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Preface

Writing a preface is always a pleasure to me, this one even more than
usual. Several are the reasons. The first one is that the CroCoDays meeting
became traditional — three times certainly makes a tradition. The next one
is that we managed to organize our conference in very difficult circumstances
of a global pandemics. Many events and gatherings with traditions far richer
than our were canceled or delayed, but not the CroCoDays conference. The
next reason is that we succeeded in combining real life attendance with remote
participation and that everything went smoothly. Next, several good quality
contributions were submitted for our Proceedings, their little imperfections
promptly expunged by our referees. And last, but not the least, reason for
satisfaction is that the final result of our collective work is dedicated to our
friend, colleague and teacher, Professor Dragutin Svrtan, on occasion of
his seventieth birthday. It is a small sign of appreciation of his contribution to
mathematics and to our community. Thank you, Dragec, and may you long
keep helping us to learn and to enjoy mathematics!

I thank all participants, all members of our organizing team and all authors
and referees for their efforts. Particular thanks go to our technical support who
made the remote participation possible.

It is also a pleasure to thank our sponsors, the Faculty of Civil Engineer-
ing, the Croatian Academy of Sciences and Arts and the Croatian Science
Foundation (IP-2016-06-1142), whose generous support made possible both
the conference and these Proceedings.

I hope to meet you all, and many others, on the fourth Croatian Combi-
natorial Days in September 2022.

Zagreb, June 8, 2021 Tomislav Doslié¢
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Abstract

Mixed labyrinth fractals are dendrites in the unit square, which were recently studied with
respect to the lengths of arcs in the fractals. In this article we first give a construction
method for mixed labyrinth fractals with the property that all arcs in the fractal have
box counting dimension 2. Subsequently, we show how a certain familiy of patterns can
provide a mixed labyrinth fractal of any box counting dimension between 1 and 2, which
also coincides with the box-counting dimension of the arc between any two distinct points
of the fractal. Finally, we show how the results can be extended to a more general setting.

1 Introduction

Labyrinth fractals are dendrites in the unit square which were introduced in the last decade
[2, 3]. They can also be viewed as special families of Sierpinski carpets. Labyrinth fractals
were studied with respect to their topological and geometrical properties, with special
focus on the arcs in these dendrites. The construction of labyrinth sets and labyrinth
fractals is done by using labyrinth patterns: in the self-similar case one labyrinth pattern
generates, inductively, a sequence of labyrinth sets, whose limit is a labyrinth fractal, and
in the case of mixed labyrinth sets and mixed labyrinth fractals [4] more than one pattern
(in general, even infinitely many) are used for their construction.

While for the self-similar labyrinth fractals [2, 3] there are results on the lengths and
the dimension of the arcs in these dendrites, the papers on the mixed case [4, 5] deal
mainly with the length of arcs, and how this depends on the properties of the patterns
that generate a mixed labyrinth fractal. The main goal of the present article is to construct
families of mixed labyrinth fractals with the property that the arcs between distinct points
of the fractal have given box counting dimension, equal to the dimension of the whole
fractal.

There exists quite a lot of interest in fractal dendrites lately. Self-similar dendrites
were constructed with the help of polygonal systems and studied recently [16], but the

*This author’s work was supported by the Austrian Science Fund (FWF), Projects P27050-N26, P29910-N35
and F-5512.
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emphasis is not on length of arcs, and, moreover, the methods are different, using tools
like contractive iterated function systems and zippers, a different approach from ours, and
restricted only to self-similar fractals. We also mention existing results on dimensions of
homogenoeous Moran sets in a closed real interval of finite length [8], since the fractals
studied in the present paper can be seen as a family of planar relatives of these.

In the last years, labyrinth fractals and results on them have already shown to have ap-
plications in physics. We mention, e.g., the fractal reconstruction of complicated images,
signals and radar backgrounds [14], or the construction of prototypes of ultra-wide band
radar antennas [15]. Very recently, fractal labyrinths combined with genetic algorithms
were used in order to create big robust antenna arrays and nano-antennas in telecommuni-
cation [13]. Concerning further possible applications of mixed labyrinth fractals, we want
to mention very recent results in materials engineering [11], which show that dendrite
growth, a largely unsolved problem, plays an essential role when approaching high power
and energy lithium-ion batteries. Furthermore, there is recent research on crystal growth
[9] which suggests that, depending on the geometric structure of the studied material,
labyrinth fractals can offer a suitable model for studying various phenomena and objects
occurring in other fields of science. Finally, we mention that Koch curves, which are of
interest in theoretical physics in the context of diffusion processes (e.g., [17]), are related
to arcs in labyrinth fractals.

Let us now give a short outline of the article. Section 2 contains the needed preliminar-
ies: we give the definition of labyrinth patterns, labyrinth sets and labyrinth fractals, and
cite some of the main results regarding topological and geometric properties of labyrinth
fractals proven in earlier research [2, 3, 4, 6], which are essential to our considerations
throughout this paper. In Section 3 we introduce a special family of horizontally and
vertically blocked labyrinth patterns called snake cross patterns. We analyse their shape,
as well as the the objects generated by certain sequences of snake cross patterns. These
are mixed labyrinth sets and, in the limit, mixed labyrinth fractals, dendrites with the
property that the length of any non-trivial arc is infinite. Section 4 is dedicated to prov-
ing that the fractal dendrite obtained as the limit of the construction in the previous
section has the property that the arc between any two distinct points in the fractal has
box counting dimension two. Subsequently, we give in Section 5 a construction based on
the use of snake cross patterns that provides mixed labyrinth fractals of any box-counting
dimension ¢ € [1,2). In a short last section we take a glimpse at how these results could be
used to infer analogons thereof in a more general setting. We conclude with a conjecture.

2 Preliminaries on self-similar and mixed labyrinth
fractals

Labyrinth patterns are very convenient tools for the construction of labyrinth fractals. The
notations and notations have already been introduced and used in work on self-similar
labyrinth fractals [2, 3] and later on for the mixed ones [4]. Let z,y,q € [0,1] such that
Q=[z,z+q] x[y,y+q] €[0,1]x[0,1]. For any point (z,z2,) € [0,1]x[0,1] we define the
map Pg(zz,2y) = (q2zz + ®,qzy +y). For any integer m > 1 let S; ;.. = {(z,v) | % <z <
2L and %Syﬁ%l} and Sy, = {S;jm|0<i<m-land 0<j<m-1}.

Any nonempty A ¢ S,, is called an m-pattern and m its width. Let { Ay}, be a
sequence of non-empty patterns and {mg}re, be the corresponding width-sequence, i.e.,
for all k >1 we have Ay € S,,,,. We denote m(n) = [Ti_; my, for all n > 1. Let Wy = A;.
Ee call Wy the set of white squares of level 1, and the elements of S,,, ~ W, the black
squares of level 1. For n > 2 the set of white squares of level n is defined as

W, = U {Pw,_, (W)} (1)
WeA,, ,W,_16eWy_1
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Note that W), ¢ Spy(n). We call the elements of S,,(,,) N Wiy, the black squares of level
n. For n > 1, we define L, = Uwew, W. Thus, {L,};2; is a monotonically decreasing
sequence of compact sets, and Lo = Moy Ly, is the limit set defined by the sequence of
patterns { Ak} ry-

Examples of patterns are shown in figures 1 and 2. These also illustrate the first two
steps of the construction of a mixed labyrinth set.

We define, for A € S,,, the graph of the pattern A, G(A) = (V(G(A)),E(G(A))): Tts
set of vertices V(G(A)) consists of the white squares in A, i.e., V(G(A)) = A and its edges
E(G(A)) are the unordered pairs of white squares, that have a common side. The top row
in A is the set of all white squares in {S;,,-1,m | 0 < i <m™-1}. The bottom row, left
column, and right column in A are defined analogously. A top ezit in A is a white square
in the top row, such that there is a white square in the same column in the bottom row.
A bottom exit in A is defined analogously. A left exit in A is a white square in the left
column, such that there is a white square in the same row in the right column. A right
exit in A is defined analogously. A top exit together with the corresponding bottom exit
build a wvertical exit pair, and a left exit together with the corresponding right exit build
a horizontal exit pair. The above notions can also be defined in the special case A=W,,.

