Lz2) > A1(L3).

If the vertices of Lg are labelled as above then the \;-eigenvector has the form

b=

(()\1+1)()\1—5) A2 +1 A2+ 1 - 1>T
MO +2) =117 M0 +2) =11 (M +2)— 1177 7

for b > 0. Now, L; is obtained by reversing the sign of edges 12, 13 and 23, and thus we
have

A(L1) = Ai(L2) > bT(A; —A; )b
_ 402 +1)b? <2(/\1 +1)M—=5) A +1 )

MO +2) =11V AN (A +2)—11 M +2)—11

403 + 1)b? A2 -8\ —9
TN +2) -1 MM +2) 11

>0 for A\; > 9.

We compute \;(Ls) > 9 for n = 11, and then by eigenvalue interlacing we have the same
inequality for n > 12. For n = 10, the inequality A;(L1) > A1(Ls) is confirmed directly,
and we are done. O

Lemma 5.2. C'5 is IZ‘
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Proof. Apart from the signed graphs faced in the proof of the previous lemma, there is
exactly one additional candidate: it contains exactly 3 non-adjacent negative edges. This
candidate is eliminated on the basis of Lemma 2.4(i), while the remaining ones are already
considered in the previous proof. In particular, we know that A (L2) > A;(Ls3), and the
proof is completed. O

Lemma 5.3. C'G is IL

Proof. The only critical case is the comparison of the indices of Ls and the signed graph,
say L, containing 4 negative edges that share the same vertex. Computing the A;-eigenvector
for L and following the proof of Lemma 5.1, we get A1 (Ls) > A1 (L) for Af —12X; —13 >

0, i.e. for Ay = A1(L) > 13. This proves this lemma for n > 15 (as there A; (L) > 13).
The case 10 < n < 14 is considered directly, and we are done. O

We arrive at the following result.

Theorem 5.4. The first 6 complete signed graphs with n > 10 vertices ordered by their

indices are:

o Co Cs Cy Cs Ce
Remark 5.5. With a slight modification in which a full line represents a positive edge and
an unpictured line represents a non-edge, the result of Theorem 5.4 remains valid for the
ordering of unsigned graphs by the index of the Seidel matrix. Indeed, the Seidel matrix of
an unsigned graph G coincides with the adjacency matrix of the complete signed graph in
which negative edges are induced by the edges of G.

6 Further computations

We complete the results of Sections 4 and 5 by determining the 6 signed graphs with largest
indices for every order that is not covered by Theorem 4.4 and the 7 signed graphs with
largest indices for every order that is not covered by Theorem 5.4.

There is exactly one connected unbalanced signed graph with 3 vertices (the unbalanced
triangle), while the ordering for n € {4, 5} is given in the first part of Figure 3. We note
that there are exactly 6 connected unbalanced signed graphs for n = 4, so in this case the
given list is complete.

There are exactly 3 complete signed graphs with 4 vertices and their ordering does not
deviate from the general case considered in Theorem 5.4. For 5 < n < 9 the one with the
largest index switches to the signed graph with all positive signature, while the remaining
6 are given in the second part of Figure 3. Again, for n = 5 the list is complete.

In this paper our idea was to give a general method for the ordering by the index and to
demonstrate its use by determining the lists of the first few signed graphs as reported in the
previous sections. Of course, these results can be extended, but the theoretical approach
is becoming more complicated as the number of candidates increases and comparison of
their indices requires more sophisticated methods. However, it occurs that the list of Theo-
rem 3.9 continues with:
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. > o .
:.—. . [ ] [ ) L )
Ge Gy Gs
® ® ® e
n=4 \ : : I : I L
*—e [} [ R *—e
unbalanced
1. 2.2361 2. 2.0000 3. 1.5616 4.1.4812 5. 1.4142 6. 1.0000
® ® ® .
n=9 \ : I_. / : I \
—e .0 ° o--:
unbalanced
1. 3.3723 2. 3.1028 3-4. 3.0000 5. 2.9173 6. 2.7784
s NG L TN | LD | B
complete
2. 3.3723 3. 3.0000 4. 2.5616 5. 2.3723 6. 2.2361 7. 1.0000
q
o LN LTI RN
L
complete
2. 4.4641 3. 4.0642 4. 3.8284 5. 3.6056 6. 3.4940 7.3.3871
O N 10 SR I O A 4 I NG B
complete
2. 5.5311 3. 5.1554 4-5. 5.0000 6. 4.7720 7.4.6842
s NI [ T I
complete
2. 6.5826 3. 6.2361 4. 6.1231 5. 6.0283 6. 5.8990 7. 5.8284
o NI T TN 2]
complete
2. 7.6235 3. 7.3039 4. 7.2170 5. 7.0813 6-7. 7.0000

Figure 3: Orderings of small signed graphs that are uncovered by Theorem 4.4 or Theo-
rem 5.4.
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We skip the details and note that the proof relies on an intensive algebraic computation that
basically does not deviate from those of the previous sections.
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Abstract

Following partially a suggestion by Pyber, we prove that the diameter of a product
of non-abelian finite simple groups is bounded linearly by the maximum diameter of its
factors. For completeness, we include the case of abelian factors and give explicit constants
in all bounds.
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1 Introduction

An important area of research in finite group theory in the last decades has been the produc-
tion of upper bounds for the diameter of Cayley graphs of such groups. For any finite group
G, the maximum diameter over all Cayley graphs defined by symmetric sets of generators
of G (ie. sets S with S = S~! and e € S) is called the diameter of G. Arguably the
best known conjecture in the area is Babai’s conjecture [1]: every non-abelian finite simple
group G has diameter < log" |G|, where k is an absolute constant; the conjecture is still
open, despite great progress towards a solution both for alternating groups and for groups
of Lie type.

A more modest question is that of producing bounds for the diameter of direct products
of finite simple groups, depending on the diameter of their factors. This is not an idle
question, for bounds of this sort have been used more than once as intermediate steps
towards the proof of bounds for simple groups themselves: Babai and Seress have done so
in [2, Lemma 5.4], as well as Helfgott more than two decades later in [5, Lemma 4.13]. We
improve on both results in the following theorem, which also features explicit constants.
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Theorem 1.1. Letn > 2. Let G = [[;_, T}, where the T; are finite simple groups.

(a) If the T; are all abelian (say G = H;:l (Z/pjZ)%, where the p; are distinct primes
and ej > 1), then:

2 S
diam(G) < - max{e;|1 < j < s} Hpj~
3 o

(b) If the T; are all non-abelian, call d = max{diam(T;)|1 < i < n}, then:

196 .
diam(G) < 196, 5 max{Cy4,Cr,Cs}(4d + 1) + d,

243
where:
max {3, L%J } if there are alternating groups among the T;
Ca= and where m is their maximum degree,
0 if there are no alternating groups among the T;,
8(5r 4+ 7) if there are groups of Lie type among the T;
CrL= and where r is their maximum untwisted rank,
0 if there are no groups of Lie type among the T;,
Co— 6 if there are sporadic or Tits groups among the Tj;,
5 0 if there are no sporadic or Tits groups among the T;.

(¢) If there are abelian and non-abelian T;, write G = G4 X G 4, where G 4 collects
the abelian factors and Gy 4 collects the non-abelian ones, then:

diam(G) < da + 4dpy 4,
where d4 = diam(Ga),dnya = diam(Gya).

The result of part (a) is known and elementary: see [2, Lemma 5.2], where the con-
stant is marginally worse only due to the fact that sets of generators are not required to be
symmetric (cfr. also [5, Lemma 4.14], which treats the case of G = (Z/pZ)*© under this as-
sumption). Part (c) is quite natural, given the different (in some sense, opposite) behaviour
of abelian and non-abelian factors, as it can be readily observed in its short proof.

Part (b) is where the novelty of the result resides. Dependence on the maximum of the
diameter of the components, instead of dependence on their product as Schreier’s lemma
(see Lemma 2.1) would naturally give us, was already established in [2, Lemma 5.4]: in
that case, the diameter was bounded as O(d2), where the dependence of the constant on n
was polynomial as in our statement. This result was improved in [5, Lemma 4.13] to O(d),
but only in the case of alternating groups: this was done in part to fix a mistake in the use of
the previously available result in Babai-Seress, which is why only alternating groups were
considered, as permutation subgroups were the sole concern in both papers; a suggestion
by Pyber, reported in Helfgott’s paper, points at the results by Liebeck and Shalev [8] as a
way to prove a bound of O(d) for a product of arbitrary non-abelian finite simple groups.



D. Dona: The diameter of products of finite simple groups 611

Indeed, the general approach that we follow in our proof owes its validity to [8, Theo-
rem 1.6], although we do not explicitly use the statement of that theorem: rather, we closely
follow the proof of [5, Lemma 4.13] and show that the same reasoning applies to groups of
Lie type as well. The way that the lemma is related to Liebeck-Shalev is through the use
of the fact that every element in Alt(m) is a commutator ([5, Lemma 4.12], first proved in
[9, Theorem IJ), which is essentially [8, Theorem 1.6] with w = zyz~'y~! and a c that
is just equal to 1 for Alt(m); the same can be said for all non-abelian finite simple groups
(i.e., ¢ = 1 in general) since Ore’s conjecture [10] was established to be true in [7], a fact
yet unproved at the time of [8].

2 Preliminaries

Before we turn to the proof of Theorem 1.1, we will need a certain number of group-
theoretic results.

Lemma 2.1 (Schreier’s Lemma). Let G be a finite group, let N < G, and let S be a set of
generators of G withe € S = S™L. Then S?***1NN generates N, where d = diam(G/N).

Proof. This is a standard result dating back to Schreier [11], written in various fashions
across the literature according to the needs of the user; let us prove here the present version.

Calling 7: G — G/N the natural projection, by definition we have 7(5)? = G/N;
this equality means that S? contains at least one representative for each coset g/N in G. For
any coset gN, choose a representative 7(g) € S?. Then, for any h € N and any way to
write h as a product of elements s; € S, we have:

h=5182...5k
= (s17(s1)7") - (7(s1)s27(7(s1)52) 1) -+ - (T(7(7(. . ) Sh—2) k1) 5k )-

Each element of the form 7(z)s;7(7(z)s;) ! is contained in S2+1 NN, so the same can be

said about the last element of the form 7(x)sy, (since A itself is in N); therefore S24+1 N N
is a generating set of V. O

Proposition 2.2 (Ore’s Conjecture). Let G be a finite non-abelian simple group. Then, for
any g € G, there exist g1, g2 € G such that g = [¢1, g2

Proof. See [7], for references to previously known results and for the proof of the final
case. 0

Notice that, for any finite non-abelian simple group (G, any nontrivial conjugacy class
C must generate the whole G (because (C') would be a normal subgroup). This observation
justifies the following definition.

Definition 2.3. Let G be a finite non-abelian simple group. The conjugacy diameter cd(G)
is the smallest m such that (C UC~! U {e})™ = G for all nontrivial conjugacy classes C.

We will need to have bounds for cd(G).
Proposition 2.4. Let G be a finite non-abelian simple group.
(a) If G is an alternating group of degree m, then cd(G) < max {3, L%J }
(b) If G is a group of Lie type of untwisted rank r, then cd(G) < 8(5r + 7).
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(c) If G is a sporadic group or the Tits group, then cd(G) < 6.

Proof. First of all, cd(QG) is trivially bounded by definition by the covering number of G,
which is defined as cn(G) = min{m|VC # {e}(C™ = G)}; therefore it suffices to give
bounds for cn(G).

For (a), see [4, Theorem 9.1] (our specific result is credited therein to a manuscript
by J. Stavi). For (b), see [6, Theorem 1]. To prove (c), the sporadic groups all satisfy
en(G) < 6: this inequality can be checked directly from [13, Table 1]; if G = 2Fy(2)’ is
the Tits group, we can show the same inequality using [13, Lemma 3] and the character
values reported in the ATLAS of Finite Groups [3]. O

Let us also perform a side computation separately from the proof of the main theorem,
so as not to bog down the exposition there.

Lemma 2.5. Letn > 2. Then:

n—1
196
4“082 i] < — 3

Proof. Call m = [logy(n — 1)], and write n — 1 = 2™~ + [, where 1 < [ < 2m~1;
[log,i] = j forall i € (2771, 27], hence we can rewrite the sum in the statement as:

n—1

1 18—
4[log2 il =1 4993—1 +4™M] = = - 4m (210g2(n—1) _ 2m—1>
Z + Z 5t5 Ly
3 log: _ 3 3 ’ 3 ’
= — 4™9 oga(n—1) _ 787'” — 22m 1 - Zgm 1 3
where m/ = m —logy(n — 1) € [0,1). We have 2 (1 — 3z) < 138 for z € [1,2), and
3 < 198(3n? — 3n+ 1) forall n > 2, so the result is proved. O

3 Proof of the main theorem

Proof of Theorem 1.1(a). Let G = (Z/p12)* X (Z/p2Z)2 X . . . X (Z/psZ)°*, with primes
p1 < p2 < ...< ps; we have:
G=A1A5... A 3.1

(we are using multiplicative notation even if G is abelian) where the A; are any sets such
that:

A =(Z/piZ)* Aij=(0)Y (Vj<i) (3.2)

where A; ; is the projection of A; to the j-th component of G.

Let S be a set of generators of G withe € S = S~1: {tP1--Pi-1|t € S} C SP1-Pi-1 has
elements that are all 0 on the first ¢ — 1 components of G and that still generate the ¢-th one
since (p; ...pi—1,p;) = 1; from now on, let us focus exclusively on the i-th component.
(Z/p;Z)% is also a vector space over Z/p;Z, so there must be e; generators that also form
a basis: any element of the space can be written as a linear combination of those generators

with coefficients in [— | 2t |, | 2 ||, which corresponds to a word of length < e; | 2t |; thus,
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each set A; with the properties in (3.2) is covered in e; L%’J P1 ... pi—1 steps. This fact and
(3.1) imply that G has diameter bounded by:

s i—1 s s s
Sle |2 n | < gmastei<i<si [l S 1T -] 63
i=1 j=1 j=1 i=1 \j=i+1*J

The sum in (3.3) is maximized when each p; is the j-th prime number: for s = 1 the sum is

1 and for s = 2 it is bounded by %;forsZ?;,weusepS >5andp; > 3foralll < j <s,

so that the sum is bounded by 1 + % 1_1; = %. The result follows. O
3

Proof of Theorem 1.1(b). Calling G; = ngl T;, we have natural projections 7;: G =
G, — Gjand pj, j,: Gj, — T}, forany j; > jo. Asin (3.1), we write G as a product of
subsets A; with p,, ;(A;) = T; and py, ;(A;) = {e} forall j < 4, and our aim is to cover
each one of them.

Suppose that we have two subsets X7, X of G for which p,, ;(X1) = ppi(X2) =
T; for some fixed i € {1,...,n} and that have p, ;, (X1) = {e} = pn,j,(X2) for all
J1 € I, jo € I, where Iy, I5 are two subsets of indices in {1,...,n} \ {i¢}: then, the set
X = {[z1,z2]|z1 € X1, 22 € X2} has p, ;(X) = T; by Proposition 2.2 (Ore’s conjecture)
and p,, ;(X) = {e} forall j € I; UI,. Now consider the set of indices I = {1,...,i—1}:

if |I| > 1 we can partition I into two parts of size L%J , [%q , then partition each part I’

|| ||

2 || 2
a subdivision where all sets have size 1; the tree of partitions that we constructed to reach
this subdivision will have exactly [log, |I|] layers. Notice that, given any two parts Iy, I
inside the tree, if we have two subsets X7, X5 (as described before) that are covered by a
certain S¢, the resulting set X will be covered by S*?: this observation, together with the
information about the layers, tells us that if we can cover sets X; ; with p,, ;(X; ;) = T;
and py, ;(X; ;) = {e} in a steps (for a fixed ¢ > 1 and all j < 7) then we are able to cover
a set A; defined as at the beginning of the proof in 41'°82(i=11¢ steps as well.

Let us start now with a generating set S with e € S = S~ and fix two indices i > j:
7;(9) is a set of generators for G;, and the set 7; ()24 contains generators for the whole
Ti x...xTj_1 x{e} x Tjy1 X ... x T; = G; Nker(p; ;) by Lemma 2.1 (Schreier’s
lemma), where d is as in the statement. In particular, there is an element x € 524+ with
pni(z) # e and p, j(x) = e; by hypothesis p;, ;(S?) = T;, which means that there is
aset 8 = {yzy~lly € S U {yz "y ty € S} U {e} C S¥F! with p,;(S") =
CuUC™ U {e} and p, ;(S") = {e}, where C is the conjugacy class of p, ;(z). By
Proposition 2.4, p, (S ™35} = T if T = Alt(my), pui(SECHHD) = T i T
is of Lie type of untwisted rank r;, and p,, ;(S’6) = T; otherwise; in all three cases, the
projection to 7} is still {e}, therefore we managed to cover a set X; ; of the aforementioned
form.

A set Aj is reached in d steps, hence the final count for the whole G following the
reasoning above is:

with |I’| > 1 into two new parts again of size { -‘, and continue until we reach

diam(G) < d + Z 4Mog2 =11y (4d 4 1),

=2

where z; is either max {3, |2t |}, 8(5r; + 7) or 6, accordingly. The result follows by

Lemma 2.5. O
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A note on the connection between the proof given above and [8]. As mentioned before,
Pyber pointed at [8] as a way to prove linear dependence on d for products of arbitrary non-
abelian finite simple groups. In particular, [8, Theorem 1.6] seems to fit the bill: it states
that for any word w that is not a law in a finite simple group 7 there is ¢,, € N, depending
on w but not on 7', such that any element of 7" can be written as a product of at most c,,
values of w. We use this property, in disguise, when we want to pass from two subsets
being indentically e at indices I, I, and filling an entire component T; to a third subset
that also fills the same component and is e for the whole I; U I5: the creation of the new
subset is made possible by taking c,, values of a word w, so that T; remains filled, where w
has two distinct letters x1, x2 and presents the same number of z; and Lfori e {1,2},
so that when any one x; is equal to e on a given factor of the product GG the result is e
on that factor; in our case, w was the shortest nontrivial word with these characteristics,
namely the commutator [z1, 23] = xlxgxflxg ! (not a law for any non-abelian group),
and ¢,, = 1 by Ore’s conjecture. In this sense w = [x1, x2] is also computationally the best
word we can expect, for it yields the lowest possible value of |w|c,,, the 4 that we find in
Lemma 2.5.

Proof of Theorem 1.1(c). Define the two projections 7 4, ™ 4 in the obvious way; for any
generating set S of GG, by definition there is a subset X 4 C 594 with 74 (X4) =G4 and
there is a subset Xy 4 C S9¥4 with Ty 4(Xna) = Gy a, and then:

G = Xa[Xna, Xna] C Glatidva

again by the fact that [T, T] = T for non-abelian finite simple groups by Ore’s conjecture
and [T, T] = {e} for abelian groups. O

4 Concluding remarks

One could wonder how tight the inequalities in Theorem 1.1 are. The results are essen-
tially in line with what is generally expected from the behaviour of the diameter of fi-
nite groups. The abelian case is tight up to constant: for the group G(z) = Hp<m Z/pZ
(nontrivial for z > 2) one generator s = (1,1,...,1) is enough, and then the diameter of
Cay(G(x),{s, s~ ', e})is $|G(x)|; the fact that abelian groups behave in the worst possible
way, i.e. linearly in the size of the group, should not be a surprise for anyone.

The non-abelian bound of case (b) also matches what is anticipated in general. Babai’s
conjecture posits a polylogarithmic bound on the diameter of finite simple groups: the
natural extension to direct products of such groups would suggest a bound of the form n*d,
which is exactly what we have obtained. Case (c) also fits into the same idea, as a product
|G| = |G ||Gn 4| becomes a sum of the corresponding diameters.

The dependence on d in Theorem 1.1(b) is almost best possible by definition (we cannot
drop the “almost”, as m,r are not independent from d). It would be more interesting to
understand which power of n is the correct one: here we have proved Ommd(n?’), and we
can quickly show that the bound is £2,,, - 4(n), as illustrated in the following example.