Figure 1: Two labyrinth patterns, A; (a 4-pattern) and Ay (a 5-pattern)

Figure 2: The set Wh, constructed based on the above patterns 4; and
As, that can also be viewed as a 20-pattern

A non-empty m-pattern A ¢ S,,, m > 3 is called a m x m-labyrinth pattern (in short,
labyrinth pattern) if A has the tree property, the exits property and the corner property.

Property 1 (The tree property). G(A) is a tree.

Property 2 (The exits property). A has exactly one vertical exit pair, and exactly one
horizontal exit pair.

Property 3 (The corner property). If there is a white square in A at a corner of A, then
there is mo white square in A at the diagonally opposite corner of A.
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Let {Ax}72; be a sequence of non-empty patterns, with my > 3, n > 1 and W, the
corresponding set of white squares of level n. We call W,, an m(n) xm(n)-mized labyrinth
set (in short, labyrinth set) of level n, if A =W, has the tree property, the exits property
and the corner property. It was shown [4, Lemma 1] that if all patterns in the sequence
{Aj}52, are labyrinth patterns, then W, is a labyrinth set, for any n > 1. The limit set
L defined by a sequence {Ay}72, of labyrinth patterns is called mized labyrinth fractal.

The fact that the labyrinth patterns have exits leads to the fact that any labyrinth
fractal also has 4 exits, which are defined as follows. Let T}, € W,, be the top exit of W,,
for n > 1. The top exit of Lo is Myrq Tn. The other exits of Lo, are defined analogously.
We note that the exits property yields that (x,1),(2,0) € Lo, if and only if (z,1) is the
top exit of Lo and (z,0) is the bottom exit of L. For the left and the right exits the
analogue statement holds.

For more details on mixed labyrinth sets and mixed labyrinth fractals and for results
on topological properties of mixed labyrinth fractals we refer to the papers [4, 5].

In the special case when in the above construction A = A, for all k > 1, i.e., the
sequence of labyrinth patterns is a constant sequence, we obtain a self-similar labyrinth
fractal, like those studied initially [2, 3].

The following result was proven both in the case of self-similar labyrinth fractals [2,
Theorem 1], and in the case of mixed labyrinth fractals [4, Theorem 1].

Theorem 1. Every (self-similar or mized) labyrinth fractal is a dendrite.

We recall that a dendrite is a connected compact Hausdorff space that is locally con-
nected and contains no simple closed curve. By Theorem 1 and a result in Kuratowski’s
book [12, Corollary 2, p. 301] it follows that between any pair of points  # y in the
dendrite Lo, there is a unique arc in the fractal that connects them.

It was shown [2, 3, 4, 5] that certain patterns, called blocked labyrinth patterns,
generate fractals with interesting properties concerning the lengths of arcs in the fractal.
More precisely, a labyrinth pattern is called horizintally blocked, if in the row that contains
the horizontal exit pair of the pattern there exists at least one black square. Analogously,
a labyrinth pattern is wvertically blocked, if there exists at least one black square in the
column that contains the vertical exit pair of the pattern. Figures 1, 2 and 3 show
examples of horizontally and vertically blocked labyrinth patterns.

In the self-similar case the following facts were proven [3, Theorem 3.18]:

Theorem 2. Let Lo, be the (self-similar) labyrinth fractal generated by a horizontally
and vertically blocked m x m-labyrinth pattern. Between any two points in L., there is a
unique arc a. The length of a is infinite. The set of all points, at which no tangent to a
exists, is dense in a.

It was proven, that in this case the box counting dimension of all arcs in the fractal
is strictly greater than 1. Moreover, all these arcs have box counting and Hausdorff
dimension strictly less than 2, which easily follows, e.g., from the fact that the dimension
(both box counting and Hausdorff) of the whole fractal is strictly less than 2, see [2, 3].

In the mixed case, it was shown [5] that the fact that the patterns are blocked is not
sufficient in order to obtain all arcs with infinite length.

Very recent research [6, Theorem 5] reveals the following sufficient but not necessary
condition in order to obtain a mixed labyrinth fractal where all (non-trivial) arcs in the
fractal have infinite length.

Theorem 3. If the width-sequence {my }rs1 of the sequence { Ay }irs1 of both horizontally
and vertically blocked labyrinth patterns satisfies the condition

I ©)
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then the mized labyrinth fractal Lo, has the property that for any two distinct points
,1y € Lo the length of the arc in Lo, that connects x and y is infinite.

Below we recall a result [4, Lemma 4] that enables us to use paths in the graphs
of labyrinth patterns in order to construct arcs in a labyrinth fractal L., both in the
self-similar, and in the mixed case.

Lemma 1. (Arc Construction) Let a,b € Lo, where a # b. For all n > 1, there are
Wy (a), W, (b) e V(G(W,,)) such that

(a) Wi(a) 2 Wa(a)2...,

(b) Wi(b)2Wa(b)2...,

(¢) {a} =052 Wa(a),

(@) () = A2, Wa (D).

(e) The set Mooy (UWEPH(Wn(a)7Wn(b)) W) is an arc between a and b.

Until now, only one result with respect to fractal dimension of mixed labyrinth fractals
was proven [4, Proposition 6, p.121]:

Proposition 1. If a is an arc between the top and the bottom exit in Lo, then

D —— m
lim inf M =dimg(a) < dimp(a) = limsup M7
nee Yoy log(me) noveo gy log(my)

where M(n) denotes the number of squares in the path in GOW,) that connects the top
and the bottom exit of W,,. For the other pairs of exits, the analogous statements hold.

In the considerations to follow we aim to construct mixed labyrinth fractals whose box
counting dimension can be established. First, we introduce a special sequence of labyrinth
patterns, called snake cross patterns, which enables us to construct mixed labyrinth frac-
tals with the property that the box counting dimension of any non-trivial arc (i.e., arc
that connects two distinct points of the fractal) equals 2. Subsequently, we give a method
for constructing mixed labyrinth fractals of any given (rational) box counting dimension
between 1 and 2. For more details on the box counting dimension and its properties we
refer, e.g., to Falconer’s book [7].

3 Snake cross patterns and mixed labyrinth sets, and
the fractals generated by them

In recent research [5], a special family of labyrinth patterns, called “special cross patterns”
were used in order to construct mixed labyrinth fractals with certain properties of their
arcs. These patterns were chosen due to their symmetry properties, which make them
convenient tools when studying lengths of arcs between exits of the fractal. Here we
introduce a family of patterns called snake cross patterns, whose name is due to the fact
that their shape and some of their properties remind us of the special cross patterns, but,
since here the length of the four “arms” of the cross is meant to be as long as possible, they
have in general more and much bigger windings than the special cross patterns. Figure 3
shows a special cross pattern, and in Figures 4,5 and 6 we see snake cross patterns.

In order to define the sequence {Ay}x>1 of snake cross patterns, with corresponding
width sequence {my }r»1, let us first set my := 4k + 7, for all k > 1. Each pattern has a
central square Cy, namely the white square that lies in row 2k + 4 and column 2k + 4,
and which is coloured in white. Moreover, the top and bottom exit of any snake cross
pattern lie in column 2k + 4, and the left and right exit lie in row 2k + 4. In Figure 3 the
central square of the pattern is coloured in light grey, in Figure 6 the central square of the
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Figure 3: An example: a special cross pattern of width 11

B T )

B CEEE mE e

Figure 4: The snake cross patterns A;, Ao, A3 of width 11, 15, and 19,
respectively.

_Il [
-y

Figure 5: The snake cross patterns Ay, A5 of width 23, and 27, respectively.

pattern is white (for better visibility on the coloured figure). Four “arms” emerge from
the central square. In Figure 6 these are marked with different colours. The arms’ shape,
the windings on each of the four arms of the cross, resemble snakes in movement. The
four arms are identical (up to rotation), and each of them can be obtained by the same
procedure:

1. Start from the central square Cy.

2. The exit square on one of the sides of the unit square is selected as a distinguished
vertex of G(Ag), namely, the midpoint of one of its sides coincide with the midpoint
of the mentioned side of the unit square.