Example 4.1. If G = (Alt(m))" then diam(G) = Q(m?n). We prove it for m > 5 odd
and n even, but the proof is analogous for the general case.
Consider the two permutations 0 = (123 ... m)and 7 = (123 ... m — 2); they
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generate Alt(m), and the elements:

50:(0-70-5"'a0—70—)7
S1 :(7',0',...70',0'),
s9 = (0,7,...,0,0),
S$n=(0,0,...,0,T)

generate G. Let S = {e} U {s;,s; '}o<i<n: to prove the lower bound on the diameter of
G, we construct a function f: G — N such that there are two elements g1, g2 € G with
|f(g1) — f(g2)| large and such that |f(g) — f(gs)| is small for any g € G, s € S; thisis a
known technique to prove lower bounds for the diameter of Sym(m), as shown for instance
in [12, Proposition 3.6].

Call ¢(g,4,7) = (g(2))(j) the image of j € {1,...,m} under the i-th component of
g € G, for 1 <i < n;define:

m n

f(g)zz Hc(gvi"i_lvj)_C(gaivj)HZ/mZy

j=11i=1

where ||a||z/mz = min{a, m—a} (in the case i = n, ¢(g,n+1, j) means c(g, 1, j)). First,
f(e) = 0; also, if we call e,,, the identity elementin Alt(m) andn = (1 1) (2 =£3) ...

m_1 oy — 1) , for g € G that has e, at all odd components and 7 at all even ones we have
f(g9) = 2(m — 1)?n. Finally, notice that o simply adds 1 modulo m to all the elements
of {1,...,m}, so that f(g) = f(gsi'), while 7 is defined so that it adds 1 for m — 3
elements, adds 3 (modulo m) for one element and fixes two elements, which means that
|f(9) — f(gsh)| < 10; these facts taken together imply that diam(G, S) > 75 (m—1)%n.

The correct (or even expected) order of magnitude for a bound of the form diam(G) =
O »(n¥d) for a generic product G is not known to the author, besides knowing that
1 < k < 3 by Theorem 1.1 and Example 4.1.
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1 Introduction

A folding tessellation or folding tiling (f-tiling, for short) of the sphere S? is an edge-to-
edge finite polygonal tiling 7 of S? such that all vertices of 7 satisfy the angle-folding
relation, i.e., each vertex is of even valency and the sums of alternating angles around each
vertex are equal to 7.

F-tilings are intrinsically related to the theory of isometric foldings of Riemannian man-
ifolds, introduced by Robertson [10] in 1977. In several situations (beyond the scope of this
paper), the edge-complex associated to a spherical f-tiling is the set of singularities of some
spherical isometric folding.

The classification of f-tilings was initiated by Breda [2], with a complete classification
of all spherical monohedral (triangular) f-tilings. Afterwards, in 2002, Ueno and Agaoka
[11] have established the complete classification of all triangular monohedral tilings of the
sphere (without any restrictions on angles). Curiously, the triangular tilings of even valency
at any vertex are necessarily f-tilings. Dawson has also been interested in special classes of
spherical tilings, see [3, 4, 5], for instance. Spherical f-tilings by two noncongruent classes
of isosceles triangles have recently been obtained [6, 7].

The study of dihedral triangular f-tilings involving scalene triangles is clearly more
unwieldy and was initiated in [1]. In this paper we complete the classification of spherical
f-tilings by scalene triangles T' and isosceles triangles 7" resulting from the adjacency of
the lower side of T" and the longest side of 7".

From now on,

(1) T denotes a spherical scalene triangle with internal angles @ > 3 > + and side
lengths a > b > ¢;

(ii) T denotes a spherical isosceles triangle with internal angles (4, 0, £), 0 # ¢, and side
lengths (d, d, e),

as illustrated in Figure 1.

Figure 1: A spherical scalene triangle, T', and a spherical isosceles triangle, 7".

We shall denote by (7', T") the set, up to isomorphism, of all dihedral folding tilings
of S? whose prototiles are 7" and 7" in which the lower side of T is equal to the longest
side T".

Taking into account the area of the prototiles 7" and 7", we have

a+fB+y>m and 2§+¢e>T.

As o > 3 >, we also have a > T. In [8] it was established that any 7 € Q (T, T") has
necessarily vertices of valency four.
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We begin by pointing out that any element of 2 (7', 7") has at least two cells congruent
to T and T, respectively, such that they are in adjacent positions and in one and only one
of the situations illustrated in Figure 2.

I1 1.2 II

Casel: 6>¢ Casell: d<e¢

Figure 2: Distinct cases of adjacency.

In this paper we will consider the second case of adjacency. The next section con-
tains the main result of this paper. In Section 2 we describe the eight families of spherical
f-tilings that we may obtain from the second case of adjacency (Figure 2-II). The combi-
natorial structure of these tilings, the classification of the group of symmetries and also the
transitivity classes of isogonality are presented. The proof of the main result consists of a
long and exhaustive method and it is presented in Section 3.

2 Main result - Elements of 2 (7', T”) in the case of Adjacency II

Theorem 2.1. Let T and T’ be a spherical scalene triangle and a spherical isosceles
triangle, respectively, such that they are in adjacent positions as illustrated in Figure 2-1L
Within this case, the f-tilings of Q (T, T") are

Ls, DE(k>4), My, NP (k>6), P*(k>3), Q"(k>4), R* (k=06
and S* (k>7),
that satisfy, respectively:

() atdo+p=m =73, v= %, where a and 3 satisfy

Sin2(a+[3) (1 +2COS(C¥ _ﬂ)) =2sinasinf8 and [ € (g,arccos \/66> 5

() a+d=m 0+B+e=m ky=m §=0}(c), ¢ € (emin, (k_kl)w),k >4,

2sine cos? £ A/14+8cos T —1
1 _ 2 R k .
where §3(¢) = arctan —————— =  and €y = arccos
k T 2 ’
COS T — CO8” € 4

(i) a+d=m e=3, B+6+y=m 6 =1 cmd*ye(%,g);
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iv) a+06=m, £=73, B+35=m ky=m andéz&izarccos,/%cos%, k> 6;

v) ZJ”;:W’ 52% 26+26=m, B+o+ky=nm andd:é}z:arctan(seci),
Z ’.

Vi) at+d=m e=73,28+20+y=m B+o+ky=m, § =0t k> 4, where

-1
§p = arctan (sin (k= L s T ) ;

2% —1 k1

i) o+ =m, € = 5 26420 = 7w, ky =7 and o = az = Qarctan(cos%—i-
V1+cos? 1), k>6;

(viii) a+6=m =3, 26+20+y=m ky=m and 6 =6}, k > T, where

5 o k=Dm w
0, = arctan <51n g Sec k) .

For each family of f-tilings we present the distinct classes of congruent vertices in
Figure 3 (including the respective number of vertices in each tiling).

Particularizing suitable values for the parameters involved in each case, the correspond-
ing 3D representations of these families of f-tilings are given in Figure 4. In each case, we
present two perspectives in order to provide a more effective visualization of each f-tiling’s
combinatorial structure. Regarding the f-tiling P*, k > 3, it can be observed that, if we
consider the great circle that contains the four vertices surrounded by (53, 6,9, 8,7, 7, .-, Y)
(marked in red) as the equator line and rotating the southern hemisphere 90 degrees (around
the “vertical” axis) we obtain the f-tiling R?*. Also, it is interesting to relate the mono-
hedral edge-to-edge tilings 1'/1¢,+s and Ig, described by Ueno and Agaoka in [11] with
the families of f-tilings Q*, k > 4, and S*, k > 7, obtained by subdividing the prototypes
in the monohedral tilings into two triangles satisfying the conditions of Figure 2-II. Seeing
from another perspective, we obtain T'I14,+s and Ig,, eliminating the vertices surrounded
by («, «, d, ) (marked in green) and two suitable edges emanating from those vertices of
QF, k> 4,and S*, k > 7, respectively.
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Figure 3: Distinct classes of congruent vertices.
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Figure 4: Elements of Q(T,T") in the case of adjacency II.
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Figure 4: Elements of Q(T',T") in the case of adjacency II.

The combinatorial structure of the classes of spherical f-tilings mentioned in Theo-
rem 2.1, including the symmetry groups, is summarized in Table 1 (the analysis of the
symmetry groups is similar to that applied in previous articles, e.g. [9]). Our notation is as
follows:

e |V] is the number of distinct classes of congruent vertices;

e N and N are, respectively, the number of triangles congruent to 7" and 7", respec-
tively;

e G(1) is the symmetry group of each tiling 7 € €2 (T',7") and the index of isogonality
for the symmetry group is denoted by #isog.;

e (U, is the cyclic group of order n;
o V ~ (5 x (5 is the Klein group;
e D, is the n" dihedral group (it consists of n rotations and n reflections);

e O is the chiral group with 24 elements;
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3k .
. i(k) = 5 +1 if k even
SEEL 41 if k odd.

’ f-tiling ‘ o ‘ 8 ‘ ~ ‘ 5 ‘ e ‘|V\ ‘ Ny ‘ N ‘ G(r) ‘ #isog. ‘
Lp a(B) | ( 5, arccos %) % T—a—f b 3148 | 24 @) 3
D k>4|lr—-6| m-5-¢ z 55(8) | (Emins> Emax)| 3 | 4k | 4k Doy, 3
M, T = T — 27 (%, %) o 5 318 |8 \%4 3
Nk k>6|r—0 m— 35 z 87 z 4 | 4k | 8k Doy, 4
Pk k>3|1—6 z— & 53 z 4 | 8k | 8k |Ca x Ca x Ca| i(k)
OF k>4alr—g| LD _5 | = st z 4 |14k|14k % 4k —2
R*, k>6| of -3 z T—a z 4 |4k |4k | C2 x Dy 4
Sk k>7|n—g| EZDT 5 x 83 z 4 |8k |8k Do 4

Table 1: Combinatorial structure of the dihedral f-tilings of S? by scalene triangles T and
isosceles triangles 7" performed by the lower side of 7" and the longest side of T in the
case of adjacency II.

3 Proof of Theorem 2.1

In order to better understand the structure of each tiling and due to the complexity of a
global planar representation, in the following proof some f-tilings 7 are illustrated only by
a fundamental region F' that generates 7 by successive reflections and rotations of F'. Com-
paring the fundamental region F' with its associated f-tiling 7 (in Figure 4), it becomes clear
how it is generated. In two of the situations (tilings Q* and S*), instead of a fundamental
region, we illustrate planar representations that correspond to a half of the f-tilings.

In the case of adjacency II, any element of 2 (7',7”) has at least two cells congruent
to T and T’, respectively, such that they are in adjacent positions and in one and only
one of the situations illustrated in Figure 2. After certain initial assumptions are made, it
is usually possible to deduce sequentially the nature and orientation of most of the other
tiles. Eventually, either a complete tiling or an impossible configuration proving that the
hypothetical tiling fails to exist is reached. In the diagrams that follow, the order in which
these deductions can be made is indicated by the numbering of the tiles. For j > 2, the
location of tiling j can be deduced directly from the configurations of tiles (1,2,...,7—1)
and from the hypothesis that the configuration is part of a complete tiling, except where
otherwise indicated.

Observe that we have € > % (since we are considering the case of adjacency II). Also,
as e = c and using spherical trigonometric formulas, we get

cosy +cosacosf3  cose+ cos?é

sin asin 8 N sin’ & G

Proof of Theorem 2.1. Suppose that any element of Q (7,7") has at least two cells con-

gruent, respectively, to 7" and 7", such that they are in adjacent positions as illustrated in
Figure 2-1I.

With the labeling of Figure 5a, we have 6; € {e,d}. It is easy to verify that §; must

be d. In fact, if 6; = &, v; cannot have valency four (see side lengths), o +¢ + p > ,
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Figure 5: Local configurations.

Vp € {a, B8,0,e}, and if & + £ + ky = 7, k > 1, an incompatibility between sides cannot
be avoided.
Now, at vertex v (see Figure 5b) we must have

at+d<mT or at+d=m.

1. Suppose firstly that « + 6 < 7. If 3 = § and € + § = 7 (Figure 6a), we reach a
contradiction at vertex vo, as e + 8+ p > 7, for all p € {a, 8,7, d,£}. In fact, taking into
account the side lengths, vo cannot have valency four and also observe that e + 8 + p; >
a+B+vp1€{a,B,v},ande+ B+ p2 >e+d=m, ps € {0,e}.

Figure 6: Local configurations.

On the other hand, if ; = § and € + § < 7, we must have € + § + p < m, for some
pe{a,B,v Ifp=a,wegete >0 >a > >~;butthene+d+a >a++v>m,
which is not possible. If p = /3, we obtain § >  and o > ¢, which implies « +d§+p > m,
Vp, which is a contradiction. Finally, due to an incompatibility between sides, it is not
possibletohave e + 0 + ky=m, k > 1.

Therefore, §; = € and, due to the side lengths, we must have € + ¢ = 7, and obviously
a>6,withé e (5,%).

1.1 If a > e, at vertex vy (Figure 5b) we must have oo + 6 + ky = «, with & > 1, and
a > 3> 9 > . The last configuration extends to the one illustrated in Figure 6b.
If, at vertices vy and v3, we have

(i) B8+ 6+ d = m, we reach a vertex surrounded by six angles 4, implying 6 = § = {3,
which is not possible as 3 > ¢;
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(i) 8+ 6 + S = m, we obtain the configuration illustrated in Figure 7a. Taking into
account the edge lengths and the fact that 3 > ¢ > 7, at vertex vy we reach a
contradiction.

Note that it is easy to conclude that is not possible to include angles -y in the previous sums.

Figure 7: Local configurations.

1.2 Suppose now that o < €.

1.2.1 If § > ~, with the labeling of Figure 7b, we have 63 € {0,v}. Additionally is
important to note thate = 5 >a > 3> >7,0 > T and B+ > 7.

If 835 = 4, we obtain the configuration of Figure 8a. Observe that 6, cannot be J, as
d+0+d<d+d+a=mandd+0d+ 3+ p>m withp € {«,3,0,e}; pa cannot be v
due to an incompatibility between sides. Moreover, 6, cannot be 3, as § + J + 8 < 7 and
0+06+p+v>m.

Figure 8: Local configurations.

Now, at vertex v, we have necessarily 8+ 5+ S =mwor S+ 6 + ky =m, with k > 2.
These cases lead to the configurations illustrated in Figure 8b and Figure 9a, respectively.
In both cases, at vertex vs we reach a contradiction. In fact, due to the edge and angles
lengths there is no way to satisfy the angle-folding relation around this vertex.
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Figure 9: Local configurations.

If 63 = ~ (Figure 7b), at vertex v, we have necessarily +d+ 8 =morf+d+6 = .
These cases lead to the configurations illustrated in Figure 9b and Figure 10a, respectively.
In the first case, at vertex vs we have S +d0 +d < mand S+ + 0 + p > , for all
p € {a,B,7,06,e}. In the last case, at vertex vz we also reach a contradiction, as 6 = %

implies 3 = % and, due to the edge and angles lengths, it is not possible that this vertex
has valency greater than three.

Figure 10: Local configurations.

122 If § < v, thene = 5 > a > >~y >0 > 7. At vertex v; (Figure 7b) we must
have one of the following situations:

(1) a4+ 0+ o = m; in this case (Figure 10b), there is no way to satisfy the angle-folding
relation around vertex vs.

(i1) o+ & 4 & = m; as we can observe in Figure 11a, an incompatibility between sides at
vertex vz cannot be avoided.

(iii) a4+ & 4+~ = m; in this case (Figure 11b), there is no way to satisfy the angle-folding
relation around vertex vy4.
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Figure 11: Local configurations.

(iv) a+d+ p = m; in this situation, the last configuration extends to the one illustrated in

Figure 12a. Now, at vertex v, we have necessarily v+~ +p = 7, with p € {a, 8,7}
It is easy to verify that the two first cases lead to impossibilities. The last case
(p = ) leads to a continuous family of f-tilings formed by 72 tiles. Due to the large
dimension of the corresponding planar representation, we only illustrate its eighth
fundamental region in Figure 12b.

a b A eighth fundamental region of
Ls

Figure 12: Local configurations.

We denote this continuous family of f-tilings by £z, where

at+d+pB=m 2c=m and 3y=.

Using Equation (3.1), we get

sin?(a + B) (1 + 2cos(a — B)) = 2sinasin 8, with g < B < arccos ?

3D representations of Lz are illustrated in Figure 4a.
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us

2. Suppose now that & + § = w. We have a > § and o > 5 Infact, if @ < 4, we would
have e > 0 > a > > v, with § > 7, and consequently € + 02 > 7, 05 € {¢,5}.

2.1 If 62 = 0 (Figure 5b), then it is a straightforward exercise to prove that v = 7,
for some k£ > 4, and the complete planar representation derives uniquely as illustrated in
Figure 13.

30

Figure 13: Planar representation of Df, k> 4.

This family of f-tilings is denoted by D¥, where a+9 = 7, §+ 3 +¢ = 7w and ky = T,
with £ > 4. Using (3.1), we get

2sin € cos? 5
§ = dk(e) = arctan ————=, k >4,
Cos T —cos“ ¢
. _ \/14+8cos T —1 .
with € € (6min, (k k””), where €, = arccos f’”. 3D representations of Dg

and D? are given in Figures 4c — 4d.
22 If6y =¢,wehave 5 > dor 5 < 9.

2.2.1 If 8 > 6, we have a > g =&> o> 7 and the last configuration extends to the one

illustrated in Figure 14a. Now, we have 65 € {8, ,~}.

2.2.1.1 If 3 = B, at vertex vo we must have 6 + 5 + 8 + kv = 7, with k > 0. It is easy
to verify that k has to be zero, giving rise to the configuration of Figure 14b. At vertex vs
we obtain o + I_m =, with &k > 2. Taking into account Equation (3.1) and the relations
between angles, we get 2 cos % = cos d csc g. Consequently, we obtain sin§ < cosd and

0 < %, which is not possible.

2.2.1.2 If 3 = 6, at vertex vo we have § + 8+ 0 + kv = «, with &k > 0. Itis a
straightforward exercise to show that (i) if & = 0, although a complete configuration is
achieved, it leads to § = v = %, which is not possible; (ii) if £ = 1, again a complete

configuration is achieved, with § = 3= B + v, which is a contradiction; (iii) the case

k > 1 leads to an incompatibility between sides.

2.2.1.3 If 65 = ~, at vertex vy we must have one of the following situations:
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Figure 14: Local configurations.

(1) f4+0+ky=m,k > 1;thecasek > lleadstod = 8 = g, which is not possible, and
so k = 1. In this case we obtain the planar representation of Figure 15. We denote
this family of f-tilings by M, wherea +§ =7, 8+ 6+~ =mandy € (5,%).
Using Equation (3.1), we get § = .

Figure 15: Planar representation of M.,.

T T

3D representations of M., vy € (Zv g), are illustrated in Figure 4b.

(ii)) B+0+p5+kvy = m, k > 1; as we can observe in Figure 16a, we reach an impossibility
as there is no way to complete the sum of alternate angles around vertex vs.

Figure 16: Local configurations.
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(iii)) S+ 90+ + kv = 7, k > 1; in this case there is no way to satisty the angle-folding
relation around vertex vs.

222 If B < & (Figure 5b), it is easy to conclude that o > § =& > 0 > 8 > 7. Now,
with the labeling of Figure 16b we have 03 € {4, 8}.

2.22.1 If 3 = I, we obtain the configuration illustrated in Figure 17a. Note that 64
cannot be ¢, otherwise there is no way to satisfy the angle-folding relation around vertex
va. Also, 05 cannot be ¢, as it implies 5 = «. Now, at vertex vz, we have necessarily
30+ = . Infact, if 30 = , at vertex v, we obtain+d+ 3 < wrand d+0+S+p > 7,
p € {B,7}, as B+~ > 6. Then, the last configuration extends uniquely to a complete

b A kth fundamental region of N'*, k > 6.

Figure 17: Local configurations.

planar representation formed by 12k tiles. Due to its large dimension, we only illustrate
the kth fundamental region in Figure 17b. As 8 > -, using Equation (3.1), we must have
kv = m, with k£ > 6. We denote this family of f-tilings by N where a+6 = m,36+8 =
and kv = mw, k > 6. Moreover,

/1
6 = 0 = arccos §COS%, k > 6.

3D representations of N k for k = 6,7, are illustrated in Figures 4e — 4f.