3. “Move two steps” (two neighbouring squares) towards the selected exit.

4. Turn to the right and move through pairwise neigbouring squares until either a
diagonal (see Figure 6) is reached or a neighbour of the selected exit is reached. In
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the latter case stop the construction of the arm.
5. Turn to the left and “move two steps”.

6. Turn to the left and move until either a diagonal is reached or a neighbour of the
selected exit is reached. In the latter case stop the construction of the arm.

7. Turn to the right and “move two steps”.

8. Repeat steps 4 to 7.

ik

Figure 6: The four arms, the exits and the central square in the snake cross
pattern Ay

Remark 1. The k-th snake cross pattern has k windings (“detours”) on each of its four
arms and 2k black squares in the row that contains its left and right exit, as well as in
the column that contains its top and botom exit. We note, according to Figures 3 and 4,
that the first snake cross pattern Ay is in particular a special cross pattern.

It is easy to see that by replacing “left” with “right” and viceversa in the above
construction algorithm of a snake cross pattern we obtain an other labyrinth pattern.
Moreover, due to its shape, we can see it just as the “reflected” initial pattern. We call
the initial one (defined above) a right snake cross pattern because the first turn was to the
right, and its corresponding “reflected” pattern a left snake cross pattern. Throughout
this article we assume, without loss of generality, that all snake cross patterns mentioned
below are right snake cross patterns.

One can immediately see that the snake cross patterns are both horizontally and
vertically blocked labyrinth patterns. One can use these patterns in order to define a
mixed labyrinth fractal Le.: let Aggs; be a sequence of snake cross patterns (as defined
above) and Lo, the corresponding labyrinth fractal. We call Lo, a mized snake labyrinth
fractal.

Based on Theorem 1 and Theorem 3 one immediately obtains the proof of the following
result.

Proposition 2. Let Lo, be a mized snake labyrinth fractal. Then:
1. Lo s a dendrite.

2. For any distinct points x,y € Lo, the arc in Lo, that connects x and y has infinite
length.
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4 Mixed labyrinth fractals with arcs of maximal box
counting dimension

Now, our aim is to find the box counting dimension of arcs in a mixed snake labyrinth
fractal. As a first step, we are interested in the arcs that connect exits of L.,. There-
fore, let us consider the lengths of the paths between exits in the labyrinth sets W,,
for n > 1. For n > 1, let M(n) denote the length of the path in G(W, ) that connects
the top and bottom exit of the labyrinth set W,, and, analogously use the notations
H(n),M(n),B(n),a(n),¥(n) for the lengths of the paths connecting the other six pairs of
exits, respectively, as shown by the symbols. Moreover, for k > 1, let M, By, My, (B, Ak, P
denote the lengths of the corresponding paths in G(Ag). By the lengths of paths in the
graphs we mean the number of graph vertices (i.e., the number of white squares) that lie
on the path.

Lemma 2. With the above notations,
M(n) =8(n) =M(n) =B(n) =1(n) =8(n) == D(L,), for alln>1.

Proof. (Sketch) One can immediately see that M =8 =M, =8y =&l =&, for all k> 1,
and thus in particular (1) = B8(1) =M@(1) = E(1) =a)(1) = M(1). By induction, one can
then immediately obtain the above result. O

We remark that one could also prove the above equalities by using the results on path
matrices of mixed labyrinth fractals [4, Proposition 1], but here in our special case it is
not necessary to use the path matrices.

Proposition 3. Let Lo, be the mized labyrinth fractal generated by the sequence of snake
cross patterns { Ay trs1 defined above. If a is an arc that connects two distinct exits of
Lo, then its box counting dimension is dimp(a) = 2.

Proof. In order to compute the box counting dimension of the arc between two distinct
exits of Lo, we use an alternative definition of the box counting dimenstion [7, Definition
1.3], and we apply the property that one can use, instead of § — 0, apropriate sequences

(0K ) k=0 (see the cited reference). In our case, for oy = ﬁ, we have 0y, < %51@—1, and thus
the box counting dimenstion of any arc between two exits in the fractal is given by

dimp (L) = Tim (08P FEn).
n—co logm(n)

Therefore, let us now estimate D(L,). In order to do this, we count the number of
squares that are along one of the four arms of the pattern Ay (we do not include the
central square of the pattern), taking into account the following facts, according to the
procedure described in Section 3:

(7) in the first step of the construction of the arm one square is added;
(#4) in step 3 two squares are added;

(797) in the non-final steps 4 and 6 the number of added squares is
-1
1+4+8+--+4(k-1) = “4@ =2k% -2k +1;

(iv) in the steps 3, 5 and 7 there are 2k added squares;
(v) in the final step 4 or 6 there are 2k — 1 added squares.
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The above counting yields a total number of
1+2+(2k* -2k +1) +2k+ (2k - 1) =2k* + 2k + 3

squares. Hence, the length of the path in G(Ay) between two exits of the snake cross
pattern Ay, is 2(2k% + 2k + 3) + 1 = 4k? + 4k + 7. Thus we obtain

D(Ly,) = ]f[l (4K + 4k +7)

for the number of squares in the path in G(W,,) that connects two distinct exits of the
labyrinth set W,,. Due to the arc construction given in Lemma 1 and the fact that the
arc between two exits can be obtained as the limit of the nested sequence of sets defined,
for each n > 1, as the union of the squares that lie in the path in G(W,,) between the
corresponding exits of the labyrinth set W,,, and therefore is covered by the squares in
this path, we obtain

1 P (4K + 4k + T n 2
dimp (a) = lim og(Hk_li ) - lim Zzzliog(4k +4k+T) )
A og (M (@h+ 1)) A2 5, log(ik + 1)

Note that for every ¢ > 0 and for sufficiently large k the inequality 4k%+4k+7 > (4k+1)%~¢
holds, hence dimpg(a) > 2. On the other hand, 4k? + 4k + 7 < (4k +1)2, which then implies
dimg(a) = 2. O

Proposition 3, the structure of mixed labyrinth fractals defined by snake cross patterns,
and the properties of the box counting dimension immediately yield the following corollary.

Corollary 1. Let Lo, be a mized labyrinth fractal generated by a sequence of snake cross
patterns as above. Then dimp(Leo) = 2.

Notation. Let z € Lo, and n > 1. Along this paper the notation W, (x) has the
following meaning (analogoulsy as introduced in the proof of [2, Lemma 6] for the case of
self similar labyrinth fractals ): Let W(a) be the set of all white squares in U,»; W, that
contains the point x. Let Wi(z) be a white square in W, that contains infinitely many
(white) squares of W(x) as a subset. For n > 2 we define W,,(x) as a white square in W,
such that W, (z) € W,,_1(z), and W, (z) contains infinitely many white squares of W (x)
as a subset.

Theorem 4. Let L., be a mized labyrinth fractal generated by a sequence of snake cross
patterns as above. Then, for any distinct points x,y € Lo the arc a(x,y) that connects
them in Lo, has box counting dimension dimp(a(z,y)) = 2.

Proof. Let x #+ y be two distinct points in the fractal Lo,. From a(x,y) ¢ Lo it imediately
follows that dimp(a(z,y)) < dimp Lo = 2. In order to prove the converse inequality, we
proceed as follows.

For any n > 1 let W,,(z) and W,,(y) be white squares of level n, corresponding to the
notation introduced above.

According to the construction of labyrinth sets and fractals it immediately follows that
there exists a value ng > 1 such that the path in the tree G(W,,) that connects W, (z)
and W, (y) consists of at least three white squares (vertices of G(W,,)), i.e., there exists
a square W e W, in this path, such that x,y do not lie in the interior of W.