2.2.2.2 If 3 = (3, we obtain the configuration of Figure 18a.

It is a straightforward exercise to prove that if vertex vy has valency six, we obtain
a+ky=m k>2,0r f+ 6+ =, and in either cases Equation (3.1) has no solution.
Moreover, this equation also has no solution if there is a vertex with a sum of alternate
angles of the form 3 + § + § = w. Now, we consider separately the cases 8, = 65 = ~,
94 :05 :B,and94 :Bandés =.

2.2.2.2.1 If 84 = 05 = =, vertex vo must have valency greater than eight. In fact, valency
eight implies the existence of a vertex with a sum of alternate angles of the form f446+9 =
.

Now, with the labeling of Figure 18b, if v, has valency greater or equal to ten and

* there is an additional angle S in the sum of alternate angles (note that is not possible
to have an additional angle 6, as 26 + 2(8 + ) > ), the last configuration extends
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Y|Y Y
v, v,
1 ¢ 4 12
(] f
0,=8
B 2 3 B\o. B 2
5 ele SNy 5 €
8 £(0,=¢ ZAN 3 3
B 6 0 B 6
0,=P
3[8 3
g afa 7 8 o
Y|y \
a b

Figure 18: Local configurations.

to the one illustrated in Figure 19a and there is no way to satisfy the angle-folding
relation around vertex vs.

Figure 19: Local configurations.

e B+ 0+ ky = m, with k > 3, we obtain the configuration illustrated in Figure 19b.
At vertex vs we must have one of the following situations:

®

(ii)

B 4+ 6 + € = m; this condition leads to a sum of alternate angles at vertex vy
containing € + ¢ + 8 + v > m, which is not possible;

B84+ 6+ 0+ 8 = m; in this case we obtain a complete planar representation
formed by 16k tiles. Due to its dimension, we only illustrate one octant of the
sphere (fundamental region) in Figure 20. Observe that one of the hemispheres
is obtained from the other through a 90 degree rotation. Note that if 0 = J,
we would obtain 8 + 30 = 7 and consequently no solution would exist for
Equation (3.1). We have § = arctan (sec2-), 8 = 2 — 0,7 = &, a =
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T—90, = g and £ > 3. We denote this f-tiling by Pk, k > 3, whose 3D
representations, for k = 3, 4, are presented in Figures 4g — 4h.

Figure 20: A eighth fundamental region of P*, k > 3.

(iii) B+ + 0 + B + B = m; in this case we have necessarily k > 4 and it gives
rise to a sum of alternate angles of the form « + E'y = 7, with k£ > 2. Due
to the angles relations, we have k = 2. Nevertheless, under these conditions,
Equation (3.1) has no solution.

@iv) B+ 90+ 0+ B+ v = 7; in this case we also have k& > 4 and we obtain a com-
plete planar representation formed by 28k tiles. Due to its large dimension,
we only illustrate one hemisphere in Figure 21. The other hemisphere is ob-

tained through a 180 degree rotation along the x axis and a reflection. We have

_ oo (B=D)m i _ (k=Dm — - _
6 = arctan <bln o1 SeCoi ), B = 554 0,7 =g a=7m—90

and ¢ = g We denote this f-tiling by Q. k > 4, whose 3D representations,
for k = 4,5, are presented in Figures 4i — 4;.

Figure 21: One hemisphere of ok k> 4.

(v) B+ 60 + d + § = m; under this condition, it is easy to verify that we achieve at
vertex vy (see Figure 19b) a sum of alternate angles containing § + 6 + 8 + 7,
butd+d+8+v<d+d+B+d=mandd+ 5+ B+~ +p>m,forall
pE {O[7ﬂ, 615}'

22222 1If 4 = 65 = [ (Figure 18a), it is easy to observe that vertex vy cannot be
surrounded by six consecutive angles [, as we obtain a vertex with a sum of alternate



634 Ars Math. Contemp. 22 (2022) #P4.07 / 617-636

angles of the form « + v + p, with p € {«, 8, 0}, which is not possible. Moreover, it is not
possible to have angles  surrounding vs, as it gives rise to a vertex with a sum of alternate
angles containing « and 8. Taking into account these restrictions and analyzing the angles
relations and side lengths, at vertex vo we must have one of the following cases:

(1) B+ 0+ S+ = m; in this case we obtain the configuration illustrated in Figure 22a.

Figure 22: Local configurations.

Given the sums of alternate angles S; : +0++0 =mand So : B+ +ky =,
k > 3, itis a straightforward exercise to prove that at vertices vs and v4 we must have
only S; or a combination of S; and S, (note that we have symmetry, so order does not
matter). If we have a combination of S7 and S5, we obtain a complete representation
of f-tiling PE k> 3, previously achieved. On the other hand, if we have only S,
the last configuration extends to the one illustrated in Figure 22b. At vertices vs and
vg we must have only S7 or So. In the last case, as before we obtain the f-tiling Pk,
with & > 4. If S is the sum of alternate angles at vertices vs and vg, then we obtain
a complete representation formed by 8k tiles. A fundamental region is illustrated

in Figure 23. For each k£ > 6, we have a = 2arctan (cos % 4+ /1 + cos? %)

B=%—-0,7v=7%0=m—aande = 3. Wedenote this f-tiling by R¥, k > 6,
whose 3D representations, for k = 6, 7, are presented in Figures 4k — 41.

Figure 23: A 2kth fundamental region of RE k> 6.

(i) B+ 0+ B+ + B = m; this case leads to the following additional relations between
angles: a+vy+~ = 7 and ky = 7, with k£ > 8. Nevertheless, under these conditions,
(3.1) has no solution.
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22223 If 04 =  and 05 = ~y (Figure 18a), it is easy to observe that vertex vy cannot
be surrounded by the sequence (..., 03, 5,7,7,...), as we achieve a vertex with a sum of
alternate angles containing « 4+ (3, which is not possible as « + 5 + p > m, for all p. As
the sum of alternate angles surrounding vs must contain at least one angle -, taking into
account the previous restriction and analyzing angles relations and side lengths, at vertex
vo we have necessarily 8+ § + 5 + d + v = m, as illustrated in Figure 24.

Figure 24: Local configuration.

Note that 65 must be 3 (tile 23), as g = ¢ immediately leads to an impossibility. It
is a straightforward exercise to verify that at vertex vs we must have 5 + 6 + ky = 7,
withk > 4,or B+ 6 4+ 8+ 6 + v = w. In the first case, analyzing the symmetry of the
figure and all possible combinations of angles surrounding specific vertices, we obtain the
f-tiling oF k> 4, formerly achieved. In the last case, beside this family of f-tilings, we
also obtain a complete planar representation formed by 16k tiles. Due to its dimension, we
only illustrate one hemisphere in Figure 25. the other hemisphere is obtained through a 180
degree rotation along the x axis and a reflection.

Figure 25: One hemisphere of S*, k > 7.

We have § = arctan (sin (kgé)” sec i), 8= % -0,y =f,a=m—4and
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€ = 5. We denote this f-tiling by S k. k > 7, whose 3D representations, for k = 7,8, are
presented in Figures 4m — 4n. O
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Abstract

We examine a class of involutory self-dual convex polytopes with a specified sets of
diameters, compare their vertex sets to extremal Lenz configurations, and present some of
their realizations.
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1 Introduction

We describe points in R4 by standard coordinates (z1,Z2,...,24). For 3 < i < d,
let H;(b;) denote the hyperplane x; = b;, and L(bet1,...,bq) = ﬂf:eHHi(bi), e =
2,...,d —1. Le(bey1,...,bq) is an e-flat, and denote the (e — 1)-sphere with centre ¢

and radius ¢ in L¢(bey1, . ..,bq) by S*71(c,t). We denote the origin of R? by ¢4, and let
(Aw,p) == dw + (0,...,0,p), fora point w € Hy(0) = Ly_1(0) and {\,p} C R.

Let Y be a set of points in R?. Then conv(Y") and aff (V') denote, respectively, the con-
vex hull and the affine hull of Y. Forsets Y1, Y5, ... Y, let [Y1,Ys,...Y,] = conv (U, Y;)
and (Y7,Ys,...Y,) = aff (U,Y;)). IfY = {y1,y2,...,yn} is finite, we let
[Y1,Y2, ..., yn) = conv(Y) and (y1,ya, ..., yn) = aff (V).
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Let P C R< denote a convex d—polytope with L(P) and F;(P),0 < i < d—1, denot-
ing the face lattice and the set of i—faces of P. We let f;(P) = |F;(P)|, V(P) = Fo(P)
and F(P) = Fyq_1(P), assume familiarity with the basic notions of convex polytopes, and
refer to [3, 6] and [18] for basic terminology and definitions. Specifically, two polytopes
Py and P, are combinatorially equivalent (P; = P») if there is an isomorphism (inclusion
preserving) from £(P;) to £(Pz), and are dual if there is an anti-isomorphism (inclusion
reversing) from L£(P;) to £(P). If there is an anti-isomorphism ® from £(P) to L(P)
then P is self-dual, moreover, if ®2 = id then P is involutory self-dual.

Let P C R< be involutory self-dual via the anti-isomorphism on £(P) induced by the
map v — v* withv € V/(P), v* € F(P) and v ¢ v*. A segment [v, w], with end-points
v and w, both vertices of P and with w € v*, is called a principal diagonal of P and
let D(P) denote the set of principal diagonals of P. Finally, we say that P is configured
if each principal diagonal in P has length diam(P), and that P is strictly configured if it
is configured and only principal diagonals of P have length diam(P). We note that odd
regular polygons are strictly configured.

Let X,, C R% be a set of n > d > 2 points and My(X,,) be the number of pairs
{z,y} C X, such that diam(X,) = ||z — y||, the distance between = and y. Let M (d,n)
be the maximum of M,4(X,,) over all X,, C R?. Then X,, is an extremal configuration if
Md(Xn) = M(dv n)

The problem of determining M (d, n) is due to ErdGs in [4]. We list contributions to
the problem in the References, with specific mention of [11, 12] and [17] and the following
results:

(1) M(2,n) = n, and X,, C R? is extremal if and only if V(P) C X,, C bd(P) for
some Reuleaux polygon P.

(2) M(3,n) = 2n — 2 and X,, C R3 is extremal if and only if X, is the vertex set of
certain types of polytopal (Reuleaux) ball polytopes.

(3) M(d,n), d > 4, grows quadratically with n, and extremal X, are attained only by
Lenz Constructions.

In this last regard, we note (cf. [17]) that an (even dimensional) Lenz Configuration in
R, d =2p > 2, is any translate of a finite subset of uleci where C; is a circle with
centre at the origin O and radius r;, so that TJZ + 7",3 = 1 for all 7, k and the subspaces U;,
spanned by C;, yield the orthogonal decomposition R = U; @ Uy & ... @ U,,. For odd
dimensions d = 2p + 1, C is replaced by a 2-sphere with centre O and radius r = %
Theorem 1.1 (K. Swanepoel). For each d > 4, there exists a number N (d) such that all
extremal configurations X,,, withn > N(d), are Lenz Configurations.

We note that in [17], Swanepoel also determines M (d, n) for sufficiently large n.

Our interests in this paper are realizations (constructions) of strictly configured d-
polytopes P, d > 3, and values of My(P) (number of principal diagonals of P). In
Section 2, we will show that for strictly configured 4-polytopes there is a formula similar
to 1) and 2) that depends on the number of vertices and edges; furthermore we show the
convex hull of vertices of an extremal Lenz configuration is never a configured d-polytope.
The former raises the question of whether in dimension d > 4 the situation for M (d, n)
may have at least another possible scenario, if the points are not in Lenz configurations. In
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Section 3 we will give constructions of configured d-polytopes P for d > 3 such that for
d = 4, M4(P) < 4n. These constructions consist of two steps: determining self-dual poly-
topes so that all principal diagonals have length (say 1), and then showing that the diameter
of the polytope is 1.

2 Principal diagonals

In this section, we assume that P C R< is an involutory self-dual d-polytope via the anti-
isomorphism on £(P) induced by v € V(P) — v* € F(P), and recall that D(P) denotes
the set of principal diagonals of P.

Theorem 2.1. Let P C R3 be a configured 3-polytope. Then P is strictly configured and
D(P)| =2fo(P) —

Proof. Since P is self-dual, we have that fo(P) = f2(P) and so, f1(P) = 2fo(P) — 2 by
Euler’s Theorem.

Letv € V(P). Then v* € Fy(P) is a polygon and fo(v*) = f1(v*). On the one hand,
fo(v*) = |{g € D(P) | v € g}| by definition. On the other hand, v € e € F;(P) iff
e* € F1(v*), and so, f1(v*) = [{e € F1(P) | v € e}|. Thus [{g € D(P) | v € g}| =
{e € F1(P) | v € e}| and [D(P)| = | F1(P)].

Theorem 2.2. Let P C R* be a strictly configured 4-polytope. Then |D(P)| < 2f1(P) —
2fo(P).
Proof. Let V(P) = {v1,...,v,} and F1(P) = {e1, ...,em }. Then Fo(P) = {e], ..., €5}
and F(P) = {v],...,v}} by the self-duality of P.

We recall from [1] that f;5(P), 0 < j < k < 3, is the number of pairs of j-faces
G; and k-faces G, such that G; C Gy, and that foo(P) < 6f1(P) — 6fo(P). By the
self-duality of P, we have also that

Zfl = f13(P) = fo2(P),

Zf2 = f23(P) = fo1(P) and

m

for(P Z o(ej) =2f1(P)

Finally, let v € V(P) and e € D(P) of a configured P C R*.
Then v € e if, and only if, e = [v,w] and w € Fy(v*). Thus, fo(v*) is the number

(
of principal diagonals of P that contain v, and >~ ; fo(v}) = 2|D(P)|. Then by Euler’s
Theorem,

PP = 3 20+ ACD - 107

=n+g Zfl Zf‘l(”f) .1)

= fo(P) + §f02(P) - §f01(P)
< fo(P) + [3fi(P) = 3fo(P)] — f1(P).
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End of Theorem 2.2. O

We let My(Q) = My(V(Q)) for a d—polytope @, and observe that if P C R* is strictly
configured then My (P) is linear in f1(P) and fo(P). This raises the following question: Is
there a set of n vertices of a strictly configured polytope in Lenz Configuration? We show
below that the answer is no if fo(P) > 5; in fact, we present in Section 3 a subfamily of
such P C R* with f1(P) < 3fo(P) and M4(P) < 4fo(P).

V6 /10
If n = 5 and d = 4, it is easy to prove that the polytope with vertices (0,0, ¥, ¥;7),

(0,0, ‘3f,0) I(COb %,sin Z,0,0), \[(cos 2r sin 27, 0,0) and f(l 0,0,0) is a Lenz
Configuration and that it is strictly configured. This is the only case with d = 4 where the

vertices of a strictly configured polytope is a Lenz Configuration.

Theorem 2.3. Let X C R* be a 4-dimensional extremal Lenz Configuration with | X | > 6.
Then P = conv(X) is not configured.

Proof. We assume X C R* is a 4-dimensional Lenz Configuration with X C C; U Cy,
C; C U;, where R* = U; @ U,. Itis clear that P is a 4-polytope with V(P) = X and
diameter 1. Let X N C, = {w1,...,wa}, X N Co = {21, ..., 2p} and note that for i = 1,2,
G; = UzﬂPGFQ(P)

From [17], we have that M4(X) = M (4,n) with | XNCy| = [§]and [ XNCy| = [ F],
say. Furthermore, M (4,6) = t2(6) + 4, M(4,7) = t2(7) + 4 and M (4,n) < ta(n) +
[5 ]+ 1forn > 8 where t3(n) is the number of pairs {w;, 21} such that ||w; — z|| = 1.
Accordingly, there are M (4,n) — t2(n) diameters of X that have end points in either C;
or Cs.

We suppose that P is configured via the anti-isomorphism induced by v — v*, v ¢ v*,
and seek a contradiction. Thena > 3,b > 3, v ¢ v* and F(P) = {w], ..., w}, 27, ..., 2} }
yield that v* N Cy £ 0 £ v* N Cy forv € X NCY, and Gy = 27 N 25 and Gy = wi Nw}
say: Thus, wi NGy € fl(w]*») and zf NGo € Fi(zp)for3 < j<aand3 <k <b.

It now follows that the number of principal diagonals of P in G; and G5 is:

* two through each w; and zj, with j > 3, £ > 3 and
* at least one through each of w;, we, 21 and 2zs;

that s, at least £ (2(a—2) +2(b—2)+4) =a+b—2=n—2andn—2 < [2] # 1. Then
n =6, ws NGy = [wy,ws] and so, w3 € wi Nw3, [G1,ws] C wi Nw}, and wi = wj; a
contradiction. O

We note that the arguments and the result in Theorem 2.3 extend to d > 5 for extremal
Lenz Configuration X with sufficiently large | X|. This raises the issue of how to realize
configured polytopes with a large number of vertices in higher dimensions.

3 Constructions of strictly configured polytopes

In this section, we present realizations of strictly configured polytopes that are (d — 2)-
fold d-pyramids or “stratified” d-polytopes. We note that configured polytopes play an
important part in the study of, among others, graphs, hypergraphs, and bodies of constant
width.



T. Bisztriczky et al.: Configured polytopes and extremal configurations 641

3.1 Prismoids

Letm > d > 3and Q C Hy(0) be a (d — 1)-polytope with V(Q) = {wy,wa, ..., wm}
and ¢4 as a relative interior point.

We consider translated homothetic copies (homotheties) Q;,, of Q. For £ > 2 and
1<57< k, let Qjm = [yjl;ija Ce ,yjm] with Yjr = ()\jrwr,pj),pk < P11 <:--<pP1
and A\; > 0. We let R, = [Qim; Qom, - - -, Qim), and say that Ry, is a k-layered
d-prismoid if |V (Ryy,)| = km and for r = 1,...,m, [yj—1)r, y;r] are the edges of Ry,
that intersect Q(]—,l)m and Q.

Then [Qip, Qjm] is a d-prismoid for 1 < i < j < m, {Q1m, Qrm} C F(Rim) and
we let Py = [400, Rim| for some point o0 = (0, ...,0,q) € RY. We say that Py, is a
stratified d-polytope if g is beyond either Qy,, or Qy,,, and beneath all other facets of
Ry (cf. [6] p. 78), and hence, |V (Pry )| = km + 1.

In what follows, we assume that Py, = [yoo, Rim] C R? is stratified with Ry, as
above and ygp beyond exactly Qy,,. It is clear that Py, is dependent upon the (d — 1)-
polytope Q = [wy,ws, ..., wy] C Hy(0), and we examine properties of P, that are
inherited from Q.

As a point of reference, Py, C R3 is called an apexed 3-prism in [11].

311

Let Q = [wy,wa,...,wy] C Hy(0) be involutary self-dual via the anti-isomorphism on
L(Q) induced by w, — W, € F(Q). Then F(Q) = {wy,Wa, ..., W} and we have that

* Q,m, is involutary self-dual via the anti-isomorphism of £(Q;,,) that sends y;, —
Y;ir» and y;, € y;, if, and only if, wy € w,,

* ‘F(Q]m) = {gjhnga"'agjm}’
° F(ka) == {Qlwu ka} U {g(j—l)ragjr}p S] S k71 S T S m} and
¢ F(Prm) = (F(Rim) \ {Q1m}) U{lyoo, 71-]|]1 <7 <m}.

Then (cf. [2], Theorem 2.1) Py, is involutary self-dual via the anti-isomorphism on
L(Pypm) induced by the map y;, — Y, with Yoo = Qpm, Yir = [yoo,%1r) and Y}, =
[Gk—s)r> U—j+1yr) forj =1,...;k —landr =1,...,m. O

3.1.2

With Q as in 3.1.1, let V(Q) C S%2%(c4,t) C Hy(0) and ||w, — ws|| = 1 for each
w, € V(Q) and wy € ,.. We say that Py, is metrically embedded in R? if ||y — /|| = 1
for every {y,y'} C V(Pin) such that [y,y'] is a principal diagonal of Pj,,. Thus, a
metrically embedded P, of diameter 1 is configured.

From Theorem 4.1 in [2]; if yoo = (0,0,...,0,q), thenthereare 0 < A\, < Ay < --+ <
Aj <Ay <0 < )\[%1 = 1thatyield 0 = py, < pr—1 < --- < p1 < ¢ so that for every
Yjr € V(Pim): if yis € Y, then |Jy; —yis| = 1. Specifically, we note that ¢> = 1— A%t
pi = 1= |\wr — \ws||* and p 1 = p1 — VB with = 1 — [|Ap_qw, — Mjws*. O

Our present interest is to determine involutary self-dual Py, C R? of, say, diameter 1
and then to characterize its diameters. To that end, we seek involutary self-dual @ C H4(0)
of diameter 1 and with vertices on a (d — 2)-sphere.
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3.2 Pyramids with polygonal bases

With the a;’s to be specified, let d > 3 and Q C La(—as,..., —aq) be a regular m-gon
with cyclically labeled vertices wy,ws, ..., w,,, the circumradius ¢, the diameter 1 and
m = 2u + 1 > 3. Then it is well known that 1 = [|w, — Wyiy|| = ||wr — Wriut1]| for
each w,, and that Q has 2m diameters.

As asimplification, we write w, = (21, %2, —as, ..., —aq) as w, = (r1, x2) inrelation
to the plane Lo(—as, ..., —aq).
3.2.1
With 6 = 2% and w, = t(cos(rf),sin(r6)) for r = 1,...,m, we note that w,, =

(t,0), Wimgu = wy and 1 = [wp, — wy|* = 263(1 — cos(ub)) = 2t>(1 + cos(Z))
fromm = 2u + 1.

3.2.2

With m = 2u+ 1 > 5and A > 0, we claim that || Aw, — w;|| < [[Aw, — w4, for
w; € V(Q) \ {wr, Wriw, Wrput1}-

With coordinates as in 3.2.1, we may assume that w, = w,, and that w; is in the
upper half-plane. Then 0 < jf < uf < 7 and cos(uf) < cos(j6) and ||Aw,, — w,|?* —
| Awsm — w;]|? = 2At%(cos(j0) — cos(ub)). O

3.2.3

For A > p > 0 and ws € {Wyiy, Wriyt1}, we have that [Aw,., pw,, pws, Aws] is an
isosceles trapezoid of side lengths A, yz and (A—p)t and | Aw, —pws||? = Apu+(A—p)?t? =
INws — pw,||%. O

3.24

From 1 = ||wy, — wy||? = 2t*(1 + cos(Z)) and m > 3, we obtain that ; < ¢* < £ and
3 < ﬁ <2 Weletty =t,t3 = mford > 3 and note that 3 < t < 2 <

<2<iE< P <ti<i<ti<L<t<iwithd>38

O

3.2.5

With d > 4 and Q C Lao(—as,...,—aq) C Ls(—ay,...,—a4) as above, we write w, =
(ta cos(rh),ta sin(rf), —as) in relation to Lz(—ay,...,—aq). We consider the 2-sphere
S? == §2((0,0,0),t3) C L3(—au,. .., —aq) with t = 4(%4%’)’ and let ag = /13 — t3.
Then V(Q) C S? and with w,,+1 = (0,0,t3), we claim that |jw,,+1 — w,|| = 1 for
r=12,...,m.

As Q is symmetric about the x3-axis, we verify the claim with w,. = w,, = (3,0, —a3).

2
From t§ = ||wn,||*> = 3 + a3 and 3 = 4t43t§1,

1
2\2 5
124 (ts + as)? = 242 + 25\/12 — 13 = 242 + 25 (“—jés) ) P

it follows that ||wy,11 — wn|? =




T. Bisztriczky et al.: Configured polytopes and extremal configurations 643

Theorem 3.1. Let d > 3 and Q® = [wy,...,wy] C La(—as,...,—aq) be a regular
m-gon of diameter 1 and circumradius to; m = 2u + 1 > 3. Then fore = 3,...,d,
t2 = ﬁ, a?=1t2—t2 jandc. = (0,...,—acy1,-..,—aq) ife # d, there is an
“le—1
involutary self-dual (e — 2)-fold e-pyramid Q° = (w1, ..., Wy, ..., Wnte—2] Of diameter
1 and basis Q? such that
(i) 9° C Le(—aet1,-..,—aq) ife #d,

(i) V(Q°) C S (ce,t.) and
(iii) Q° is strictly configured.

Proof. With reference to Subsections 3.2.1, 3.2.2, 3.2.3, 3.2.4 and 3.2.5, we let:

o w; = (tg cos(if), ta sin(ib), —as, ..., —aq) fori =1,...,m
* Wi =(0,...,0,ti42,—ait3,...,—aq) fori=1,...,d — 3 and
® Wm4d—2 = (07 . ,O7td)'

We observe first that for 2 < i < j < d, t?+a?,, =t? ; andso, t? +a2 |+ o+a§ = tf.
From this it follows that ||w; — c.||* = t3 + a3 + -+ + a2 = 2 for w; € V(Q?),
3<e<d|wpyi —celP =ty +al g+ +aZ=tifori+2<e<d—1and
lwj = call® = fJw;||* = 5 for w; € V(Q?).

Next, with w, = (tg cos(rd),tosin(rd), —as, ..., —aq) and w,. = (t3 cos(r + )b,
tosin(r + wu)d, —asz,--- — ag), we note that Q2 is involutary self-dual via the
anti-isomorphism of £(Q?) induced by w, — @, = [w].,w/.,,]. Thenfore = 3,...,d,

F(Q°) = {[Wr, Win+t1, - - Wmte—2]|r =1,...mPU{[V(Q)\{w,}]|r =m+1,...,
m+e—2}

and Q°¢ is involutary self-dual via the anti-isomorphism on £(Q°¢) induced by w, — W,
where

_ {[wr,merh...mereg], r=1,...,m;
" [V(Q°)\ {w:}], r=m+1,...,m+e—2.

Finally, we observe that for 1 < j < m —+ 1, |wm4; — w;||> = 2,1 + (tit2 + aiy2)?.
Then, as in 3.2.5, t7,, = 4t?zt2271 yields that ||wy,+; — w;|| = 1. From this and t =
m, we obtain that ||w, — ws|| = 1 for ws € w,; furthermore, if {w,,w,} C
V(Q?) and w, ¢ 0, then ||w, — w,|| < 1. O

We note that M, (Q°¢) = 2M,(Q?) + Z:Zﬁfgj = (e — 1)m + (%) and that Q% is
extremal.

Theorem 3.2. Letd > 3, m = 2u+ 1, n = m+d— 3 and k € {2,3}. Then there
is an involutary self-dual stratified Py, = [yoo, Rin] C R? of diameter 1 that is strictly
configured.

Proof. With reference to Subsection 3.1 and Theorem 3.1 withe = d — 1 and ag = 0, we
consider P, with the property that:

* Yoo is beyond exactly Q1.
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[ Q = [wl, ...,wn] C Ld,l(—ad) = Hd(O),

+ Q% lisainvolutary self-dual (d—3)-fold (d — 1)-pyramid with diameter 1 and basis

02, and
e Q% = [wy, ..., W] C La(—ag, ..., —aq) is a regular m-gon of diameter 1.
Then cq—1 = (0,...,0,—aq) = cq and with to,...¢4_1 as in 3.2.4, we simplify notation

and lett = t4_1.
We now apply 3.1.2 with yoo = (0,...,0,¢) and py < pr—1 < -+ < p1 < q.

Case 1: £ = 2 and hence, A\ = 1 and po = 0.

With 0 < )\2 < 1: Pgn is Stratiﬁed, YOO = an, Yh« = [?jlr; QQT} and YQT = [y007glr]-
With ¢ = 1 — Xt and p7 = 1 — |[Agw, —ws > = 1 — (A + (1 — X2)?#?) (cf. 3.2.3), we
have that ||y, — yis|| = 1 for y;s € Y.

4—¢2 2—t2

With Ay = 1; we have ¢> = 455, p? = 2= and claim that ||y;, — y;.|| < 1 for

Yi € Yjr. From & < t? < 3, we obtain that

ly00 — yir > = [1(0,0) — (wy, p1)||* = [Jw,||* + (g — p1)?
=t*+¢* +pl — 2qp1

= 3(6—2752—2\/4—752\/2—162) 3.1

ORI

Let Yiz 7é Yoo 7é Yjir and Yiz ¢ Y—jr Then Yiz = ()\iwz;pi), Yjr = ()\jwrvpj) and Wy ¢
w, (cf. 3.1.1). Since Q1,, and Q2,, are homothets of ), we may assume by Theorem 3.1(iii)
that j = 1 and ¢ = 2, say. Since w, ¢ ., it follows as in the proof of Theorem 3.1 that
w, = w, or {w,,w,} C V(Q?). If w, = w,, then ||y, — y2.||* = % +p? = % If
{w.,w,} C V(Q?), then it follows from 3.2.2 that [|w, — Jw.| < [lw, — Fw,]|| with

ws € 1w, NV (Q?). Hence, ||y1, — Yoz || < |ly1r — y2s]| = 1.

IN

Case 2: k = 3 and hence, Ay = 1 and p3 = 0.

Let Yoo = Q3n, Y1, = [J2r,U3r)s Yor = [§1,92,] and Y3, = [yoo, J1r]. With
A=A =X =Zandg® = 1-M? = 2L p? = 1— | Aw, —dw,||> = 1-2% = 3 (cf.3.1.2
and 3.2.3), B = 1 — | Agw, — Mwy|2 =1 — [Jw, — Mwg||2 = 1= A+ (1 — 122 = 222
and po = p1 — /3, we obtain that ||y;, — yis|| = 1 for y;s € Y.

Let y;. ¢ Yjr. We claim that ||y, — y;.|| < 1 and then it follows that each Y}, is a
facet of Ps,,; thatis, R, is a 3-layered prismoid and Ps,, is stratified.

We observe that if @ < t? < b then

oo — yarll> = 11(0,9) — (wp, p2)|I* = llw,||* + (g — p2)?
=2+ +pP+B+20/B—2m (q+\/ﬁ)

:%(9+2t2+2 (47752)(2*#)*2\/3(\/47t2+\/27t2>
<i<9+2b+2 (4—a)(2_a)_2\/§(m+m)

(3.2)
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|en

and ”yOO - y2TH < 1 for (avb) € {(%7 %)v (%7 %)a (%’ %)7 (1 ’ %)’ (%7 llfi)’ (1776’ %)}’ that
is, for each d > 3 (cf. 3.2.4).

It is clear that ||yoo — %1r]l < |lyoo — y2r|, and hence, we may assume that
Yiz = (Niwz,pi), Yjr = ()‘jwrapj) and w, ¢ w,. Then er —w| < er - wSH
for wg & W, and ||y1» — Y3z || < ||y1r — y3sl| = 1 for y35 € 1 C Y1,

From 2 < %,weobtainthatﬂ > % = %,pg =p—VB < Bl and py < p1 — po.
Thus, ||ys, — y22|| < ||y1r — y2-|| and we argue as above that ||y1, — y2.|| < 1.

In summary; |ly;» — ¢'|| < 1 for {y;r,v'} C {woo} U {yjrlsj = 1,...,k and
r=1,...,n}, and with equality if and only if y’ € Y},. Thus

N

F(Pin) = {Yoo U{Yjrli=1,...,k,r=1,...,n},

V(Pkn) = {yOO}U{ijU = 1,...,]17,7‘ = 1,...,71}
and P, is involutary self-dual under the anti-isomorphism on £ (P}, ) induced by y;, —
Yo O

Theorem 3.3. Let P, C R? be an involutary self-dual stratified 3-polytope that is con-
figured with diameter 1; k > 2 and m = 2u + 1 > 3. Then there is an involutary self-dual
stratified P,y 1ym C R3 that is configured with diameter 1.

Proof. Weletl =k + 1 and denote Py, asin 3.1.1 and 3.1.2 with d = 3. Specifically,

* @ = [wy,...,wy] C Hs(0) is a regular m-gon of diameter 1 and circumcentre
c3 = (0,0,0) as in 3.2.1,

o Qjm = [yj17~-~7yjm] with Yjr = ()\jwr,pj) and 0 < >\k < )\1 < - K )\j
Ak—j <o <A =1L0<pp <pp1 <+ <p1 <g<landye = (0,0,q),

IN

* the anti-isomorphism on £(Pjy,, ) is induced by y,, — Yj, with Yoo = Qm, Yim =
[yOOang]’ )/jr = [g(k—j)rag(l—j)r]’ 1< J< k —1, and ng = [yj(r+u)7yj(r+u+1)]’
and

* |lyjr — yis|| = L1if, and only if, y;s € Y},

Let S(y) := S%(y, 1) for y € R3, and consider the homothets Qo,, = [Yo15 - - - » Yo Of
Q with yo, = (Aowr,p0)7 0 <A < Arandp; < pg < g. From [yk(r+u)ayk(r+u+l)] =
Jkr = Yoo N Y1, it follows that ||yoo — yks|| = 1 = ||y1r — yrs|| for s € {r+u,r+u+1},
and so,

{yOO» ylr} - Ck‘r = S(yk(r+u)) N S(yk(r+u+1))v

a circle with centre %(yk(ﬂru) + Yk(r+u+1))- It is now clear that

(1) foreach p; < pg < g, there is 0 < Ag < A1 such that yg, € Ck,..

In fact, yo, € g, the shorter arc of Cg,. with end points 399 and y1,.. We note also
that V(Qom) NV (Pgm) = 0 for each such pg. Let V = V(Pypm), B(y) = [S(y)]
and B(V) = Nyev B(y). Since diam(Py,y,) = 1, it follows that

(il) agr C bd(B(V)) forr=1,...m.

Since Py, is involutary self-dual with no fixed points, it follows from Theorem 3.2
of [13] that B(V) is polytopal and the face polyhedral structure of B(V) is a lattice
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isomorphic to L(Py,). Accordingly, B(V) is similarly self-dual and from Theo-
rem 4.1 of [13], any surface ® C R? obtained from bd(B(V')) (by performing their
surgery on one edge-arc of each pair of dual edge-arcs of bd(B(V))) is the boundary
of a body of constant width. In this case, V' C ® and diam (V) = 1 yield ® is of
constant width 1.

We note that dual edge-arcs of bd(B(V')) correspond to dual edges of L(Pry,).
Thus, the duality [y(]()7 ylr] +—— Yy NYy, = gkr

yields that ay, is dual to the shorter edge-arc in S(yoo) N S(y1,) with end point
Yk (r+u) AN Yr(r4ut1)- We consider those @ that contain each of a1, gz, - - -, -
Then the symmetry of Py, about the x3—axis and ) yield that

V' =V UV(Qom) C ® and diam(V’) =1,

S(y00)NV' = V(Qpm ) and the spherical region S(ygo) NP is not empty and bounded
in H3(0) by the circumcircle of Q.. and

ybo = (0,0, — 1) € S(yoo) N ®.

From diam(V) = 1, |[V| = km + 1, M(3,km + 1) = 2km and Theorem 2.1, we
have that M5(V') = 2km + 1. From diam(V") = 1, |V’| = lm + 1 and i), we have
that M3(V') > M3(V') + 2m = 2lm. Thus, M3(V') = 2lm and

llyor — yll < 1for yo, € V(Qom) and y € V \ {Yr(r+u)s Ye(r+ut1) -

Let V"' = V' U {yyo}- Then diam (V") =1, |[V"| = Im + 2, ||yoo — Yo/l = 1 and
2[V"| =2 =2lm+2 > M3(V") > 2lm + 1. From the rotational symmetry of V"
and S(y(,,) about the x3—axis, it follows that

lyoo — yll < 1fory € V'\ {yo}, and

lye —yll < 1fory € V'\{yo} for sufficiently small ¢ > 0 and y. = (0,0,g—1—¢).

Let pg = ¢— € and p be the radius of the circle Hs3(po) NS(y(g). Then {(0,0,pp)} =
Hs(po)NS(ye) C Qom C [Hs(po)NS(yho)] and with Ag chosen so that 0 < Ay < Ay
and yor € oy, we have that 0 < Aot < p. Accordingly, there is a point zpp €
[Y60s Ye] such that Mgt is the radius of H3(pg) N S(zgo); that is,

llzo0 — yor|| = 1 forr =1,2,...,m.

Finally, let zj, = ya—j)r.Zjr = Ua—j)r and @, = Q—jym forj =1,2,... 1 and
r = 1,2,...,m. Inaddition, let Zoo = Q},, = Qom. Zir = [200, 21+] = [200, Ukr]

and Zj,. = [Z4—j)rs Z1—j+1)r] = [Ujr> J(j—1)r]- From the preceding, we have that
Py = (200, Qs - - -5 Q)] 1s involutary self-dual via z;. — Zj,, stratified and
configured with diameter 1. [

Finally, we show that if a set of n points are the vertices of a configured 4-polytope P
such as in Theorem 3.2 then M4 (P) < 4n.

Theorem 3.4. Let Pi,, = [yoo, Rkm| C R* be a configured stratified 4-polytope, with
n = km + 1 vertices. Then number of principal diagonals of Py, is at most 4n.

Proof. By Theorem 2.2, it is sufficient to prove that f1(P) < 3n for every configured
stratified 4-polytope. By construction, Rim = [Q1m, Qom, - - - Qkm] Where each copy
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Q;m is self-dual and contains m vertices, and thus, f1(Q;,,) = 2m— 2 by Euler’s Theorem
and self-duality.

Finally, there are m edges through yoo and m(k — 1) edges connecting the & homothets
Qim,and so, f1(Pxm) = k(2m—2)+m(k—1)+m =3km —2k <3km+3=3n. O
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Abstract

Let S be a transformation semigroup acting on a set {2. The action of .S on {2 can be
naturally extended to be an action on all subsets of 2. We say that S is /-homogeneous
provided it can send A to B for any two (not necessarily distinct) ¢-subsets A and B of ().
On the condition that k < ¢ < k + ¢ < ||, we show that every £-homogeneous transfor-
mation semigroup acting on {2 must be k-homogeneous. We report other variants of this
result for Boolean semirings and affine/projective geometries. In general, any semigroup
action on a poset gives rise to an automaton and we associate some sequences of integers
with the phase space of this automaton. When this poset is a geometric lattice, we pro-
pose to investigate various possible regularity properties of these sequences, especially the
so-called top-heavy property. In the course of this study, we are led to a conjecture about
the injectivity of the incidence operator of a geometric lattice, generalizing a conjecture of
Kung.

Keywords: Incidence operator, kernel space, rank, strong shape, valuated poset, weak shape.

Math. Subj. Class. (2020): 05B35, 20M20, 47D03, 52C35

1 Introduction
1.1 Transformation and phase space

Let T" be a digraph, namely a pair consisting of its vertex set V(I') and arc set E(I") C
V() x V(I'). We call T' symmetric if (u,v) € E(T") holds if and only if so does (v,u) €
E(T). For any A C V(T'), we adopt the notation I'[ A] for the subdigraph of I" induced by

*We thank Peter Cameron, Alexander Ivanov, Peter Semrl, Johannes Siemons and Qing Xiang for useful
discussions. Especially, Peter Semrl reminded us the result of Taussky and Zassenhaus while Johannes Siemons
suggested that the isomorphism of two permutation modules can be read from Figure 6. This work has been
supported by NSFC (11971305, 11671258) and STCSM (17690740800).

fCorresponding author.

E-mail addresses: ykwu@sjtu.edu.cn (Yaokun Wu), fengzi @sjtu.edu.cn (Yinfeng Zhu)

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



650 Ars Math. Contemp. 22 (2022) #P4.09 / 649-674

A which has vertex set A and arc set E(I') N (A x A). The number of weakly connected
components and the number of strongly connected components of I' will be dubbed wee(I')
and scc(T"), respectively.

For a set 2, all maps from € to itself form the set Q2. For each g € QO and o € Q,
we write ag for the image of o under the map g. The composition of maps provides an
associative product on the set Q*? and thus turns it into a monoid, namely a semigroup with
a multiplicative unit. We call this monoid the full transformation monoid on €2 and denote
it by T(£2). A subset of T(£2) which is closed under map composition, whether or not it
contains the identity map on 2, is called a transformation semigroup acting on €. Let .S be
a transformation semigroup on 2. We say that S is transitive on a set A C Q if for every
a, € A wecan find g € S such that ag = 3; we call S transitive if S is transitive on
Q. If the transformation semigroup S is generated by a set G C ?, namely S consists
of products of elements of G of positive length, we call (S, G) a deterministic automaton
on Q [67, Section 1]. The phase space of an automaton (S, G) on {2, denoted by I'(S, G),
is the digraph with vertex set €2 and arc set {(o,g) : a € Q,g9 € G}. When ( has at
least two elements, the claim that .S is transitive is equivalent to the claim that I'(S, G) is
strongly connected for any generator set G of S. We write I'(.S, S) simply as I'(S) and note
that each strongly/weakly connected component of I'(.S) coincides with a strongly/weakly
connected component of I'(.S, G) for any generator set G of S. For all work in this paper,
we can simply focus on I'(.S) instead of considering I'(.S, G) for any specific generator set
G. We emphasize I'(S, G) from the phase space viewpoint here to highlight the connection
between semigroup theory and automata theory, and to indicate the role played by the
choice of GG in some problems related to various distance functions on the phase space, say
the Cerny conjecture. For any set €2, a subset of T () forms a permutation group on
whenever it is a transformation semigroup and each element has an inverse in it, namely
it is a set of bijective transformations of {2 and is closed under compositions and taking
inverses. Permutation groups correspond to reversible deterministic automata.