Now, let us note that, due to the construction and structure of mixed labyrinth fractals,
the intersection of the arc a(x,y) that connects  and y in Lo, with the square W is an
arc a’ = a(x,y) N W that connects two exits of the fractal L, = Lo, n W, which is just a
scaled labyrinth fractal, obtained from the sequence of snake cross patterns {Aj} }x>1, with

% = Akin,y, where n was chosen and fixed above. Thus, the arc a’ is just the image of
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an arc between two exits of Lo through a similarity mapping of factor 1/mims...my,.
Now we sum up as in formula (3), but for the integer k ranging from ng + 1 (instead of
1) to n. Since the limit of a sequence does not change by removing the first ny elements
for some fixed ng we obtain, as in Proposition 3, that any arc that connects distinct exits
of L’ has box counting dimension two, and thus, in particular, dimg(a’) = 2, and since
dimpg(a(z,y)) > dimp(a’) = 2, we get dimp(a(z,y)) = 2. O

Remark 2. The above results show that the snake cross patterns enable us to construct
(mized) labyrinth fractals based on horizontally and vertically blocked labyrinth patterns
where the box counting dimension of every arc in the fractal as well as that of the fractal
itself equals two. In the case of self-similar labyrinth fractals [2, 3] generated by both
horizontally and vertically blocked patterns, all arcs in the fractal have the same box
counting dimension (strictly less than 2) and this is in general different from the dimension
of the fractal.

5 “Omnidimensionality” of mixed labyrinth fractals

In this section we show that one can use the snake cross patterns in order to construct
mixed labyrinth fractals of any dimension.

Theorem 5. Let § € [1,2]. Then there ezists a (mized) labyrinth fractal Le, with the
property that every two exits in the fractal are connected in Lo, by an arc whose box
counting dimension equals 0.

Before giving a proof of the theorem, we prove the following useful result.

Lemma 3. Let a,b,c,d be positive real numbers and let § < o < 5. Then there are se-
quences (pr)rs1 and (qx)k=1 of integers such that the sequence (y)gs1, with ry = ’;i:g:g:_‘;,

1s increasing and limg_, o T, = Q.

c—ad
ab-a

there is an increasing sequence (g—f)k o with pg, gx positive integers, such that limy_, o Z—: =
o) k>

Proof. Note that from the lemma’s assumptions we immediately have

> 0. Hence,

%. We denote g, 1= 2= — %, for k> 1. Observe, that (ex)gs>1 is a decreasing sequence

that converges to zero. Now, let us proceed to the following computations:

_ pra+ e %Q“LC (iﬁf%k)wc _(c-ad)a+ (ab-a)asy + c(ab-a)

Tk_Pk:bJerd B Pb+d - (524 v ep)b+d ~ (c-ad)b+ (ab-a)be +d(ab - a)

ab-a
_(cb—da)a+ (ab-a)ag,  (cb—da)a+ (ab-a)bacy + [(ab-a)a - (ab-a)baley
~ (cb—da)+ (ab-a)be, (cb—da) + (ab—a)bey,
(ab-a)?

e (c¢b-da) + (ab - a)baksk'

Thus, limg_ e 7y = . In order to prove that the sequence (ry)x>1 is increasing, let us
consider the function

o (ab-a)?
f@)=a (cb-da) + (ab - a)ba:x'
Its first derivative is )
Fla) = - (ab-a)*(cb-da) <0.

((cb —da) + (ab- a)bar:)2

Thus, the fact that the sequence (eg)x»1 is decreasing yields that the sequence (7 )gs1 is
increasing, which completes the proof. O

10
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Proof of Theorem 5. The case § = 2 has been solved in Section 4.

For the case 6 =1 it is enough to consider, e.g., the mixed labyrinth fractal generated
by a sequence of labyrinth patterns { Ay }x»1 defined as follows: Figure 7 shows the pattern
Ai. In general, for k > 1, Aj has width 2k + 1 and has the shape of a cross, consisting
only of the (k + 1)-th row and (k + 1)-th column. Since the arcs connecting the exits of
the resulting mixed labyrinth fractal are either straight line segments of length 1 or the
union of two straigh line segements of length 1/2 (each), we are done. In this case it
easily follows dimp(Les ) = dimg(Ls ) =1 and box counting dimension of any arc in the
dendrite is 1.

Figure 7: The first pattern in the sequence { A }x>1 that generates a mixed
labyrinth fractal having all arcs of box counting dimension one.

Now, we assume § € (1,2). Let Ay denote the (unblocked) labyrinth pattern in Figure
7. For k > 1 let Ai be the k-th snake cross pattern, as defined in Section 3. For every
k > 1 we introduce the k-th dimension quotient dj, as follows. By definition,

log(4k? + 4k +7)
log(4k +1)

do:=1and dj := , forall k > 1.

Note that the quotients dy, for k > 1 occur in the computations in formula (3). Since
limy_ o d, = 2, it follows that there is an integer k£ > 1 such that

dp <6 <dpyq.

If § = dj, for some k > 1, then the (self similar) labyrinth fractal constructed based on the
snake cross pattern Ay is a solution, and if § = dy41 then the (self similar) labyrinth fractal
constructed based on the snake cross pattern Ay,q is a solution. Let us now assume that
dy, < 6§ < djy41. More precisely, we then have for this value of k,

log(4k2 + 4k +7) log ((4(k+1)>+4(k+1) +7))
log(dk+1) °° log (4(k + 1) + 1)

(4)
We use the following notation:
a =log(4k® +4k+7), b=1log(4k+1), c=log (4(k+1)*+4(k+1) +7), d =log (4(k+1) +1).

Moreover, let o = ¢ and let (pr)i>1 and (gr)x>1 be the sequences occurring in Lemma 3.

We introduce a new sequence of labyrinth patterns (Af)i»1 in the following way.
For k > 1, let A} (d), in short, when § is known, A}, be the labyrinth pattern of width
my, = my*mj*  that is identical to the mixed labyrinth set (of level pj + gi) constructed
by first applying py times the pattern Aj and then applying ¢ the pattern Ag.1. Let
Lo (A*(d)) be the mixed labyrinth fractal defined by the sequence of patterns (A )x»1.
Let a(ey,e2) be an arc in Lo (A*(0)) that connects two exits e; # ez of this mixed

11
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labyrinth fractal. Then its box counting dimension is
log (ITjey (487 + 4k + 77 (4(k +1)° + 4(k+1) + 7)™ ))
log (HZ:1 ((4k +1)Pr (4(k+1) +1)%™ ))
i 2Rl PROEGRC
=00 Ylk=1 PEO + qrd

Thus, with the notation from Lemma 3 we obtain

dimp(a(ey,e2)) = lim

n ab-a)?
Y1 (Prb + qid) (a - mgk)
Y k-1 (Prb + qrd)
n (ab-a)?
= lim a_zhﬂmb+%@'@;mwazﬁz%
e Y1 (Prb + qrd)

dimp(a(er,e2)) = lim

Hence, dimp(a(ey, e2)) < a. It remains to prove that for every € > 0, we have dimp (a(e1,e2)) >

a—¢, i.e., that
(ab-a)?

i k-1 (Prb + qrd) - (ch=da)+ (ab=a)ber £k .. )
n—eco k=1 (Prb + qrd) .
(ab—a)?

By taking into consideration that lim e = 0, and that the sequence

k—oo (cb—da) + (ab— a)bey,

(%%)@1 is monotonically decreasing, it follows that there is a kg such that
_ 2

(ab-a) g < = holds, and therefore we obtain

(cb—da) + (ab—a)bey, 2
that the left hand term in (5) is less than

for all k£ > ng the inequality

(ab-a)?

li Zi21 (Peb+ avd) - Grgaystabaypes Sk 5 Lhznos1 (P + ard)
im = =

n=oo Zkgl(pkb +qrd) + Zk:no+1(pkb + qrd)

which yields dimg(a(ey,e2)) = a = 0.

&
<§7

Corollary 2. Under the assumptions of Proposition 3 we have
dimp (Lo (A*(8))) = 6.

Theorem 6. Let § € [1,2), and Lo (A*(d)) be be the corrensponding labyrinth fractal,
constructed as in the proof of Theorem 5. Then, for any two distinct points x,y € Lo the
arc a(x,y) that connects the two points in the fractal has dimpg(a(x,y)) = 0.

Proof. (Sketch.) Let § and Lo, (A*(d)) be as in the above assumptions. For any distinct
points x,y € Lo (A*(5)), we have for the corresponding arc a(z,y) € Leo(A*(J)) that
dimp(a(z,y)) < dimp (Lo (A*(8))) = 6. In order to show that dimp(a(z,y)) > & we
proceed analogously to the proof of Theorem 4. Let again ng denote an integer such
that the length of the path in the tree G(W,,,) from W, (z) € V(G(W,)) to W, (y) €
V(G(W,,)) is at least three. Thus, the arc a(x,y) crosses this square along an arc a’ =
an(WnLe(A*(6))). The set Lo, nW is a scaled mixed labyrinth fractal, defined by the
sequence of patterns (Aj )xs1, where Aj = A . for all k> 1. More precisely, this new
sequence of labyrinth patterns defines the labyrinth fractal L, which is just the image of
the dendrite LonW through a similarity mapping with scaling factor mims ... my, . Thus,
the arc a’ is the image through a similarity mapping of an arc between two exits of the
fractal L. . We obtain dimpg(a’) = § and since a’ c a(z,y) it follows that dimg(a(z,y)) >
dimpg(a’) = §, which completes the proof.

O

12
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6 A glimpse into a more general setting

Let us first recall (see [2]) that the core of a labyrinth pattern A is the intersection of
all labyrinth patterns that are subsets of A, in other words a core of a labyrinth pattern
is minimal in the sense that colouring any of its white squares in black would lead to a
pattern that is not a labyrinth pattern anymore. It is easy to see that the core of any
snake cross pattern is the pattern itself.

Figure 8: Example: a labyrinth pattern of width 15 whose core is the snake
cross pattern As shown in Figures 4 and 6. The central square and the
pattern’s exits are marked in colour.

Let us denote by Ax(2), for k > 1, the k-th snake cross pattern that occurs in the
construction used in the proof of Theorem 4 and Lo, (2) the corresponding mixed labyrinth
fractal.

Corollary 3. If Ay is a sequence of labyrinth patterns such that the core of Ay is Af(2),
then the box counting dimension of the resulting fractal Lo, is dimp(Lo) = 2 and every
arc that connects distinct points in this dendrite has box counting dimension 2.

Proof. The fact that dimp(Le(2)) < 2 is basic, since the box counting dimension of the
unit square is 2. Furthermore, Lo, (2) ¢ Lo, implies dimp(Le) > 2. For 2,y € Loo, © # y,
by using the same ideas as in the proof of Theorem 4 we obtain that dimg(a(x,y)) > 2,

which, together with the converse inequality, implies dimg(a(z,y)) = 2.
O

We conjecture that a more general statement is valid.

Conjecture 1. Let § € [1,2]. If {A;}is1 is a sequence of labyrinth patterns such that
the core of Ai is Aj(0), i.e., the k-th snake cross pattern used in the construction of
Lo (A*(0)), then every arc that connects distinct points in this dendrite has box counting
dimension §.
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Abstract

It is well known that the Golden Section plays an important role in the geometry of several polygons
and polyhedra; the best known example is the length of a diagonal in the regular pentagon with
unit side. In this contribution we show how the Golden Section appears as the solution of an
enumerative problem connected with heptagons, more precisely, with heptagonal tilings of the
hyperbolic plane. The results are then generalized by investigating whether it also appears in other

types of hyperbolic tilings.
Keywords: Golden Section, polygonal cluster, heptagon, hyperbolic tiling
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1 Introduction and preliminaries

p = Y51

The Golden Section, ¢ = 1+\/g’ is, together with its reciprocal value , one of the most

2
fascinating numbers. Its extraordinary properties and numerous alleged appearances in many wildly
different contexts keep attracting attention of mathematicians and laymen alike for more than two and
a half millennia. It would go way beyond the scope of this paper to attempt even a far-from-exhaustive

enumeration. Instead, we will mention just two of the best known appearances of this number. The

first one is geometrical: ¢ is the length of a diagonal of a regular pentagon with unit side length. The

DOI: https://doi.org/10.5592/CO/CCD.2020.02
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second one is from enumerative combinatorics, where ¢ appears as the limit of ratios of two successive

Fibonacci numbers Fj,;1/F,, when n tends to infinity.

The Golden Section often appears in polygons and polyhedra with pentagonal symmetry, such as the
icosahedron, sometimes connecting them with (golden) rectangles and triangles. Somewhat less known
example is the rhombic triacontahedron all of whose 13 faces are golden rhombi. The number seven
is not known for its connections with the Golden Sections. Yet, such connections exist and appear
naturally in a context connecting geometry and enumerative combinatorics — that of regular tilings of

the (hyperbolic) plane by regular heptagons.

A tiling or a tessellation of a surface is its covering with one or several shapes without gaps and
without overlaps. If all shapes are polygons, the tilling is polygonal. A regular tiling is a polygonal
tiling in which all polygons have the same number of sides and each vertex is shared by the same
number of polygons. In regular tilings, if two tiles share more than one point, then they share a whole
edge. The best known regular tilings are the tilings of the Euclidean plane by squares, by regular

hexagons and by equilateral triangles shown in Fig. 1.

:

(3,6 4,49 (6,3

A/

\VAVA

Figure 1: The three regular tilings of the Euclidean plane.

Any regular tiling is completely described by two integer parameters r, s > 3. An (r, s)-regular tiling,
or simply an (7, s)-tiling is the tiling by regular r-gons such that exactly s of them meet at every

vertex. The same two parameters suffice for classification of regular tilings.

The tilings with 1/r + 1/s > 1/2 cover spherical surfaces. There are only five (r,s) pairs satisfying

this condition, and they correspond to the five Platonic solids: (3,3) is the tetrahedron, (4,3) is the
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cube, (3,4) the octahedron, (5,3) is the dodecahedron and (3,5) the icosahedron.

The tilings satisfying 1/r + 1/s = 1/2 are tilings of the Euclidean plane. There are only three of
them: (4,4), (6,3) and (3,6) are the familiar tilings of the plane with squares, regular hexagons and

equilateral triangles, respectively, mentioned above.

All other regular tilings, i.e., all tilings whose parameters satisfy 1/r + 1/s < 1/2, are tilings of the
hyperbolic plane. It is easily seen that there are infinitely many of them. The simplest among them
are those with s = 3, and the smallest value of r yielding a hyperbolic tiling is » = 7. That brings us

to the (7,3)-tiling of the hyperbolic plane, the main protagonist of this note.

Another way of looking at tilings is to look at their duals and to define a regular (r, s)-tiling as a
planar graph in which every vertex is of degree s and every face has r sides. Such graphs can be drawn
on the corresponding surface in a regular way, i.e., so that all edges have the same length and all faces
the same area; here the lengths and areas are spherical, Euclidean or hyperbolic, depending on the
value of 1/r +1/s. We prefer here the face-centered approach since it is easier to count faces than the
vertices; see [13] for a vertex-oriented approach. For more on tilings and related matter we refer the

reader to the classical monograph by Griinbaum and Shephard [10].

2 The simplest heptagonal tiling

In this section we consider the (7, 3)-tiling of the hyperbolic plane. We build it iteratively by starting
from a single central heptagon and adding successive layers of heptagons. In the first layer there are
seven heptagons, each of them sharing an edge with the central heptagon. In the second layer there
will be two types of heptagons: Some of them will share one edge with a heptagon in the first layer,
while the others will share two adjacent edges, one with each of two adjacent hexagons in the first
layer. The situation remains the same for any further layers. The two types of heptagons, denoted as
type I and type II, respectively, are shown in Fig. 2. It is easily seen that there are 14 heptagons of
type I and 7 heptagons of type II in the second layer, altogether 21 of them.

Let us denote by f, the number of heptagons in the n-th layer for n > 0. Hence fo =1, fi = 7 and

17
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[V

I
]
3h)

Figure 2: Layers of (7,3)-tiling and heptagons of different types.

fo = 21.