Let  be a set. We follow the common practice to use 2 for the power set of 2. For
each g € T(f2), let g be the element in T(2*?) that sends each A € 2% to Ag = {ag :
a € A}. More generally, for each G C T(Q), G refers to the set {g : g € G}. For
any transformation semigroup S on €2 and any generator set G’ of S, S, as a semigroup
derived from S, is known to be the powerset transformation semigroup of S acting on 2%
and (S, G) is known to be the powerset automaton of (S, G). It may be interesting to iterate
the powerset automaton construction and examine the evolution of the phase spaces of the
resulting automata.

When discussing transformation semigroups, we may often be more interested in those
which preserve some structures, say simplicial maps for simplicial complexes, continuous
maps for topological spaces, ordering preserving maps for posets, or adjacency-preserving
maps in matrix geometry [52, 66]. Unlike the work on group actions on posets [3, 59]
and matroids [19], very little has been done on semigroup actions on these structures [62].
Moving from group actions to semigroup actions is just to consider general deterministic
automata instead of reversible ones.

1.2 Valuated poset and its shape

For any two sets {2 and W, if they are different or if we do not emphasize that they may be
equal, the image of w € © under a map g € ¥* is denoted g(w); note that we often write
it as wg when Q = .
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A poset P consists of a set {2 and a binary relation <p on it which is transitive and
acyclic, namely we require that & <p « never happens, and that « <p S and 8 <p ~
implies o <p ~y for all a, 3,7 € 2. We often just write P for its ground set {2 and we
say the poset P is finite if |P| is finite. For each o € P, the principal ideal generated by
aistheset {8 :  <p a}U{a} C P, which we denote by P|(«); the principal filter
generated by « is the set {5 : a <p B} U{a} C P, which we denote by Py(c). An
ideal (filter) is a union of principal ideals (filters). A map g from a poset P to a poset ()
is order-preserving if g(3) € Q,(g(«)) holds whenever 8 € Py («). We use End(P) to
denote the set of all order-preserving maps from P to itself.

Let Z>( be the set of nonnegative integers which carries a natural poset structure such
that @ < b in Z>q if and only if b — a is a positive integer. A valuation on a poset P is
an order-preserving map rp from P to the poset Z>(; we call rp(z) the rank of x in the
valuated poset. When we say P is a valuated poset, we are considering the poset P together
with a valuation rp, though the valuation may be only implicitly indicated. The rank of a
valuated poset P, denoted by r(P), is the maximum value of rp () for o € P if it exists
and is oo otherwise. For a poset P, the symbols like <p and rp will often be abbreviated
to < and r when no confusion can arise. Let P be a valuated poset. For any k € Z>(, we
write Py, for the set {« € P : r(a) = k}. We call the sequence | Py|, | P1, ... the shape of
the valuated poset and refer to it by S(P). If r(P) < oo, S(P) is a sequence of r(P) + 1
nonnegative integers.

Let P be a valuated poset and let S be a subsemigroup of End(P). The weak shape of
P under the action of S is the sequence

wee(T'(S)[Po)]), wee(T'(S)[Py)), - - -

which we denote by WS(S, P); while the strong shape of P under the action of S is the
sequence
scc(D(S)[Py]), sce(T(S)[P1)), - - -

which we denote by SS(S, P). Note that
S(P) = WS(S, P) =SS(S, P)

when the semigroup S consists of the identity transformation from End(P).
The main purpose of this note is to propose a study of the possible regularity in the
strong/weak shape of a semigroup acting on a valuated poset.

1.3 Geometric lattice and top-heavy property

A matroid M consists of a ground set &), and a rank function ry; from 28M to the set of
nonnegative integers plus infinity such that the rank axioms are satisfied [13, Section 1.5].
The flats of a matroid M, ordered by inclusion, form a very pretty structure, called the
matroid lattice of M and denoted by F(M). For each nonnegative integer ¢, let Fy (M)
be the set of all rank-t flats of the matroid M. A geometric lattice is an atomic and
semimodular lattice which does not have any infinite chain [64, page 305]. We mention
that a geometric lattice is cryptomorphic to a natural object called combinatorial geome-
try [64, Theorem 23.1] and that finite geometric lattice is nothing but finite matroid lattice
[36, page 163, Birkhoff’s Theorem]. A geometric/matroid lattice has a natural valuated
poset structure, where the valuation is given by its rank function. For example, for a ma-
troid M, all elements in F; (M) have rank ¢. In a geometric lattice, the elements of rank 1,
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2 and 3 are viewed as points, lines and planes, respectively, thus giving geometric intuitions
to many results about geometric lattices.

For each linear space V' and each nonnegative integer k, we use Gr(k, V') for the set
of all k-dimensional linear subspaces of V and we call | J;—, Gr(k, V') the Grassmannian
of V, which is denoted by Gr(V). If V is finite dimensional, Gr(V') is surely a geometric
lattice with elements from Gr(k, V') having rank k.

Example 1.1. Let n and £ be two positive integers such that k& < n. Fix a non-degenerate
inner product on Q", say (,). For each g € GL,(Q), let g7 stand for the adjoint of g,
namely the element such that (ug,v) = (u,vg") for all u,v € Q", and we write gy
for (g71) 7. Let S < GL,(Q) be a matrix group acting on Q™. If S is transitive on
the set of all dimension-k subspaces and if g € S for all g € S, then S is transitive
on the set of dimension-(n — k) subspaces. To see this, fix a pair of subspaces (U, U’)
which are orthogonal complements to each other with respect to (, ) and (dim U, dim U’) =
(k,n — k). For each g € S, we can see that Ug and U’'gz are orthogonal complements
to each other with respect to the given inner product (,). Considering the set of pairs
{({Ug,U'gx) : g € S}, we see that the transitivity on Gr(k, Q™) implies transitivity on
Gr(n — k, Q™).

Motivated by Example 1.1, here is a very simple question on the very simple geometric
lattice Gr(Q?). Surprisingly, we even could not find any discussion of it in the literature.

Question 1.2. If S is a general matrix group acting on Q3, can we draw the conclusion
that S is transitive on Gr(1,Q3) from the assumption of its transitivity on Gr(2, Q?)?
What about only assuming that S is a matrix semigroup?

Some seemingly weird properties of sequences turn out to be ubiquitous when we are
examining some interesting structures or processes [6, 10, 11, 29, 58, 61]. We review
some of them below. Let ¢y, c1, ..., be a sequence of n + 1 real numbers, where n can be
finite or infinite. We call it ¢-fop-heavy if ¢, < t whenever there exists an integer £ such that
k<?<k+¢<nandc, <t;wecallittop-heavy if it is t-top-heavy for all t € R, namely
¢ < ¢g holds for all k, ¢ such that k < ¢ < k + £ < n; We call it unimodal if you cannot
find three distinct integers 4, j, k such that 0 <i < j <k <mandc¢;, —c; > 0> ¢; — cg;
we call it log-concave if cf > cj—1ci41 forallt = 1,...,n — 1. When n is finite, we call
the sequence real-rooted provided the polynomial ¢y + ¢1x + - - - + ¢,a™ in the unknown
x only has real roots and we call it ultra-log-concave provided c,—?), ..., == forms a log-

n

concave sequence. Note that Question 1.2 is about the possible l-t?)p-heavy property of the
strong shape of Gr(Q?) under a matrix semigroup action.

In the 1970s, two log-concavity conjectures [61, Conjecture 3] appeared in combina-
torics community which claim that the sequences of Whitney numbers of both the first kind
and the second kind of a finite matroid are log-concave. The first conjecture was verified
by Adiprasito, Huh and Katz [1]. Mason [40] had made variants and stronger versions of
the second conjecture; but even the original conjecture is still open. Dowling and Wilson
[23] conjectured that the sequence of Whitney numbers of the second kind of a finite ma-
troid is top-heavy. When restricted to finite realizable matroids, this top-heavy conjecture
was proved by Huh and Wang [28]. The second log-concavity conjecture as described
above, which is about the Whitney numbers of the second kind [50], simply says that the
shape of every geometric lattice is log-concave. The above-mentioned Dowling-Wilson
top-heavy conjecture says that the shape of every finite geometric lattice is top-heavy. On
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the condition that these two conjectures are both true, we know that the shape of a finite
geometric lattice is both log-concave (and hence unimodal) and top-heavy. Can we draw
this conclusion for the strong/weak shape of some semigroup actions on some geometric
lattices?

Boolean lattices, partition lattices and projective/affine geometries are some most well-
known geometric lattices. It is easy to see that their shapes are all ultra-log-concave
(and hence real-rooted) and top-heavy [37]. The main result of this paper, Theorems 2.1
and 2.12, declare the top-heavy property for the strong/weak shape of some semigroups
acting on Boolean lattices and projective/affine geometries. The semigroups considered by
us are those derived from “simple” transformations. We also report our attempt at tackling
the same problem for partition lattices and the Vamos matroid.

In Section 2, we will present our main results as well as pertinent problems, examples,
and remarks. The first three subsections are devoted to Boolean lattices, partition lattices
and projective/affine geometries. The last subsection is a simple discussion in the context
of matroids. Before digging into the proofs of the main results, we develop some technical
tools in Section 3. In the sequel, we provide in Sections 4 to 7 all the proofs missing from
Sections 2.1 to 2.4. We conclude the paper in Section 8 with a brief discussion of the
present work and some possible further research.

2 A top-heavy promenade
2.1 Boolean semiring and homogeneity

For any set (2, the set Bo = UZO:O (2) forms a poset under the inclusion relationship,
which is often known as the Boolean semiring over €2, and the set 20 gives rise to the
Boolean algebra over Q). When we view Bg as a valuated poset, unless stated otherwise,
the valuation will be r(A) = |A| for all A € Bq. If 2 is a finite set, Bg coincides with 2
and is referred to as a Boolean lattice.

Let A and €2 be two sets with A C Q. For any g € Q, write g| 4 for the restriction
of g on A. Let S be a transformation semigroup on €. For any positive integer k£ < ()],
we name S k-homogeneous if the transformation semigroup S is transitive on (2), that is,
sce(T'(S)[({)] = 1. The stabiliser permutation group of (S, A) is the permutation group
Sa ={gla: g €S, Ag = A} acting on A. The relative transformation semigroup of
(S, A) is the transformation semigroup S = {g|4 : g € S, Ag C A} acting on A. Note
that the action of S4 on A may not be transitive even if S acts on A transitively.

Theorem 2.1. Let () be a set of size n. Let S be a transformation semigroup on §) and let
T be the phase space of S.

(1) SS(S,Bg) is 1-top-heavy.
(2) Both WS(S,Bgq) and SS(S, Bq) are top-heavy.
(3) Let k and ! be two integers suchthat 0 < k </ <k+{¢<n+1. Let A€ (Slz) and

B e (?) Ifn < oo and S is ¢-homogeneous, then scc(T'(S4)) = wee(I'(S4)) <
wee(I'(Sp)) = sce(T'(SB)).

Question 2.2. Take a finite set {2 and two integers k and £ such that k < ¢ < k+¢ < |Q|+1.
Let S be an /-homogeneous transformation semigroup acting on €2. For any A € (5,3) and

B € (£), does it always hold that wee(I'(S4)) < wee(I'(Sp))?
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When restricting to permutation groups, the results in Theorem 2.1 are all known more
than 40 years ago: Claim (1) for an infinite set {2 was discovered by Brown [12, Corol-
lary 1]; Claim (2) for a finite set €2 was derived by Livingstone and Wagner [38, Theo-
rem 1]; Claim (3), as well as a positive answer to Question 2.2 for permutation groups, was
proved by Cameron [15, Proposition 2.3] under the mild restriction of k£ + ¢ < |Q)|. Let
G be a group acting on a finite set {2. By Theorem 2.1(2), or more precisely Livingstone-
Wagner Theorem [38, Theorem 1], we know that the strong/weak shape of 2¢? under the
action of G is a symmetric unimodal distribution. This means that, for any two integers
and ¢ such that k < ¢ < k + ¢ < |Q|, the number of G-orbits on (?) is equal to the sum
of a nonnegative integer c plus the number of G-orbits on (2) As an improvement of this
fact, Siemons [56, Corollary 4.3] found a natural linear space whose dimension equals this
integer ¢ and he [56, Theorem 4.2] even obtained an algorithm to reconstruct the G-orbits
on (g) from the information on the G-orbits on (KZ) without reference to the group G.

Question 2.3. Let 2 be a finite set, and let k£ and ¢ be two integers such that k£ < /¢ <
k+ ¢ < |9Q|. Let S be a transformation semigroup on €2 and let T" be the phase space of S.

(1) Is there a counterpart of [56, Corollary 4.3] which explains the nonnegativity con-
straint on the integer wcc(l"[(?)]) - WCC(F[(%)])?

(2) If S is (£ + 1)-homogeneous, is there a counterpart of [56, Corollary 4.3] which
e)éplains the norsllnegativeness of the integer scc(I'(Sp)) — scc(I'(S4)) for any A €
() and B € (,1,)?

(3) Isthere any algorithm to determine the weakly connected components of I'[ (%)] from

the weakly connected components of F[(?)] without reference to the transformation
semigroup S?

Example 2.4. Let  be a set carrying a linear order <. A map g € Q is order-preserving
with respect to < provided ag is not bigger than 3¢ in < whenever « is not bigger than (3
in <. Let S be the monoid consisting of all order-preserving maps on €2 with respect to the
given linear order <. It is easy to see that S is £-homogeneous for all £ < || but it is even
not 2-transitive; by contrast, this phenomenon never happens for permutation groups due
to a result of Livingstone and Wagner [38, Theorem 2(b)]. Note that the only permutation
contained in S is the identity map in case that 2 is a finite set. This suggests that you may
not be able to read Theorem 2.1 or answer Question 2.3 directly from those known facts on
permutation groups.

Example 2.5. Let Q = {1,...,6}. Let r and b be two maps in T(£2) such that

r(2)=3, r(3)=r4)=5, rb)=r(6)=1,
b(6) =b(1) =2, b(2) =b(3) =4,

Let S = (r,b). On the left of Figure 1, we depict the phase space I'(.S, {r, b}); on the right
of Figure 1, we display both the strong shape and the weak shape of 2 under the action of
S. Both weak shape and strong shape are unimodal and top-heavy. But neither of them is
log-concave. Note that the peak of the weak shape does not happen at the middle rank 3.
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Vertex set Wwcc scc

(5) 1 1

(5) 6 6

o o . ) 15 15

X HH e
N N

3 L/w\\ ; ) 1 10

/ff/'\“( :
Ao

Figure 1: T'(S, {r,b}) and T'(S, {7, 5})[({)], k € {0,1,...,6}. See Example 2.5.

Example 2.6. Let {2 be a set of size n > 3 and let S be a transformation semigroup acting
on . If SS(S, 2) is not a sequence of all ones and has at least two ones at the beginning
of it, then it cannot be log-concave. This happens when S is the alternating group of order
n > 4 and when S is 2-homogeneous but not 3-homogeneous.

Example 2.7. Let n and & be two integers such that 1 < k < n. Let () be a set of size n
and take X € (S,z) Let Sbetheset {f € T(Q): flx =1d|x,Qf = X}. Note that S is
a transformation semigroup on 2 satisfying

Wﬂf@ﬂcw]:{L if0<i<k;

i (?)7 ifk+1<i<n.

This shows that the sequence WS (3429) is unimodal and top-heavy and that it is not log-
concave when n > 2. Note that SS(S, 2) is a sequence of all ones.

Question 2.8. Let S be a transformation semigroup acting on an n-element set 2. When
can we conclude that the strong/weak shape of 2 under the action of S is unimodal?

Neumann [44] asked whether every A-homogeneous permutation group is 6-homogene-
ous for all cardinals A > 6 > Ng. Assuming Martin’s Axiom, Shelah and Thomas [55] gave
a negative answer to it. Hajnal [26] supplied an example to show that 2°-homogeneity does
not imply 6-homogeneity. An observation in the same vein by Penttila and Siciliano [47,
Remark 4.6] was based upon the Generalized Continuum Hyphothesis. For each statement
in Theorem 2.1(3), Question 2.2 and 2.3, it is interesting to see whether or not it holds in
the case that € is an infinite set. We are also wondering if the rich theory on oligomorphic
permutation groups [16] should have a counterpart for transformation semigroups.
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2.2 Partition lattice

Let €2 be a set. For any map s € 02 we define its kernel map, denoted by s~ to be the
map from 2 to 2% that sends X € 2% to Xs™! = {y € Q: ys € X} € 2% To illustrate
the definition, we depict the phase space of a map s on the left of Figure 2 and part of
the phase space of s~! in the middle of Figure 2. A partition of € is a set of nonempty
disjoint subsets of {2 whose union is {2. We call these elements of a partition its blocks.
The rank of a partition 7 is ) 5 (| B| — 1). Write P(Q) for the set of all partitions of £
of finite ranks. When || < oo, the set P({2) together with the refinement relation forms a
geometric lattice, which we call the partition lattice of ). Note that the rank of a partition
in this geometric lattice is |©2| minus the number of its blocks. Let P (2) be the set of
rank-k partitions of {2, namely, those partitions of {2 of size |2| — k. Each transformation
s € Q induces a transformation s* of 2 such that ITs* = {7s~' : 7 € II} \ {0} for all
IT € P(€2). We demonstrate part of the phase space of s* on the right of Figure 2 for the
map s as shown on the left there. Let .S be a transformation semigroup on 2. We have a
derived transformation semigroup S* := {s* : s € S} on P(2), which we call the kernel
space of S. We say that S is k-kernel homogeneous if for all I, II' € Py (Q2) there exists
s € S such that ITs* = IT’, which surely implies scc(I'(S*)[Px(92)]) < 1.

{1,6}
.6
N C )
) 123|4/56 ——» 16/23/45
43

2 {45y —— {2,3}
3

s -1 *

Figure 2: A map, its inverse and the derived action on partitions.

Example 2.9. On the left of Figure 3, we depict the so-called Cerny automaton C; =
I'(S,G), where G = {a, b} consists of two transformations on a four-element set {. On the
right of Figure 3, we depict the automaton I'(S*, G*) where S™* is acting on P(£2). Observe
that WS(S*,P(©Q)) = (1,1,1,1) and SS(S*,P(2)) = (1,2,2, 1) are both unimodal and
top-heavy.

For any finite set 2, A € 2, 7 € P(2) and s € 02 it holds
r(A) >r(As) and r(w) <r(ms¥).

This difference between Boolean lattice and partition lattice somehow hints at our difficulty
of turning the following conjecture into a result like Theorem 2.1.

Conjecture 2.10. Let () be a finite set and let S be a semigroup acting on §). Then both
WS(S*,P(Q)) and SS(S*,P(Q)) are top-heavy.

For each set €2 and each positive integer k < ||, we use P(€2, k) for the set of partitions
of €2 into & blocks.
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b*

8 ?° Y,

c

Figure 3: Cerny automaton C, and its kernel space. See Example 2.9.

Question 2.11. (1) Take two positive integers k and ¢ with k& < £. Let §2 be an infinite
set and let .S be a semigroup S acting on 2. If S* is transitive on P(€2, ¢), is it true
that S* is transitive on P(£, k)?

(2) The shapes of all Dowling lattices, which include all partition lattices, are real-rooted
[8]. What about the top-heavy property of the (strong/weak) shapes of Dowling
lattices under a semigroup action?

There has been an active study of those permutation groups which are transitive on the
set of all ordered or unordered partitions of a set of a given shape [2, 21, 39, 43]. But even
when confining our attention to permutation groups, we are not aware of any work related
to Conjecture 2.10 and Question 2.11.