Proposition 1. The number of heptagons in the n-th layer of the (7,3)-tiling satisfies the recurrence
fn=3fn-1— fn2 for n >3,

with the initial conditions f1 =7, fo = 21.

Proof. 1t is clear that each heptagon of the type I from layer n — 1 sends out three radial edges to the
layer n, while each heptagon of type II sends out only two radial edges. Hence the number of outgoing
radial edges can be obtained by multiplying the total number of heptagons in the (n —1)-st layer by 3
and then subtracting the number of heptagons of type II. As there are exactly f,,_o heptagons of type
IT in the (n — 1)-st layer, the total number of outgoing radial edges is given by 3f,—1 — fn—2. But this

is exactly the number of heptagons in the n-th layer, and that proves the claim. O

It follows immediately that the numbers f,, are multiples of even-indexed Fibonacci numbers.

Corollary 2. f, = 7Fs, forn > 1. Here Fs, are the even-indexed Fibonacci numbers.

Now we can easily compute the total number of heptagons in the first n layers of a (7, 3)-tiling. If we
denote this quantity by g, we have g, = > _ fx. By using Corollary 2 and the well-known formula

Y ey For, = Fopq1 — 1, we immediately obtain

n
gn =1+ 7ZF2k = TFn41 — 6.
k=1
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So, the total number of heptagons in the first n layers of a (7, 3)-tiling has a neat expression in terms

of odd-indexed Fibonacci numbers.

The iterative constructions of the described type can serve as useful models of certain growth processes
not only in the hyperbolic, but also in the Euclidean space. A nice example is presented by leaves
and flowers of certain vegetables, which can be also mimicked by crocheting; see [14] for several nice
illustrations. In such situations it might be of interest to consider the fraction of the periphery, whether
expressed in terms of the number of cells, of the length of yarn, or of the mass of tissue, in the total
bulk of the structure. It is known that in the Euclidean case this fraction tends to zero, since the total
number of cells grows quadratically, while the number of peripheral cells grows only linearly with the
number of generations (i.e., of layers). In the hyperbolic case the growth is exponential, and hence
the fraction of peripheral cells becomes non-negligible. In the case of the (7, 3)-tiling, the fraction of

peripheral cells can be expressed in a particularly simple and elegant way.

Corollary 3. The fraction of peripheral heptagons in a (7,3)-tiling tends to p = @ for large values
of n.

This is a direct consequence of Corollary 2 and of the already mentioned fact that the ratio of two
successive Fibonacci numbers tends to the Golden Section for large values of n. So, there is the

connection promised in the title of this note.

It remains to examine whether heptagons are in some respect special or the same fraction of periphery

can also appear in some other tilings.

3 (r,3)-tilings

In this section we look at regular tilings of the hyperbolic plane with regular r-gons, such that exactly
3 of them meet at every vertex. Again, we start with a single r-gon in the center surrounded by
r r-gons in the first layer. The number of r-gons in the n-th layer we denote by p,. As the cases

r = 3,4,5 lead to the Platonic solids, we consider only r > 6.

Proposition 4. The numbers p, satisfy the recurrence p, = (r — 4)pp—1 — pp—2 for n > 3 with the

initial conditions p1 = r, pa = (r — 4)r.

19



Doslié The Golden Section’s heptagonal connections

The proof follows along the same lines as the proof for the heptagonal case in the previous Section,

so we omit the details.

It is a routine exercise to compute the generating functions for sequences p,, and for sequences of their

partial sums ¢, = Y, pk. Again, we omit the details and state only the final expressions.

o oo
1+ 4z + 22 1+ 4x + 22
P pr— n: pr— n: .
(z) ;pw —(q-data> W n;)q"gg (1—2)(1—(q— 4z +a?)

From the generating functions we can determine the asymptotic behavior of the enumerating sequences
and then use it to compute the fraction of r-gons in the peripheral layer. We refer the reader to [1,15]
for more information on obtaining the asymptotics of a sequence from its generating function. Here

we rely on the following version of Darboux’s theorem [1].

Theorem A
If the generating function f(z) = >, 5,an2" of a sequence (a,) can be written in the form f(z) =

(1 — %)a h(z), where w is the smallest modulus singularity of f and function h is analytic at w, then

h(w)n—o1

Taywr where I' denotes the gamma function. O

Ay ~

Since both our generating functions P(z) i Q(z) have the same smallest modulus singularity w =
w(r) =3 (r —4—/(r—4)2 - 4), both p,, and ¢, will asymptotically behave as w(r)™ and there will
be a lot of cancellation in the ratio p,/q,. In fact, the only surviving term is 1 — w(r). As w(r) is a
decreasing function of r, tending to zero for large values of r, it follows that the fraction of peripheral

r-gons tends to one for large values of r and n.

Proposition 5. The fraction of peripheral r-gons in an (r,3)-tiling is 1 — w(r) and it tends to one

for large values of v and n.

Hence for large values of r almost all polygons are on the periphery. That offers an explanation for
patterns observed in some living organisms employing such arrangements as an efficient way to package

many parts which must be in contact with each other and also with the surroundings.

For r = 7 we have w(7) = % (3 — \/5) = ¢~ 2 = ¢% Since p = 1 — ¢?, the case r = 7 is the only one

yielding the Golden Section as the fraction of peripheral r-gons.
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We close this section by observation that in the case r = 6 we obtain w(6) = 1, thus confirming the

non-exponential nature of the growth of p,, and g,.

4 (r,s)-tilings

Finally we consider the most general case s > 3. The case r = 3 will need a separate treatment, so

assume, for the beginning, r > 4.

Let z, = z,(r, s) denote he number of r-gons in the n-th layer of a regular (r, s)-tiling. As before, we
have one central r-gon, so zg = 1. In the first layer there will be one r-gon for each of r sides of the

central r-gon and s — 3 r-gons for each of its r vertices. Hence, z; = r(s — 2).

In the second layer, and in all further layers, there will be two types of r-gons — the ones sharing a
whole edge with (n — 1)-st layer, and the ones sharing only one vertex. We call them type I and type

II, respectively, and denote their respective numbers in the n-th layer by v, and w,.

Clearly, each of the v, r-gons of type I has one of its sides on the interior border of the n-th layer;
it shares two of its sides with other r-gons of the same layer, and hence it has » — 3 sides with r — 4
vertices of degree 2 on the outer border of the n-th layer. Similarly, each of the w, r-gons of type II
shares two sides with other r-gons of the n-th layer and has r — 2 sides with r — 3 vertices on the outer

border. There are altogether v,, + w,, vertices of degree 3 on the outer border of the n-th layer.

Now we can compute the number of r-gons of each type in the next layer, as each side on the outer
border gives rise to one r-gon of type I, and each vertex on the outer border gives rise to s —3 or s — 4
r-gons of type II, depending on its degree. See Fig. 3. Hence,

Upg1 = (1 — 3)vp + (r — 2)wy,

Wpt1 = (s = 3) [(r — 4)vy, + (r — 3wy ] + (s — 4) (v, + wp).

After some rearrangement, we obtain a double linear recurrence

Upt1 = (r—3)vp + (r—2)w,

wnp1 = (s =3)(r—4)+ (s =4 vn +[(s =3)(r = 3) + (s = 4)]wn
for n > 2 with the initial conditions v; = r, w1 = r(s — 3). (Essentially the same recurrence appears
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s—3

s—4 s—4

Figure 3: Two types of r-gons in a regular (r, s)-tiling.

in Lemma 1 of ref. [12] concerned with some probabilistic aspects of certain trees related to regular
hyperbolic tilings.) One could proceed by expressing w, from the first recurrence, plug it into the
second one and solve the resulting second-order linear recurrence for w,,. Instead, we consider a general

first-order linear double recurrence with constant coefficients

Upt1 = Av, + Bwy,

Wpt1 = Cuvp+ Dwy

for n > 2 with the initial conditions v; = E, w; = F. Let V(x) and W(z) be the generating
functions of sequences v, andw,, respectively. It is a straightforward exercise in generating function

manipulation to convert the above recurrence into a linear system for V(z) and W (x),

V(z) = Az(V(z)—E)+ Bx(W(x)—F)

W(z) = Czx(V(x)—E)+ Dx(W(x)—-F)

which can be easily solved by using Cramer’s rule. The resulting expression for Z(z) = V(z) + W (x)

is

(AD — BC)(E+ F)x—[(A+ C)E+ (B+ D)F)
1—(A+D)x+ (AD — BC)a? '

By plugging in AD — BC =1 and A+ D =rs —2(r + s — 1) and by accounting for the index shift,

Z(x)==x

we finally obtain
B 1+2(s —1)x + 22
S 1—[rs—2(r+s—1)]z+a?’