2.3 Subspace lattice

Let Q2 be a possibly infinite set of size n, let k£ be a nonnegative integer with k& < n and let F’
be a finite field. We mention that Gr(k, F*?) is a g-analogue of (%) and their relationship is
like the one between Johnson graphs and Grassmann graphs [45]. For each prime power g,
we write F,, for the g-element finite field. Write Mat,, (F,) for the multiplicative semigroup
of all Q by Q2 matrices over IF, each row/column of which have finitely many nonzeros; and
write Aff,,(F,) for the semigroup of all affine linear transformation on [}y equipped with
the associated product of composition. We regard the empty set as the dimension-(—1)
affine/linear subspace. The set of all nonempty finite linear subspaces of Fy is denoted
by Pyn = Gr(Fy) and the set of all dimension-k linear subspaces of Iy is denoted by
Pf;n = Gr(k,F7). By a finite affine subspace of a linear space V', we mean a translate
of a finite linear subspace of V. The set of all finite affine subspaces of Fy is denoted by
Ajy.n and the set of all dimension- affine subspaces of Fy is denoted by AkJrl Note that
Py and A, , are known as projective geometry and a]ﬁne geometry over the field [Fy,
respectively. For each nonnegative integer k, we put the rank of each element in Pq », and
the rank of each element in A’;’n to be k, thus getting two valuated posets P, ,, and A, .,
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which are geometric lattices when n < oo.

We are ready to display Theorem 2.12, a g-analogue of Theorem 2.1. Kantor [31,
Theorem 1] deduced a g-analogue of the aforementioned result of Livingstone and Wagner
[38, Theorem 1]. If the semigroup S < Mat,, (F,) is a subgroup of the general linear group
GL,(F,), Stanley [59, Corollary 9.9] found that SS(S7, P, ,,) and WS(S”, P, ,,) are both
symmetric and unimodal for finite n. Penttila and Siciliano [47, Theorem 4.4(ii), (iii)]
generalized this result of Stanley for groups to the case that n is infinite.

Theorem 2.12. Let n be the size of a nonempty set, and let q be a prime power.

(1) Ler S < Mat,,(F,) be a linear transformation semigroup acting on k3. For each

g € S, write g* for glp,.. Let ST be the transformation semigroup {g¥ : g € S}
acting on Py .. Then SS(ST, Py.n) and WS(ST, P,.) are both top-heavy.

(2) Lat T < Aff,,_1(F,) be an affine linear transformation semigroup acting on Fg_l.
For each g € T, write g* for 9la, .. LetT A be the transformation semigroup
{g" : g € T} acting on Ay n—1. Then SS(TA, Ayn—1) and WS(TA, A, ,—1) are
both top-heavy.

Remark 2.13. When n is infinite, Theorems 2.1 and 2.12 in the original version of this
paper, submitted on 19 July 2018, contains weaker results. Following the proof presented
by Bercov and Hobby for [9, Corollary 1] and also the proof of Roy for [51, Theorem],
we used the existence of Ramsey number [49, Theorem A] to derive Theorem 2.1(1) for
infinite n. A similar argument based on Ramsey number shows that both SS(S7, P, ,,)
and SS(T, A, ,,—1) are 1-top-heavy for infinite n in the setting of Theorem 2.12. After
the acceptance of this paper in 2022, we notice the work of Penttila and Siciliano [47,
Lemma 3.1], which was submitted on 30 April 2019 and published in 2021, and thus arrive
at the corresponding strengthening in Theorem 2.1(2) and Theorem 2.12 via an application
of their idea. See Lemma 3.6.

Remark 2.14. Kantor [32, Theorem 2] determined all the ordered-basis-transitive finite
geometric lattices of rank at least three: Roughly speaking, they are Boolean lattices, pro-
jective (affine) geometries, and four sporadic designs. Kantor’s classification theorem along
with Theorems 2.1 and 2.12 may be a basis for getting homogeneity results about ordered-
basis-transitive matroids.

Question 2.15. A general projective geometry is defined to be a modular combinatorial
geometry that is connected in the sense that the point set cannot be expressed as the union
of two proper flats [64, page 313]. Can we establish a counterpart of Theorem 2.12 for
general projective geometries?

In mathematics we encounter quite some nice duality phenomena, say Chow’s Theorem
[45, Corollary 3.1] and many duality concepts for matroids [13]. For projectie geometry,
we have the following duality result of Stanley [59, Corollary 9.9].

Theorem 2.16 (Stanley). Let F be a finite field and let k and n be two positive integers
with k < n. For any subgroup G of GL(n, F'), the number of orbits of the action of G on
Gr(k, F™) must be the same with the number of orbits of G acting on Gr(n — k, F™).

Question 2.17. If n is the size of an infinite set, does Theorem 2.16 still hold? Here, we
should first of all choose a good definition for infinite Grassmannians [46].
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2.4 A glimpse of matroid

In previous subsections, we discuss those poset endomorphisms which are derived from
either set transformations or linear transformations. Since finite geometric lattices just en-
code information of finite matroids, it is natural to ask why not directly consider matroids
and morphisms among matroids, namely those transformations which preserve “indepen-
dence structure”.

Let M; and M5 be two matroids and let f be a map from &y, to &uy,. We call f a
weak map from M to M provided

Tany (A) 2 T, (A?)

holds for all A C &y, , and we call f a strong map from M to M, provided the preimage
of any flat in M5 is a flat of M; [33, 35, 57]. It is known that all strong maps must be weak
maps.

Let M be a matroid on the ground set &3y = Q. Let T, () (T3,(£2)) be the monoid
consisting of all elements of T(€2) which are weak (strong) maps from M to itself. If we
know that S is a subsemigroup of T, () (T3,(€2)) acting on €, we can define a digraph
Tar(S) on Fy (M) as follows: for any X,Y € F, (M), there is an arc from X to Y if and
only if there is g € S such that the minimum flat containing Xg in M is Y. What is the
relationship between the connectivity of 'y ;(S) and I'a,.(S) for different ¢ and r? We
can ask the same question by imposing the extra condition that every element f € S is a
bijection on ). If the matroid is a very special uniform matroid, namely a matroid in which
all sets are independent, one can see that what is discussed in Section 1.3 becomes a very
special case of this general setting.

Véamos matroid, also known as Vamos cube, is a famous non-algebraic matroid [5, 22,
42, 541; see [24, Example 6.30] for a description of this rank-4 matroid over a ground set
of size eight.

Example 2.18. Let M be the Vamos matroid and let S be a subsemigroup of T3, (& ). It
holds wee(T'ar1(S)) < wee(Tm2(S)) < wee(Tars(S)) and sce(T'ar1(S)) <
scc(T'ar,2(S)) < sce(Tar,3(.9)).

Remark 2.19. Compared with the Fundamental Theorem of Projective (Affine) Geometry
[17, 48], we think that weak/strong maps and bijective weak/strong maps for matroids are
natural extensions of linear transformations and invertible linear transformations for linear
spaces. We also mention the well-adopted viewpoint that the full permutation group and
the full transformation semigroup can be interpreted as the general linear group and the
linear transformation semigroup over the field with one element.

3 Valuated poset and incidence operator
3.1 Hereditary endomorphism and injective incidence operator

To prepare for a proof of our main results listed in Section 2, we will introduce a key prop-
erty and then present a key lemma for our work. The key property is the so-called hereditary
endomorphisms. The key lemma is Lemma 3.2, which gives us some information of the
strong/weak shapes of a poset under some semigroup action, provided the semigroup con-
sists of hereditary endomorphisms and that some linear map associated with the poset is
1njective.
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g
P, B By P
g
Py 0 Py(B) IR Pe N PL(Bg)
bijective

Figure 4: An (¢, k)-hereditary endomorphism.

Let P be a valuated poset. For any nonnegative integers k& < ¢, we call the poset P
(k, £)-finite provided Py, # 0, P, # () and the set Py N Py(«) is finite for every o € Py;
we call P (¢, k)-finite provided Py, # 0, P, # () and the set P (3) N Py is finite for
every 8 € Py; we call g € End(P) a (k, £)-hereditary endomorphism if for all « € Py,
which satisfies rp(g(«)) = rp(a) = k it happens that g induces a bijection from the set
Py N Pr(a) to Pp N Py(ag); we call g € End(P) an (¢, k)-hereditary endomorphism if
for each 8 € Py, rp(Bg) = rp(B8) = ¢ ensures that g induces a bijection from the set
P, NPy (B) to P, N P (Bg). See Figure 4 for an illustration. For any k,¢ € Z>g, we
designate by hEndy, ¢(P) the set of all (k, ¢)-hereditary endomorphisms of the valuated
poset P.

Let S be a transformation semigroup on a valuated poset P and let G be a generating
set of S. For any two nonnegative integers k and ¢ with k < ¢ < r(P), we set IIs ¢ (k, ¢)
to be the digraph with vertex set Pj;, and arc set

{(a,a/) € Py x Py : 39 € G,B € Prsit. Bg € Pr,d =ag,a € P (B)};
we set IIs ¢ (4, k) to be the digraph with vertex set P, and arc set

{(a,d/) € Py x Py: 3g € G,B € Py s.t. Bg € Py, o = ag,a € Py(B)}.
We use the shorthand IIg(k, ¢) for ILg s(k, £).

Lemma 3.1. Let P be a valuated poset. Take two nonnegative integers k and £ such that
k.t < r(P) and that P is (¢, k)-finite. Let S be a sub-semigroup of hEndy x(P), let G
be a generator set of S, and let ' = T'(S,G). Let B € Py and let o« € Py, be an element
comparable with B. Assume that g and h are two elements of S such that Bg € Py, and
Bgh = B. Then there exists f € S such that Bgf € Py and agf = «a. Especially, if every
weakly connected component of T'[Py] is strongly connected, then so is I1g (k. £).

Proof. The second claim is immediate from the first and so our task is just to prove the
first one. Without loss of generality, we assume that k < ¢. Since B(gh) = (3 and gh €
S < hEndy (P), it follows that gh induces a permutation on P, N P (3). But from the
assumption that P is (¢, k)-finite, we see that P, N Py (/) is a finite set, which contains
«. This means that there exists a positive integer r such that «(gh)” = «. Accordingly,
for f = (hg)™"1h € S it holds (8g)f = (Bg)(hg)"'h = Blgh)” = B € P, and
(ag)f = (ag)(hg)""th = a(gh)" = «, finishing the proof. O

For any set Q, Q! refers to the linear space of all rational functions on €. If P is an
(¢, k)-finite valuated poset, the incidence operator (" : QP — QP is the linear operator
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such that for all f € Q" and 8 € P,, we have

ZaePkal(ﬁ) fla), ifk <4

. 3.1
ZaerPT(ﬁ) fla), ifk>¢

B (NB) = {

Lemma 3.2. Let P be a valuated poset. Take two nonnegative integers k and £ not ex-
ceeding v(P) such that P is (¢, k)-finite, and hence C’If,’e is well-defined. Let S be a sub-
semigroup of hEndy 1 (P) and let T stand for T'(S). Assume that Clkj’z is an injective linear
map from QF to QF.

(1) wee(T[Py]) < wee(Ilg(k, £)) < wee(T[Py]).
(2) sce(T[Py]) < sce(llg(k, £)) < scc(T'[FP]).

Proof. (1) The first inequality is a consequence of the fact that E(IIg(k, ¢)) C E(T'[Py]).

Let W C Qf* be the subspace of all functions which are constant on each weakly
connected component of T'[Py]; let V' C QP * be the subspace of all functions which
are constant on each weakly connected component of IIg(k,¢). Note that dim(V) =
wee(Ilg(k, £)) and dim(W) = wee(I'[P;]) and so it suffices to demonstrate dim(V) <
dim(W).

By symmetry, we only deal with the case of k& < /. For every f € V and every arc
(8, Bg) of I'[Py], we have

CE NGB = > fla)

a’ePLNP(Bg)

— Z flag) (9 € hEndyx(P))
a€PLNP(B)

= Y fl (feV)
a€PLNP(B)

= (G (N)(B).

This says that CI}Z’Z(f) € W for all f € V. Hence, by the injectivity of CIJZ’Z, dim(V) <
dim(W), as wanted.

(2) The first inequality is a consequence of the fact that E(IIg(k, ¢)) C E(T'[Py]).

Let W’ C Q™ be the subspace of all functions which are constant on each strongly
connected component of I'[P]; let V! C QF* be the subspace of all functions which
are constant on each strongly connected component of IIg(k, £). Note that dim(V’) =
scc(Tlg(k,¢)) and dim(W') = sce(I'[P;]) and so it suffices to demonstrate dim(V") <
dim(W'). Take f € V'. As Cf—,’e is injective, we aim to show that Clkg’z(f) ew'.

By symmetry, we only deal with the case of k& < ¢. Assume that 5 and B¢ are from
the same strongly connected component of I'[P;], where ¢ € S. By the first claim of
Lemma 3.1, for every o« € P, N Py (), o and ayg fall into the same strongly connected
component of I'[ P] and so, as f € V’,

f(a) = f(ag). (3.2)
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This allows us to write

B = > fla)

o’ €PLNP(Bg)

— Z f(ag) (9 € hEndy 1 (P))

a€PNP(B)

= Z f(@) (Equation (3.2))

QGP)CQPL(B)

= (¢ (1)B),
proving that (IIZ’K(V’ ) C W', as desired. O

3.2 Injectivity

In order to apply Lemma 3.2, we may need to have some results to guarantee the injectivity
of an incidence operator. In this regard, a good understanding of the incidence algebra of a
poset may be valuable [36, 68]. We mention that Guiduli [4, Theorem 9.4] established an
injectivity result for the so-called rank-regular semi-lattices. It may also be quite useful if
the following conjecture [34, Conjecture 1.1] can be verified.

Conjecture 3.3 (Kung). Let P be a finite geometric lattice. Let k and ¢ be two positive

integers such that k < £ < @. Then ker((lk;l) ={0}.

We suggest a slight strengthening of Kung’s Conjecture (Conjecture 3.3) as follows.

Conjecture 3.4. Let P be a geometric lattice. Let k and { be two nonnegative integers
such that k < ¢ < k+ ¢ < rv(P). If P is (£, k)-finite, then Clli’z is an injective map.

Remark 3.5. Let M be a matroid of rank r. Let S be a subsemigroup of T'5;(&as). For
every f € S, let f': F(M) — F(M) be the map sending a flat X € F(M) to the
minimum flat containing X f in M. Assume that f' € hEndy 4 (F(M)) for every f € S.
In light of Lemma 3.2, if Conjecture 3.4 is valid for the lattice F(M), we will be able
to conclude that both the sequence (wee(I'ar,0(5)), ..., wee(Tar,-(S))) and the sequence

(scc(T'ar,0(9)), ... ,scc(Tar,r(S))) are top-heavy.

Let P be a valuated poset which is (¢, k)-finite for all nonnegative integers k < £. We
say that P has a top-heavy injective incidence operator provided Cf;e is an injective linear
map from Q7 to Q7* for all nonnegative integers k and ¢ satisfying k < ¢ < k+{ < r(P).

Penttila and Siciliano [47, Lemma 3.1] pointed out a simple way to establish some
injectivity result for linear operators between infinite-dimensional linear spaces whenever
they fulfil certain finiteness characteristics. We reformulate their observation below for the
convenience of our later usage.

Lemma 3.6. Let P be a valuated poset. Let k < { be two nonnegative integers such that
P is (£, k)-finite. Assume that for every A € Py, we can find a finite subset Y of Py such
that the ideal generated by Y in P, denoted YV and with the restriction of rp as its rank

. ) L e
function, contains A and possesses a top-heavy injective incidence operator. Then (" is
an injective linear map from QF* to Q7.
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Proof. Take f € ker C]]?e. Assume, for sake of contradiction, that f(A) # 0 for some
A € Pi,. Choose Y C Py such that A € Y+ N P, and Y+ possesses a top-heavy
injective incidence operator. Let () represent the resulting valuated poset on Y. Let ¢
be the restriction of f on (J; and let h be the restriction of Cf;e( f) =0onY. We have

0=h= Cg’e(g) but g(A) = f(A) # 0, violating the assumption that Y+ has a top-heavy
injective incidence operator. O

3.3 Incidence operator as an intertwiner

For f € ¥*, we sometimes need to talk about f(w) for w ¢ €. Following the practice
of those mathematics with natural multivalued operations [7, 14, 65], we create a universal
“don’t care” symbol x ¢ ¥ and will set f(w) = x. We often regard « as all possible values
in ¥ and so, whenever we have some addition operation + on ¥, we extend it to ¥ U {x}
by setting x + 1) = x forall p € ¥ U {x}.

Let P be a valuated poset. Let k& and ¢ be two nonnegative integers no greater than
r(P). Let g € PP. For f € QF*, we write fg!'* for the element in ({x} U Q)%*, where
* stands for “don’t care” and can be thought of as the whole set @, such that the following
holds for all 3 € Pj:

1k f(Bg), if Bg € Py;
fgtr(B) = {*’ it 39 ¢ Py

Denote by Fix g% the set of f € QF* for which

fg"M(B) € {£(B), %}

holds for all 5 € P. If ¢ € hEndg;(P), we say that it is a good (¢, k)-hereditary
endomorphism of P provided that for any 8 € P, with g ¢ P, it holds ag ¢ Pj, for
some « € Pj, which is comparable to 8 in P. Assuming that g is a good (¢, k)-hereditary
endomorphism of P, for any 3 € P; and f € QP we will have

(CE (N B) = (B () (Bg)
= > fa)

o/ePkﬂ(Pi(Bg)UPﬂBQ))

= > flag)

a€PLN(PL(B)UP(B))

= (B (M) (8)

whenever Sg € Py, and that

B (Na' ><> (CF () (Bg)

>1»

= (¢G5 (f9"))(8)

whenever 8g ¢ P,. This observation can be summarlzed by the commutative diagram
in Figure 5, which implies that Fix g"* is mapped by ¢/>* to Fix g for all good (¢, k)-
hereditary endomorphisms g of P.
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f———— ")

gT7e

) .
ng’k W) Cp (ng’k)

P

Figure 5: The incidence operator intertwines with every good hereditary endomorphism.

Example 3.7. (1) Let Q) be a set of size n. Assume that 2 < k < ¢ < n. Here is an
easy observation used often in the study of synchronizing automata: For any g € Q%
and any A € (?), we have |Ag| = ¢ if and only if |Bg| = k for all B € (’2)
This conclusion is surely not valid any more when & < 1. Note that g is a good

(¢, k)-hereditary endomorphism of the Boolean lattice 2 for each g € Qf%.

(2) Take integers n, k and ¢ such that 2 < k < ¢ < n and let ¢ be a prime power.
Let P = Py, or P = A, ,_1. Similar to the above claim on Boolean lattice,
M is a good (¢, k)-hereditary endomorphism of P for each M € Mat,(F,) or
M e Aff,,_(F,), respectively.

4 Boolean semiring

Let €2 be a set and let & and ¢ be two nonnegative integers such that k£ < ¢ < |Q|. For the
valuated poset P = Bg, we write the incidence operator Clk;.‘[ defined in Equation 3.1 as
¢t That s,

Ca (MNB) = > f(A)

4¢€(?)

forall f € Q(+) and B € (9).

Following a common approach in establishing homogeneity of permutation groups
[15, 41] [20, pages 20-22], we will make use of the ensuing result on the rank of the subset
inclusion matrix. The result has been discovered independently by many but the earliest ap-
pearance of it dates back to the work of Gottlieb [25, Corollary 2]. Among many different
proofs of this classical result, we refer the reader to [18, Corollary] and [56, Theorem 2.4].
Note that it gives a positive answer to Conjecture 3.4 for Boolean lattices.

Lemma 4.1 (Gottlieb). Ler 2 be a nonempty finite set. Then ker Cg,z = {0} for any two
integers k and 0 satisfying 0 < k < { <k+ ¢ <|Q|.

Let €2 be a set and S be a transformation semigroup on 2. Let Qf = {(w,C) : w €
C € 2%} and, for each g € S, let g* be the transformation on ¥ which sends (w, C)
to (wg, Cg) for all (w,C) € QF. Let S* stand for the transformation semigroup on QF
consisting of all elements ¢* for g € S. For all positive integers ¢, we use the following
notation:

0f = {(@.C)s wece ()
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and
T4(S) = T(S%)[Qf).