Z(x)

corresponding to the recurrence

Zn=[rs —=2(r+s—1)]zn—1 — 2n—2
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for z, with the initial conditions zp = 1,21 = r(s — 2), z0 = 7(s — 2)[rs — 2(r + s — 1)].

It remains to consider the case r = 3. We may assume s > 6, since the smaller values of s lead to
Platonic solids. Let t,, denote the number of triangles in the n-th layer. As before, to = 1, t; = 3(s—2)
and to = 3(s — 2)(s — 4). Let u,, denote the number of vertices on the outer border of the n-th layer.
Some of them are of degree 3, some are of degree 4. Those of degree 3 send s — 3 radial edges out to
the (n + 1)-st layer; the ones of degree 4 send out s — 4 radial edges. Clearly, the number of vertices
of degree 4 is equal to the number of all vertices on the inner border of the considered layer, hence
to up—1. Now the total number of outgoing radial edges can be computed as (s — 3)u,, — u,—1. Since

each of u, pairs of adjacent vertices sends out two edges that meet in a vertex on the outer border

Figure 4: Fragments of three successive layers in a (3, 7)-tiling.

of the (n + 1)-st layer, we must subtract u,, from the total number of outgoing radial edges in order
to obtain w,y;. Hence, up+1 = (s — 4)u, — up—1. The situation is illustrated in Fig. 4. Now it
immediately follows that ¢, = u, + un_1, since all triangles in the n-th layer share two of their sides
with other triangles in the same layer. Those with the remaining side on the inner border are counted
by un—_1, while those with the third side on the outer border are counted by u,. As both u, and u,_1
satisfy the same recurrence, their sum must satisfy the same recurrence, with suitably modified initial

conditions. Hence, ¢, = (s — 4)tp—1 — tn—2 for n > 3 with t; = 3(s — 2) and t2 = 3(s — 2)(s — 4).

We see that the (3, s)-tilings follow the same recurrence as the tilings with polygons with larger number

of sides. Further, for s = 6 we recover the polynomial growth of the tilings of Euclidean plane. It is
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interesting to note that our reasoning remains, in a sense, valid also for s = 5: from ¢t; =9 and t, =9
one obtains t3 = 0; that is wrong as the number of triangles in the third layer (equal to 1), but correct

as the number of outgoing edges.

Now we can summarize our findings on (7, s)-tilings.

Proposition 6. The number z, of r-gons in the n-th layer of a regular (r,s)-tiling satisfies the
recurrence

zn=[rs—2(r+s—1)]zp—1 — 2n—2

for n > 3 with the initial conditions zo = 1,21 =r(s —2), z2 =r(s — 2)[rs —2(r +s — 1)].

It remains to check if any of (r, s)-tilings for s > 3 have the growth rate resulting in the Golden Section
fraction of peripheral polygons. As ¢~2 is the only w = w(r, s) such that 1 —w = ¢, we must look for
integer solutions of the equation rs — 2(r + s — 1) = 3, or, equivalently, rs = 2(r + s) + 1, satisfying
the additional condition r,s > 3. Clearly, r = QSS_—T < 3 for all r > 3,s > 8. That leaves only the
case s = 7, and it is easy to check that r = 3 is the only case satisfying the equation. Hence, we have

identified all (r, s)-tilings in which the fraction of peripheral polygons tends to ¢ for large n.

Theorem 7. There are only two regular (r,s)-tilings such that the fraction of peripheral polygons
tends to the reciprocal value of the Golden Section. Those two tilings are the regular (7,3) and (3,7)
tilings of the hyperbolic plane.

We close this section by mentioning that many regular (r, s)-tilings have growth rates that are positive
integer powers of ¢. It has been known for a long time [2] that the polynomials 22 — L,z + (—1)"
have the roots ¢ and (—¢)". (Here L, denotes the n-th Lucas number.) For example, the case
n = 4 yields the polynomial 22 — 7z + 1 with the roots ¢* and ¢* that arises, rather trivially, as the
characteristic polynomial of recurrences for the number of polygons in the n-th layer of a dual pair of
regular (11, 3) and (3, 11) tilings, and also, somewhat less trivially, for the (5,5)-tiling. However, only
the case n = 2 results in the fraction of peripheral polygons which stands in a simple relation to the
Golden Section. We leave to the interested reader to investigate for what other regular (7, s)-tilings

their growth rates are positive integer powers of the Golden Section.
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5 Concluding remarks

In this contribution we have explored some properties of regular hyperbolic tilings and identified all
cases where the Golden Section appears as the fraction of peripheral cells in the bulk of a tiling. We
found that there are only two such tilings, the dual pair (7,3) and (3,7). In all other possible cases
the fraction of periphery in the total exceeds . Our intention was to point out an appearance of
the Golden Section in a geometric context outside its usual habitat of polygons and polyhedra with
pentagonal symmetry. Although it seems that heptagons and triangles play equally important roles
in our findings, we have chosen to emphasize the heptagonal connections since the triangular ones are
far better known. We leave to the interested reader to decide whether the fact that the number five

lies halfway between three and seven has any relevance for our findings.

The results presented in this note are certainly not new. Most likely they were not new even back in
2003 when I first obtained them as a spin-off from a paper concerned with certain types of fullerene
graphs. Since then, several papers appeared addressing some related but more general problems
[4,6,13], and most of the present results can be obtained by specializing certain parameters in the
main results of references [7-9]. However, the results are not widely known either — only a handful of
the enumerating sequences are present in the On-Line Encyclopedia of Integer Sequences, and mostly
without references to the corresponding tessellations. Croatian readers might find it interesting that

the study of the objects considered here seems to be initiated by S. Bilinski in his Ph. D. thesis [3].

I am aware of one more heptagonal connection of the Golden Section: A closely related quantity,
V5 = ¢ + ¢, appears as the limit of ratios of certain quantities relevant for the study of sandpile
models on the regular heptagonal tiling [11]. An interested reader might wish to explore whether the

heptagonal tiling is the only regular hyperbolic tiling with this property.
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A VARIATION ON THE RUBIK’S CUBE

MATHIEU DUTOUR SIKIRIC

RUDJER BOSKOVIC INSTITUTE, BIJENICKA 54, 10000 ZAGREB, CROATIA
MDSIKIR@IRB.HR

ABSTRACT. The Rubik’s cube is a famous puzzle in which faces can be moved
and the corresponding movement operations define a group. We consider here
a generalization to any 3-valent map. We prove an upper bound on the size of
the corresponding group which we conjecture to be tight.

1. INTRODUCTION

The Rubik’s cube is a 3-dimensional toy in which each face of the cube is movable.
There has been extensive study of its mathematics (see [7]). On the play side
the Rubik’s Cube has led to the creation of many different variants (Megaminx,
Pyraminx, Tuttminx, Skewb diamond, etc.) The common feature of those variants
is that they are all physical and built as toys.

Our idea is to extend the original rubik’s cube to any 3-valent map M on any
surface. To any face of the map we associate one transformation. The full group
of such transformations is named Rubik(M) and we study its size and its natural
normal subgroups.

A well studied extension [5, 4, 3, 8] of the Rubik’s cube is the n x n x n-cube
where the 3-lanes of the cubes are extended to n. There has also been interest [10]
in cryptographic applications of Rubik’s Cube. Thus the large class of groups that
we build could be of wide interest in computer science.