Here is a result analogous to Lemma 3.1.

Lemma 4.2. Let m be a positive integer and let S be an m-homogeneous transforma-
tion semigroup acting on a set (). Then the digraph an(S) is symmetric. Especially,
wee(T#(9)) = sce(T,(9)).

Proof. Take (w,C) € Qf, and g € S such that |Cg| = m. Our task is to show the existence
of h € S such that (wg, Cg)h* = (w,C). As S is m-homogeneous, we can find f € S
such that Cgf = (Cg)f = C. Hence, the fact that |C| = m < oo allows us to obtain
a positive integer r for which (gf)"|¢ is the identity map on C. This means that we can
choose h to be f(gf) . O

Lemma 4.3. Let Q) be a set, let m be an integer satisfying |Q| > m > 1, and let S be a
transformation semigroup on S). For every X € (2) it holds

sce(T'(Sx)) = wee(D(Sx)) < wee(T# (S)) < sce(I¥ (9)). 4.1
Moreover, if S is m-homogeneous, then
sce(T'(Sx)) = wee(I(Sx)) = wee(TF (S)) = sce(I¥ (9)). 4.2)

Proof. Ttis trivial to see that wee(I'(Sx ) = sce(I'(Sx)) and wee(T'# (S)) < sce(T%,(S)).
Let us call each strongly/weakly connected component of I'(Sx) a component. To prove
Equation (4.1), let us find an injective map v from the set of components of T'(Sx) to the
set of weakly connected components of T'¥, (S).

For each v € X, let the weakly connected component of T, (S) containing (v, X) be
'(7). Take 71,72 from the same component of I'(Sx ). We may assume that 7,9 = 2
and Xg = X for some g € S. As (71,X)g* = (719, X9) = (72, X), we see that
' (1) = ¢'(72). For each component C' of I'(Sx), we can now choose any v € C
and get a well-defined map v by setting (C') = v’(~y). For every weakly connected
component C* of T'%, (S), let ¢(C*) be the set {y € X : (y,X) € C*}. It is routine to
check that ¢1)(C) = C for every component C' of I'(Sx ), proving that v is injective, as
desired.

Assume now S is m-homogeneous. It follows from Lemma 4.2 that wee(I'% (S)) =
scc(I'® (S)). We thus call each strongly/weakly connected component of I'#, (S) simply
a component. Since S is m-homogeneous, for every component C* of T'# (S), we have
#(C*) # (. This verifies that ¢ and ¢ are inverses of each other. We thus get Equation (4.2)
and so finish the proof. O

Proof of Theorem 2.1. (1) This is a special case of (2).
(2) This is direct from Lemmas 3.2, 3.6 and 4.1.

(3) Since S is £-homogeneous, it follows from Lemma 4.3 that

wee(D(Sa)) = scee(T'(S4)) < wcc(Flﬁc(S))



666 Ars Math. Contemp. 22 (2022) #P4.09 / 649-674

and

wee(D(Sp)) = sce(D(Sp)) = wee(TE(S)).

)
It then remains to prove wcc(Fg(S)) > WCC(F’;(S)).
We regard QF as a valuated poset by putting r((c, X)) = | X| and requiring (o, X) <
(3,Y)ifand only if = B € Qand X C Y C €. Note that S* C hEndy 1.(QF). In view
of Lemma 3.2(1), it is sufficient to show that Cgkl’f is injective.
For each nonnegative integer mm and each o € Q,let QF, , = {(a, A) : (a, A) € Qf }.
N Qﬁk_’a and Qf = Usen Qgﬂ, the QF x 2 matrix

(gf is viewed as a partitioned matrix with blocks ¢, g, which are the submatrices with row

Corresponding to the partition Qﬁk =U

index set Qﬁk ., and column index set Qg - Where a, B € Q. Observe that

k—1,6—1 .o _ o
Cop = { SNy o =P
“ 0, otherwise.

Since (k — 1) + (¢ — 1) < |Q] — 1, it follows from Lemma 4.1 that , o = g<{1f}_l is of

full row rank for all a € €2. This implies that Cg’f is an injective linear map, as desired. [

Remark 4.4. Let () be a set, which is not necessarily finite. Let k& and ¢ be two integers
Q
withk </ <k+¢<|Q|. Forall f € Q(f) and A € (s’z) we put

Lk
(GG (M) = D £(B).
ACB
Q
Making use of Lemma 4.1, it is easy to see that the linear transformation Cé’k: lef) —
Q
Qf(“’j) is always a surjective map. Unfortunately, we do not see if this observation is helpful
for getting a possible counterpart of Theorem 2.1(3) for an infinite set €.

S A graded Mobius algebra

Mobbius algebra is a semigroup algebra which plays an important role in combinatorics
[36, Section 3.6]. Huh and Wang [28] introduced a graded Mdobius algebra for geometric
lattices. Let L be a finite geometric lattice with rank function (valuation) r. Define a Q-
algebra M (L, Q), called the graded Mibius algebra of L [28], to be the linear space with
L as a (Q-basis together with a multiplication given by

=17V ifr(z) +r(y) =r(z Vy)
0, ifr(z) +r(y) > r(xz Vy),

and extended by linearity and distributivity. For any nonnegative integers k < /, it is easy
to see that the linear map fi’g as specified below is well-defined:

&' Q- Qi
¢ = (ZwELl x)f—kqb.

We call a finite geometric lattice a realizable lattice if it is the matroid lattice of a finite
realizable matroid. Here is the main result of Huh and Wang [28, Theorem 6] in their work
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on solving the realizable case of the top-heavy conjecture of Dowling-Wilson. Huh and
Wang [28, Conjecture 7] conjectured that Theorem 5.1 holds without the assumption of
realizability.

Theorem 5.1 (Huh and Wang). Let L be a finite realizable geometric lattice with rank r.
For any integers k and £ such that k < ¢ < k + £ < r, the linear map fﬁ’e is injective.

Remark 5.2. (1) The partition lattice P(£2) is isomorphic with the flat lattice of the
graphic matroid of the complete graph on (). Note that a graphic matroid is regular,
namely it is representable over every field. This means that finite partition lattices
are realizable.

(2) Assume that L is a either a Boolean lattice, or a subspace lattice or a partition lattice.
It is easy to see that 52’4 = CL,;MC]LC’Z for some positive integer C, , , Which is
determined by L,k and ¢. Especially, E’Hl = CE’kH

here is that, Cf’f and éi’e, as two QQ-linear maps, are either both injective or both

non-injective.

. An important message

Kung [34, Theorem 1.3] verified Conjecture 3.3 for partition lattices of finite sets. We
can improve his result a little bit now. When (2 is finite, Lemma 5.3 claims that Conjec-
ture 3.4 holds for partition lattices.

Lemma 5.3. Let Q) be a set. Let k and { be two integers such that k < { < k + £ < |Q|.
Then ker(Gig)) = {0}.

Proof. By Lemma 3.6, Theorem 5.1, and Remark 5.2. O

Let €2 be a finite set and let & and ¢ be two integers such that 0 < k < ¢ < k+¢ < |Q|.
By virtue of Lemma 5.3, ker((f,’(g)) = {0}. So, to prove Conjecture 2.10 via Lemma 3.2,

we want to have s* € hEnd, ;(P()) for all s € Q. Tt is a pity that what we can have
instead is s* € hEndy, ¢(P(Q)) for all s € Q.

For any transformation g on a set {2, we associate a partition kerq (g) of Q2 in which two
elements « and § fall into the same part provided aig = ¢, and we call ker(g) the kernel
of g. Note that ker(g192) = kerq(g2)g; for all g1, g2 € T(Q). For any transformation
semigroup S on €, let P(£2) stand for the set {kerg(s) : s € S} = {kerg(Idg)s* :
s € S}, and call it the kernel partition subposet induced by S. It is clear that P~ (Q)
is invariant under the action of the kernel space S*. Inheriting the rank function on Pgq,
P¥(€) is still a valuated poset.

For a permutation group, all its elements have the same kernel. For a transformation
semigroup, the existence of different kernels may make some arguments for permutation
groups invalid. It looks interesting to study the action of the kernel space S* on the kernel
partition subposet P (Q).

Example 5.4. Consider the Cerny automaton C; = T'(S,G) as illustrated in Figure 3,
where G = {a,b}. All partitions of {1,2,3,4}, excepting {{0,2},{1,3}} which is dis-
played in red in Figure 3, belong to P° (£2). One can check that

WS(S*lPS(Q)7PS(Q)) = (1’ 15 17 1)and SS(S*|PS(Q)7PS(Q)) = (1327 17 1)7

both of which being unimodal.
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Example 5.5. Let Q = {1,...,6} and let S = (r,b) be the transformation semigroup
acting on (2 as defined in Example 2.5. Simple calculations shows that ps () is given by

({1} {2}, (31, {4}, {53, {63}, {{1, 2}, {3,4}, {5,6}}, {1, 6}, {2,3}, {4,5}}}.

One can further check that WS(S*|ps (), PY(Q)) = SS(S*[ps (0 P9(Q)) = (1,0,0,1).
If you delete those O-entries (equivalently, adjusting the rank function for PS(Q)), the
resulting sequence (1, 1) is still unimodal.

6 Linear space
6.1 Top-heavy shape

Let n be the size of a nonempty set 2. Let k& and ¢ be two integers satisfying 0 < k <
¢ < n. Let g be a prime power. As g-analogues of the set incidence operator speci-

. . . . k e
fied in Equation (3.1), we define two linear transformations M (f,f QFan — QPan and
k 4
N(f,’f;: QAan-1 — QAun-1 as follows:

(Mgn(MY) = > f(X),

X<Y,X€PE,

and
(Ngn(fN(Y") = > HxY,
X'<Y'’,X'e Ak

q,n—1

forall f € QPen, Y € PL, and f' € QPan-1,Y € AL, _,.
Kantor [30, Theorem] obtained a g-analogue of Gottlieb’s Theorem [25, Corollary 2],

which implies that Conjecture 3.4 holds for affine/projective geometries.

Lemma 6.1 (Kantor). Let n be a positive integer. Let k and { be two nonnegative integers
such that k < £ < k + ¢ < n and let q be any prime power. Then both M;;{ and N:’Til
are injective.

Proof of Theorem 2.12. Let k and £ be two integers such that 0 < k < ¢ < k+ /¢ < n.
Note that S” C hEndy, ¢(P,,,) and TA C hEndy ¢(Ag,n—1). Since both P, ,, and A, ,—1
are (¢, k)-finite, the result follows readily from Lemmas 3.2, 3.6 and 6.1. O

6.2 Duality: A result of Stanley

First Proof of Theorem 2.16. Let I be a field and €2 be a set. For each linear subspace
U < F, let U+ be the subspace of F'* given by

Ut ={feF: Zf(w)g(w):OforallgeU}.

weN

Take a matrix A € F®*® and record its transpose by AT. For any f € F, which
can be thought of as a row vector indexed by (2, the image of f under the action of A,
written as fA, can be thought of as the product of the row vector f and the matrix A.
The matrix A induces a transformation A on Gr(F**) such that U € Gr(F*) is sent to
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k,l
q,n
f Mg(f)
ghk gt
fgt* o Mn(fgt")
an

Figure 6: The incidence operator intertwines with every linear isomorphism g.

UA = {fA : f € U}. lItis easy to see that for any U, W € Gr(V) we have the
implication
UA=W = WLAT <UL, 6.1)

especially, when A € GL,,(F) it holds
UA=W e W+AT = U+, 6.2)

According to Taussky and Zassenhaus [63, Theorem 1], we can find P € GL,,(F') such
that P = PT and AT = PAP~". This means that Equations (6.1), (6.2) become

UA=W = (W'P)A<U'P

and
UA=W < (W P)A=U"P, 6.3)

respectively. It is well-known that g-binomial coefficients (Gaussian coefficients) occur
in pairs, namely in any n-dimensional linear space over a finite field, the number of k-
dimensional subspaces is equal to the number of (n — k)-dimensional subspaces [24,
Proposition 5.31] [60, Section 3]. In general, as a consequence of Equation 6.3, for any
A € GL,,(F), the number of k-dimension subspaces of F” fixed by A equals to the num-
ber of (n — k)-dimension subspaces of F'™ fixed by A. If F is a finite field and G is a
subgroup of GL,,(F), in view of the Orbit Counting Lemma (also known as Burnside’s
Lemma), the above discussion leads to a proof of Theorem 2.16. O

Second Proof of Theorem 2.16. Let G < GL,, (F,) and let k be a positive integer fulfilling
k < 5. The group G can be seen as a permutation group acting on both Gr(n — k,Fy) =
77,];7" and Gr(n — k,Fy) = P(Z;k; we use W, and W,,_;, for the two permutation modules
accordingly. From Lemma 6.1, we see that M=% is an Fy-linear isomorphism from
P,’;m to P;f;k. From Figure 5 and Example 3.7, we have the commutative diagram in
Figure 6 for 2 < k < Z; assuming that g comes from the group G, clearly our deduction
of Figure 5 shows that Figure 6 is also valid for £ = 1. This then shows that W}, and W,,_j
are isomorphic permutation modules for GG. In particular, the number of orbits of G on
Pé“’n and the number of its orbits on PZ;’“ must be equal. O

By examining the proofs of Theorem 2.16, we intend to understand the challenge of
extending some results on group actions to that on semigroup actions. The above two
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proofs apply to a set of invertible linear operators over finite linear spaces. If we have a
single linear operator A € Mat,, (F'), by considering its action on the linear space obtained
by “collapsing” the eventual kernel of A to zero, we may somehow still say something
similar to above. When we have a subsemigroup S of the full linear transformation monoid
acting on a finite linear space, different elements of .S may have different eventual kernels
and that makes it nontrivial to glean global information about the semigroup action.

7 Vamos matroid

Proof of Example 2.18. A simple calculation shows that ker(C]bf’(éw)) = {0} for (k,¢) €
{(1,2),(2,3)}. Let f € S andlet f': F(M) — F(M) be the map sending each flat
X € F(M) to the minimum flat containing X f in M. By Lemma 3.2, we will be done if
we can show that f € hEnd, ,(F(M)) for (k,¢) = (1,2),(2, 3).

If we know that f is a bijection or that |&y,f| < 2, we can easily check that f’ €
hEnd, ,(F(M)), as wanted. We intend to find a contradiction under the hypothesis that
neither of them holds.

By assumption, we can take three distinct elements x, y, z in &/ f such that |z f~1| >
2. Let A be the minimum flat containing {z,y, 2} and let B = Af~!. Observe that
|A] € {3,4}. Since f is a strong map, B is a flat containing at least four elements and so
|B| € {4, 8}.

CASE 1: |B| =8.

Take any X € (%). Note that X must be a flat and thus so is X f~'. Since |1/ f| > 3,
we deduce that the flat X f~! is not equal to &, and so | X f _1\ < 4. Considering that
|A] € {3,4}, we find that | A| = 4 and each element in A has two perimages under f. Note
that every element in (’3) is a flat. It follows that { X f =1 : X € (‘24)} is a set of six distinct

flats and each of them contains four elements, which cannot happen for the Vamos matroid
M.

CASE 2: |B| = 4.

Thanks to the assumption of |B| = 4, we see that C' = {x,y} is a flat in M satisfying
|C'f~1| = 3. Note that no three-elements subset of any four-elements flat in M can be a
flat. This means that C'f ~! is not a flat, violating the assumption that f is a strong map. [

8 Concluding remarks

We have discussed some top-heavy phenomena for transformation semigroups acting on
Boolean semirings, affine/projective geometries, and flat lattice of Vamos matroid; see The-
orems 2.1 and 2.12 and Example 2.18. But some problems remain, say Question 2.2, 2.3
and 2.8, Conjecture 2.10 and Question 2.11, and Question 2.15. Our work relies on various
injectivity results, say Lemmas 4.1, 5.3 and 6.1, which can all be deduced from Theo-
rem 5.1 and Remark 5.2. We may think of Conjecture 3.4 as a natural companion to [28,
Conjecture 7]. Since our results on comparing the number of components inside Pj and
that of P, for various valuated posets P come from the injectivity of the relevant incidence
operators (Lemma 3.2), we indeed have an injective map from components of P, to that
of P, which respects the poset structure. It is noteworthy that we do not find any general
results on the unimodality of the strong/weak shape of a semigroup action on a valuated
poset. We are wondering if the theory on the Lefschetz properties of commutative graded
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algebras [27] will be useful in this line of research.

Penttila and Siciliano [47, Lemma 3.1] suggested a machinery (Lemma 3.6) to remove
certain finiteness assumption. But we do not see any way to solve Question 1.2 and 2.17 by
this means. Since there are many other approaches to go from finite to infinite [53], it will
not be a surprise if Question 1.2 has a positive solution as simple as that for Theorem 2.12.
Here is another such question. By our definition, a valuated poset only has nonnegative
integers as ranks of its elements. We may allow ranks to be any (not necessarily finite)
cardinal number and then examine all the work in this paper again. A few results of this
kinds from the literature have been addressed at the end of Section 2.1.
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Abstract

In this paper, we develop a new method to produce explicit formulas for the number
fa(n) of rooted spanning forests in the circulant graphs G = C),(s1, s2, . .., s;) and G =
Can(s1, S2, - . ., Sk, n). These formulas are expressed through Chebyshev polynomials. We
prove that in both cases the number of rooted spanning forests can be represented in the
form fg(n) = pa(n)?, where a(n) is an integer sequence and p is a certain natural number
depending on the parity of n. Finally, we find an asymptotic formula for f(n) through the
Mahler measure of the associated Laurent polynomial P(z) = 2k+1— Zle (254 27%).
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1 Introduction

The famous Kirchhoff’s Matrix Tree Theorem [15] states that the number of spanning
trees in a graph can be expressed as the product of its non-zero Laplacian eigenvalues
divided by the number of vertices. Since then, a lot of papers on enumeration of spanning
trees for various classes of graphs were published. In particular, explicit formulae were
derived for complete multipartite graphs [1, 5], almost complete graphs [33], wheels [3],
fans [12], prisms [2], ladders [26], Moebius ladders [27], lattices [28], anti-prisms [31],
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complete prisms [25] and for many other families. For the circulant graphs some explicit
and recursive formulae are given in [8, 23, 34, 35].

Along with the number of spanning trees in a given graph one can be interested in the
number of rooted spanning forests in the graph. According to the classical result [14] (see
also more recent paper [7, 16]) this value can be found with the use of determinant of the
matrix det(I + L). Here L is the Laplacian matrix of the graph. At the same time, it is
known very little about analytic formulas for the number of spanning forests. In particular,
P. Chebotarev [6] enumerated the rooted spanning forests in path and cyclic graphs and O.
Knill [16] proved that the number of rooted spanning forests in the complete graph K, on
n vertices is equal to (n + 1)"~ L. The rooted spanning forests in complete bipartite graphs
were enumerated in [13]. Explicit formulas for the number of rooted spanning forests for
cyclic, star, line and some other graphs were given by [16]. As for the number of unrooted
forests, it has much more complicated structure [4, 19, 32].

Starting with Boesch and Prodinger [3] the idea to apply Chebyshev polynomials for
counting various invariants of graphs arose. This idea provided a way to find complexity,
that is the number of spanning tress, of circulant graphs and their natural generalisations
in [8, 17, 23, 24, 35].

Recently, asymptotical behavior of complexity for some families of graphs was inves-
tigated from the point of view of so called Malher measure [11, 29]. Mahler measure of a
polynomial P(z), with complex coefficients, is the absolute value of the product of all the
roots of P(z) whose modulus is greater than 1 multiplied by the leading coefficient. For
general properties of the Mahler measure see survey [30] and monograph [10].

The purpose of this paper is to present new formulas for the number of rooted spanning
forests in circulant graphs and investigate their arithmetical properties and asymptotics.

We arrange the paper in the following way. First, in Sections 3 and 4, we present
new explicit formulas for the number of spanning forests in the undirected circulant graphs
Cn(s1,82,...,8;) and Cay (81, S2, . . ., Sk, n) of even and odd valency respectively. They
will be given in terms of Chebyshev polynomials. Next, in Section 5, some arithmetic
properties of the number of spanning forests are investigated. More precisely, it is shown
that the number of spanning forests of the circulant graph G can be represented in the form
fa(n) = pa(n)?, where a(n) is an integer sequence and p is a certain natural number.
At last, in Section 6, we use explicit formulas for fg(n) in order to find its asymptotics
in terms of Mahler measure of the associated polynomials. For circulant graphs of even
valency the associated polynomial is P(z) = 2k + 1 — Zle(zsj + z7% ). In this case
(Theorem 6.1) we have fg(n) ~ A™, n — oo, where A is the Mahler measure of P(z).
For circulant graphs of odd valency we use the polynomial R(z) = P(z)(P(z) + 2). Then
the respective asymptotics (Theorem 6.2) is fg(n) ~ K™, n — oo, where K = M (R). In
the last Section 7, we illustrate the obtained results by a series of examples.

2 Basic definitions and preliminary facts

Consider a finite and not necessary connected graph G without loops. A rooted tree is
a tree with one marked vertex called root. A rooted forest is a graph whose connected
components are rooted trees. A rooted spanning forest F' in the graph G is a subgraph that
is a rooted forest containing all the vertices of G. We denote the vertex and edge set of G by
V(G) and E(G), respectively. Given u, v € V(G), we set a,, to be equal to the number
of edges between vertices u and v. The matrix A = A(G) = (uw)u, vev(q) is called the
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adjacency matrix of the graph G. The degree d(v) of a vertex v € V(G) is defined by
d(v) = > ,ev(g) @uo- Let D = D(G) be the diagonal matrix indexed by the elements of
V(@) with d,, = d(v). The matrix L = L(G) = D(G) — A(G) is called the Laplacian
matrix, or simply Laplacian, of the graph G.

By I,, we denote the identity matrix of order n.

Denote by xg(A) = det(A, — L(G)) the characteristic polynomial of the Laplacian
matrix of a graph G on n vertices. Its extended form is

xaA) =i+ . F e AT

The theorem by Kelmans and Chelnokov [14] states that the absolute value of coefficient
¢k of xa () coincides with the number of rooted spanning k-forests in the graph G. Since
all the Laplacian eigenvalues of G are non-negative, the sequence cy, is alternating. So, the
number of rooted spanning forests of the graph G can be found by the formula

fg(n) =fi+fot+...+fn= |Cl —Cco+c3—...+ (_1)n—1| 2.1
= (—1)"xa (1) = det(I, + L(G)).

This result was independently obtained by many authors (P. Chebotarev and E. Shamis [7]
O. Knill [16] and others).

Let s1,52,...,s; be integers such that 1 < 51 < 59 < ... < s < g The graph
Cn(s1, 82,...,5k) withn vertices 0,1,2, ..., n — 1is called circulant graph if the vertex
i, 0 < i < n—1isadjacent to the vertices i + 51,7 £ 53,...,i %5 (modn). When s, < 5
all vertices of the graph have even degree 2k. If n is even and s, = %, then all vertices
have odd degree 2k — 1. Two circulant graphs C,, (s1, S, . . ., s;) and Cy, (81, 32, . . ., 8 ) of
the same order are said to be conjugate by multiplier if there exists an integer r coprime to
n such that {51, 82, ..., §g } = {rs1,rsa,...,rsi} as subsets of Z,,. In this case, the graphs
are isomorphic, with multiplication by the unit » (mod n) giving an isomorphism.

We call an n x n matrix circulant, and denote it by circ(ag, a1, . . ., an—1) if it is of the
form

an a1 ag N Ap—1

. apn—-1 Qo a1 ... Qp_—2
circ(ag, a1, ..., an-1) =

ay as as ... ag

It is easy to see that adjacency and Laplacian matrices of the circulant graph are circu-
lant matrices. The converse is also true. If the Laplacian matrix of a graph is circulant then
the graph is also circulant.

Recall [9] that the eigenvalues of matrix C = circ(agp, a1, ...,a,—1) are given by
the following simple formulas A\; = P(g4), j = 0,1,...,n — 1, where P(z) = ag +
1T + ...+ ap_12" ! and ¢, is an order n primitive root of unity. Moreover, the cir-
culant matrix T = circ(0,1,0,...,0) is the matrix representation of the shift operator
T: (1[,’0,1’1, e ,Sﬂn,Q,ZL'n,l) — (zl,ﬂjg, e ,$n,1,$0).

Let P(z) = apz® + ...+ as = ag[[;_;(z — ;) be a nonconstant polynomial with
complex coefficients. Then, following Mahler [21] its Mahler measure is defined to be

1
M(P) := exp(/ log |P(e2™)|dt), (2.2)
0
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the geometric mean of | P(z)| for z on the unit circle. However, M (P) had appeared earlier
in a paper by Lehmer [18], in an alternative form

M(P) = lao| ] leul- 23)

|a; |>1

See, for example [10], for the proof of equivalence of these definitions.

The concept of Mahler measure can be naturally extended to the class of Laurent poly-
nomials P(z) = agzP**4a12PT5 1+, 4a,_12°T a2 = ap2? []_, (2 — ), where
ag # 0, sis a positive integer and p is an arbitrary and not necessarily positive integer.

Let T,,(z) = cos(n arccos z) be the Chebyshev polynomial of the first kind. The fol-
lowing property of the Chebyshev polynomials is widely used in the paper

1

To(3(z+271)) = 3(2™ + 27"). See [22] for more properties of Chebyshev polynomials.

3 The number of rooted spanning forests of circulant graphs of even
valency

The aim of this section is to find new formulas for the numbers of rooted spanning forests
of circulant graph C,,(s1, s2, ..., s) in terms of Chebyshev polynomials. Here and below,
we will use G to denote the circulant graph under consideration.

Theorem 3.1. The number of rooted spanning forests fc(n) in the circulant graph
G = Cn(s1,52,.-.,8k), 1 <81 <83 <...< s <7, lis given by the formula

fa(n) = H 127, (wp) — 2|,
p=1

where wy,, p = 1,2,..., sy are all the roots of the algebraic equation 2?21(2TS] (w) —
2) = 1 and Ts(w) is the Chebyshev polynomial of the first kind.

Proof. The number of rooted spanning forests of the graph G can be found by the formula
fa(n) = det(I, + L(Q)). The latter value is equal to the product of all eigenvalues of
the matrix I,, + L(G). We denote by T' = circ(0, 1, ... ,0) the n x n cyclic shift operator.
Consider the Laurent polynomial P(z) = 2k + 1 — Zle(zsi + z7%). Then the matrix
I, + L(G) has the following form

k
I+ L(G) = P(T) = (2k + 1)I, = Y (T +T~%).

27mi

The eigenvalues of circulant matrix T are €/, j = 0,1,...,n— 1, where &, = e = . Since
all of them are distinct, the matrix 7" is similar to the matrix T = diag(1,&,,...,e"" 1)
with diagonal entries 1,¢,,...,e" 1. So the matrix I,, + L(G) is similar to the diagonal
matrix P(T). This essentially simplifies the problem of finding eigenvalues of I,, + L(G).
Indeed, let \ be an eigenvalue of P(T) and x be the corresponding eigenvector. Then we

have the following system of linear equations

k
((2k +1 =N, = > (T + T~*))z = 0.

i=1
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Recall that the matrices under consideration are diagonal and the (j + 1, j + 1)-th entry of

27i

T is equal to €/, where €, = e » . Then, for any j = 0,...,n — 1, matrix P(T) has an
eigenvalue \; = P(ed) = 2k + 1 — Y7 (e + ¢;9%). Hence we have
n—1
fam) =[] P 3.1
j=0

To continue the proof of the theorem we need the following lemma.

Lemma 3.2.
n—1 ) Sk
H P(e) = H 12T (wp) — 2|,
7=0 p=1
where wy, p =1, ..., s are all the roots of the algebraic equation Z§:1(2TS]. (w)—2) =
1.
To prove the above formula we introduce integer polynomial P(z) = —z°* P(z). This

is a monic polynomial with the same roots as P(z) and its degree is 2s;,. As P(z) = P(1),

its roots look like 2, i, R
Sk
We have [T} P(e}) = 1) (—e, "/ P(e})) = (~1)x DD TR0 0 P(e).
Recall one of the basic properties of resultants

Res (P(2), Q(2)) = (—1)%8P ds@Res (Q(2), P(2)),

where ﬁ(z) and Q(z) are monic polynomials of degree deg(P) and deg(Q) respectively.

We set Q(z) = 2™ — 1 and note that deg(P) = 2s, is even. Then we obtain

ﬁ P(el) = Res (P(z),2" —1) = Res (2" — 1, P(z2))
j=0

- TIe-n- -1

2:P(2)=0 z:P(2)=0
Sk Sk

=[G -V —1) = (-0 T @T0(w,) - 2).
p=1 p=1

We used the identity T, (3(2 + 271)) = 3(2" + 27"). Here w, = 2(z, + &),

p=1,...,s. These numbers are the roots of algebraic equation 25:1 (2T, (w)—2) = 1.
To finish the proof of the theorem we use Lemma 3.2 and take absolute value of the
righthand side of the Equation 3.1. O

4 The number of rooted spanning forests in circulant graphs of odd
valency

This section is devoted to investigation of the numbers of rooted spanning forests in circu-
lant graph Ca,,(s1, S2, . . ., Sk, n) in terms of Chebyshev polynomials.
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Theorem 4.1. Let Co,,(s1,82,...,5k,n), 1 < 51 < s9 < ... < 8 < n, be a circulant
graph of odd degree. Then the number fc(n) of rooted spanning forests in the graph
G = Cs,(81,82,...,8k,n) is given by the formula

Sk

fo(n) = T]@Tu(up) — 2)(2T0(vp) + 2),

p=1

where the numbers u, and v,, p = 1,2,..., s}, are respectively the roots of the algebraic

equations Q(u) — 1 =0and Q(v) +1 =0, Q(w) =2k +2 — 2 Zle T, (w) and Ty (w)
is the Chebyshev polynomial of the first kind.

Proof. In order to find the number of rooted spanning forests fi(n) in the graph G we
need to find the determinant det (I3, + L(G)). The matrix I, + L(G) can be represented
in the form

e

Iy + L(G) = (2k + 2)Ipp — Y (T% +T7%) = T",

Jj=1
where T is 2n x 2n circulant matrix circ(0, 1,0, ..., 0). The eigenvalues of circulant ma-
trix Tare e, 7 = 0,1,...,2n — 1, where £3,, = eiw Since all of them are distinct,
the matrix 7 is similar to the matrix T = diag(1,e2p, . ..,ca" ') with diagonal entries

1,e2n,...,65" 1. To find the determinant det(I5, + L(G)) we use the product of all

eigenvalues of matrix I3, + L(G). The matrix I3, + L(G) is similar to the diagonal matrix
with eigenvalues

k
Nj=2k+2- (el —eln, j=0,1,....2n— 1.
=1

All of them are non-zero.

Consider the following Laurent polynomial P(z) = 2k+2— Zle (2% 4 z7%%). Since
en = —1, we can write \; = P(g}, ) — 1if j is even and \; = P(e},) + 1 if j is odd. By
Formula 2.1 we have

fon) = H A = [P — ) TP + 1)
s=0 s=0

el PP 4 1)

= P 2;91 -1 n—1
1 e T ey
[ (P(eb,) + 1)

= Pes)—1 .
e T Ty

By making use of Lemma 3.2 and arguments from the proof of Theorem 3.1 we obtain
0 T (Per) = 1) = (=) C+ Dk (2T (up) — 2),
(i) TT220 (P(es) + 1) = (=) (DL (2T, (vy) - 2), and
(i) [T,%5 " (P(eh,) + 1) =TT (2Tn (vp) — 2),
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where u,, and v,, are the same as in the statement of the theorem. Hence,

sk

fan) =[] @Tu(uy) - 2)

p=1 p=

2 T (vy) — 1
1 T (vp) — 1

Finally, taking into account the identity 75, (w) — 1 = 2(T,, (w) — 1)(T},(w) + 1) we obtain

sk

fa(n) = [[@Tu(up) = 2)(2T0(v,) +2). 0

p=1

S Arithmetic properties of the number of rooted spanning forests for
circulant graphs

It has been proved in the paper [23] that the number of spanning trees 7(n) in circulant
graph C,,(s1, 82,...,5;) is given by the formula 7(n) = pna(n)?, where a(n) is an
integer sequence and p is a natural number depending only on the parity of n. The aim of
the next theorem is to find a similar property for the number of rooted spanning forests.

Recall that any positive integer p can be uniquely represented in the form p = ¢r2,
where p and q are positive integers and g is square-free. We will call g the square-free part
of p.

Theorem 5.1. Let fo(n) be the number of rooted spanning forests in the circulant graph

n
Chn(s1,82,...,8k), 1 <51 <82 <...< 8 < 5"

Denote by p the number of odd elements in the sequence s1,Sa,...,S; and let q be the

square-free part of 4p + 1. Then there exists an integer sequence a(n) such that

(1) fa(n) = a(n)?, ifn is odd;
(2) fa(n) =qa(n)?, ifnis even.

Proof. The number of odd elements in the sequence s1, sa, . . ., Si is counted by the for-
mulap = Ele 1_(51)Si .

We already know that all eigenvalues of the I,, + L(G) are given by the formulas
\j=P(el),j=0,...,n—1,where P(2) =2k+1— Zf:l(zq +z %) ande, = e .
We note that \,_; = P(e)77) = P(e]) = ;.

Since \g = P(c%) = P(1) = 1 by Formula 2.1 we have fg(n) = H;’:—ll A;. Since

An—j = Aj, we obtain fe(n) = (H;:%1 Aj)? if nis odd and fe(n) = A= ( ]%:_11 Aj)2ifn
is even. We note that each algebraic number A\; comes with all its Galois conjugates [20].

So, the numbers b(n) = HJZ Aj and ¢(n) = j%:_ll A; are integers. Also, for even n we
have Az = 2k +1 — S8 ((—1)% + (=1)7%) = 1+ 235 (1 — (-1)%) = 4p + L.
Hence, fg(n) = b(n)? if n is odd and fg(n) = (4p + 1) ¢(n)? if n is even. Let g be
the square-free part of 4p + 1 and 4p + 1 = gr2. Setting a(n) = b(n) in the first case
and a(n) = r¢(n) in the second, we conclude that number a(n) is always integer which
completes the proof. O
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The following theorem clarifies some number-theoretical properties of the number of
rooted spanning forests f(n) for circulant graphs of odd valency.

Theorem 5.2. Let f(n) be the number of rooted spanning forests in the circulant graph
Gzcgn(Sl,Sg,...,Sk,n), 1<s1 <8 <... <8 <n.

Denote by p the number of odd elements in the sequence s1, Sa, . . ., Si.. Let q be the square-
free part of 4p + 1 and r be the square-free part of 4p + 3. Then there exists an integer
sequence a(n) such that

(1) fa(n) = qa(n)?, ifn is even;

() fa(n) =ra(n)?, ifnis odd.
Proof. The number p of odd elements in the sequence si,S2,...,5; is equal to
Zle H%” The eigenvalues of the matrix I, + L(G) are given by the formulas

\j=P(eh,)— (=1, =0,1,...,2n — 1,

where P(z) =2k +2 — Zle(zsl +z %) and g9, = €™ .

Since Ay = P(1) — 1 = 1 by the Formula 2.1 we have fg(n) = Hji;l A;j. Since
Aon—j = Aj, we obtain fg(n) = /\n(l_[?:_l1 A;j)?, where A, = P(—1) — (—1)". Now we
have

n a s n i 1_(_1)SZ n
An =2k 42— (=1)" =23 ()% =2—(-1)"+4) ———— =4p+2—-(-1)",
=1 =1

So, A, =4p+1,if niseven and \,, = 4p + 3, if n is odd. We note that each algebraic
number A; comes into the product H;:ll A; together with all its Galois conjugates, so the
number c(n) = H;’;l A; is an integer [20].

Hence, fg(n) = (4p+ 1)c(n)?, if niseven and fg(n) = (4p + 3) ¢(n)?, if n is odd.
Let g and r be the square-free parts of 4p 4 1 and of 4p + 3 respectively. Then for some
integers z and y wehave 4p + 1 = gz? and 4p + 3 = ry>.

Now, the integer number fs(n) can be represented in the form

(1) fa(n) = q(zc(n))?if nis even and

) fa(n) =1 (yc(n))?if nis odd.
Setting a(n) = x ¢(n) in the first case and a(n) = y c¢(n) in the second, we conclude that
number a(n) is always integer. The theorem is proved. O
6 Asymptotics for the number of spanning forests

In this section we give asymptotic formulas for the number of rooted spanning forests in
circulant graphs.

Theorem 6.1. The number of rooted spanning forests in the circulant graph

n
G:Cn(sl,SQ,...,sk),1§51<82<...<sk<§
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has the following asymptotics
fa(n) ~ A", asn — oo

where A = exp(fo1 log(P(e*™))dt) is the Mahler measure of Laurent polynomial
P(z) =2k +1— 1 (25 + 2750).

Proof. By Theorem 3.1, the number of rooted spanning forests f(n) is given by
Sk
fa(n) = H 12T (ws) — 2,
s=1

where w, = (25 + 2;1)/2. We have T,,(ws) = 3(zI + 2, "), where z, and 1/z,
s = 1,...,s are all the roots of the polynomial P(z). If ¢ € R then P(e'¥) =
2k +1 — Z?Zl(esﬂ'w +e %) = 2k + 1 — QElecos(sjgo) > 1,50 |zs| # 1 for
all s. Replacing z4 by 1/z,, if it is necessary, we can assume that |z;| > 1 for all s. Then

T (ws) ~ 127 asn tends to co. So, |27}, (ws) — 2| ~ |25|", n — co. Hence

Sk Sk

H 2T (ws) — 2| ~ H 25" = H |2 = A",

s=1 s=1 P(z)=0,|z|>1

where A = []p(,)_¢,|.|>1 |2| is the Mahler measure of P(z). By the results mentioned in

the preliminary part, it can be found by the formula A = exp( fol log(P(e?™1t))dt).
Finally,

fon) =] 12T (ws) — 2| ~ A", n - 0. O

s=1

The next theorem is a direct consequence of Theorem 4.1 and can be proved by the
same arguments as Theorem 6.1.

Theorem 6.2. The number of rooted spanning forests fc(n) in the circulant graph
G = Cop(s1,82,...,8K,m), 1 < 81 < 89 < ... < s < n has the following asymp-
totics

fa(n) ~ K", asn — oo.

Here K = exp(fol log | P(e*™%)2 —1|dt) is the Mahler measure of the Laurent polynomial
P(2)? — 1, where P(z) = 2k + 2 — Zle(zsi + z7%).

7 Examples
(1) Cycle graph G = C,,(1) = C,,.
We need to solve the equation 1 + 2 — 27} (w) = 0. We have w = 3/2. So, fg(n) =
2T(3/2) — 2. Then fa(n) ~ (35/5)n. Also, we have fg(n) = 5F2, if n is

even, and fg(n) = L2, if n is odd, where F}, and L,, are the Fibonacci and Lucas
numbers respectively. The latter result was independently obtained in [6].
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Graph G = C,,(1,2).

We need to solve the equation 1 + 4 — 27} (w) — 2T»(w) = 0. Its roots are wy =
$(=1+v29) and wo = (—1 — v/29).

By Theorem 5.1, there exists an integer sequence a(n) such that fg(n) = 5a(n)?, if
nis even, and fg(n) = a(n)?, if n is odd.

Graph G = C,,(1,3).

Let wy, we and ws be the roots of the cubic equation 1+ 4 — 273 (w) — 2T3(w) = 0.
Then fa(n) = (27, (w1) — 2)(27, (w2) — 2)(2T,,(w3) — 2). In this case, fg(n) ~

T3, m — oo, where Ay 3 ~ 4.48461 ... is the Mahler measure of the Laurent
polynomial 5 — z — 27! — 2% — 273, One can check that A; 3 is a root of the equation
1—x — 222 —42® + 2* = 0. By Theorem 5.1, we have fg(n) = a(n)?, where a(n)
is an integer sequence.

Graph Mobius ladder G = Cy,, (1, n).

We have to solve the equations 3 — 273 (w) = 0 and 5 — 27} (w) = 0. Their roots are
u; = 3/2 and v; = 5/2 respectively. Then fo(n) = (27,(3/2) — 2)(2T,,(5/2) +
2) ~ K", where K = (3 4+ v/5)(5 + v/21) ~ 12.5438.... By Theorem 5.2,
fa(n) = ba(n)?, if n is even, and fg(n) = 7a(n)?, if n is odd for some integer
sequence a(n).
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