In Section 2, we construct the Rubik’s cube transformation of the map. In
Section 3, we explain how to use existing computer algebra systems such as GAP in
order to work with the Rubik’s groups considered. In Section 4 we define several
subgroups of the Rubik group and prove a bound on the size of the Rubik group
in the oriented case. In Section 5 several possible extensions and further works are
mentioned.

2. THE CONSTRUCTION OF THE RUBIK GROUP FROM A 3-VALENT MAP M

In this section we use M to denote a 3-valent map. By V (M), E(M), respectively
Face(M), we denote the set of vertices, edges, respectively faces of M.

For any face F' of M we define a side movement sm(M, F) to be a movement
in one direction of a face F'. This is illustrated in Figure 1. If the face contains p
edges then the element sm(M, F) has order p.

For a set S of elements of a group G we define Group(S) to be the group generated
by S. Using this we can define the Rubik’s group:

Rubik(M) = Group({sm(M, F) for F € Face(M)})

DOI: https://doi.org/10.5592/C0O/CCD.2020.03
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FIGURE 1. The action of the side movement

Rubik(Cube): Rubik’s Cube. Rubik(Dodecahedron): Megaminx

FIGURE 2. The Rubik construction for Cube and Dodecahedron

For the Cube and Dodecahedron this is known as Rubik’s cube and Megaminx,
see Figure 2 where the toy can be represented physically.

A corner of a map M is a pair (F,v) with v a vertex contained in a face F.
A side edge of a map M is a pair (F,e) with e an edge contained in a face F. A
3-regular map M with v vertices has exactly e = 3v/2 edges. It will have 3v corners
and 2e = 3v side edges. By Corner(M), we define the set of corners of M.

The face movement sm(M, F') acts on the set of corners and the set of side edges.
This corresponds directly to the faces of the Rubik’s cube.

3. THE COMPUTER ALGEBRA SIDE OF THINGS

We present the group Rubik(M) as a permutation group on the corners and side
edges. This way of presenting the group follows [11] ! where the standard Rubik’s
cube was considered.

For the example of Prisms plane graph, we can number the corners and side-
edges according to Figure 3. The side-movements generators of Rubik(Prismg)
can then be expressed as the following permutations:
gap> RubikPrism3:=Group([(31,35,33)(36,34,32)(3,19,11)(5,21,13)(8,24,16),

(28,27,25) (30,28,26) (6,14,22) (4,12,20) (1,9,17),
(1,6,8,3)(4,7,5,2) (17,35,16,25) (19,31, 14,27) (18,36,15,26) ,
(19,17,22,24) (18,20,23,21) (7,28,10,34) (8,27,9,33) (6,29,11,35) ,
(9,14,16,11) (12,15,13,10) (1,31,24,29) (2,32,23,30) (3,33,22,25)1) ;

The advantage of this approach is that there are very efficient implementations
of permutation group algorithms (GAP) which can address in an efficient way many

questions one may have about a permutation group.

1See also an example in https://www.gap-system.org/Doc/Examples/rubik.html
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250 1| 2|3 ]3]

29 26| 4 5 |36 33
28 34
2716 | 7| 8|35

22123|24

FI1GURE 3. Numbering of corners and side-edge of Prisms

One famous problem in Rubik’s cube group theory is to find the minimal number
of moves to go from one configuration to another, in other words to find the diameter
of the Cayley graph of the group with the side moves as generators (see [9]). The
GAP computer algebra software does not provide a solution to that problem, but it
allows to express an element of the group in terms of the generators, that is find
an expression, possibly not minimal.

More specific functionality for the computation is available in the GAP package
[6].

4. SUBGROUPS OF Rubik(M)

The group Rubik(M) acts not only of the corners and side edges, but also
on the vertices and edges. To represent those actions we use subscript such as
sm(M, F')eqge and denote the corresponding group Rubik(M)cdge.

Lemma 1. Given a map M and a face F we have:
(1) The signature of sm(M, F)side edge 45 1.
(i1) The signature of sm(M, F)yertes 15 equal to the signature of sm(M, F)cqge.

Proof. (i) If F is a face with p sides then F' contains p side edges (F,e), each side
edges is adjacent to another side edge (Fe,e). The side generator sm(M, F') has one
cycle formed by the side-edges (F,e) and another cycle formed by the side edges
(F.,e). Each of those cycles has the same length and so the signature of sm(M, F)
acting on the side-edges is 1.

(ii) If F is a face with p sides then it contains p edges and p vertices. The action
on each of them is a cycle of length p. So their signature is the same. (]

We now consider what additional properties can be obtained if the map M is
oriented.

Definition 1. Assume M is an oriented map. Every vertex v of M is contained
in 3 corners C, = {c1,ca,c3}. Since M is orientable, we can assume that C, is
oriented in the direct way.

We denote by OrMap(M) the set of permutations of the corners that preserve
the triples and their orientation.

Given two corners ¢, ¢ we call sh(c,c’) the number k of rotations r by 2w /3 such
that r*(c) = .

The orientability of the map will allow us to restrict the possibilities of mapping
the corners. We need the Or Map(M) set of map in order to define some properties
29
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below for the Rubik’s cube group. The shift is more complicated. If a vertex v has
Cy = {c1, ¢, c3} in direct orientation then we have e.g. sh(c;,¢;) =0, sh(ci,e2) =1
and sh(cy,c3) = 2.
Theorem 1. Let M be an oriented map. The following holds:

(i) Forc, ¢/, ¢" corners we have sh(c,c”) = sh(c,c’) + sh(c',c”) (mod 3)

(ii) For a function ¢ : V(M) — Corner(M) such that ¢(v) is a corner of V and
a function f € OrMap(M) the expression

D sh(f(6(v)),6(f(v)))
veV (M)

is independent of ¢ and denoted sh(f).
(i11) If f,g € OrMap(M) then we have

sh(f og) = sh(f) + sh(g) (mod 3)
(iv) sh is a non-trivial function on OrMap(M).
(v) For f € Rubik(M) we have sh(f) =0 (mod 3).

Proof. (i) The equality follows by additivity of the rotational shift.
(ii) Let ¢, ¢’ two such functions. Then we define r(v) = sh(¢(v), ¢'(v)). Define

first a(®) =3, ev(ar) Sh(f(6(v)),d(f(v))), we then have:
a(¢') D vevan Sh(f (@' (0)), f(6(v) + sh(f((v)), 6(f(v))

v

+sh(o(f(v), ¢'(f(v)))
= a(®) + Xyevan shf (P (0), F(@() + 2 ey (ary sh(O(f(v), &' (f(v)))
= a(®) + Lyevn sHP (), 0(v) + Levany sPO(f(v), ¢'(F(v)))
= (@) + 2 pevan M@ (v), ¢(v) + X evany sSHB(0)), &' (v))
= a(®) + Lyevan M (0), 6(v) + sh((v)), ¢'(v))
= a(@) + Xpev ) sh(¢'(v)), ¢ (v))

= a(9)
The equality sh(f(¢'(v)), f(d(v))) = sh(¢'(v), ¢(v)) comes from the fact that f pre-
serves the orientation of the corners. The equality Z'UGV (M) sh(p(f(v)), ¢ (f(v))) =
> vev(ar) Sh(@(v), ¢'(v)) comes from the fact that f is permuting the vertices of
M

(iii) Let f and g be two such mappings. We then have

sh(fog) Yvevan) Sh(f(9(¢(v))), (f(g(v))))

2 vevn Sh(f(9(¢(v))), f(¢(g(v)))) + sh(f(¢
2vevian SPa(B(v)), d(g(v))) + X, ev(ar) sh(
sh(g) + sh(f)

We have used that f preserves orientation and the fact that g permutes the vertices
in our rewriting.

(iv) Let us select a vertex v of M with C, = {c1, c2,c3}. We set f(¢;) = ¢;41 for
¢; € Cp and f(c) = c otherwise. We find that sh(f) =

(v) Let F be a face of M. We select a function ¢ such that phi(v) = (F,v) for
v and vertex contained in F' and an arbitrary choice on other vertices.

(9(v))), o(f(9(v))))
f(9(v)), o(f(v)))
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Setting f = sm(M, F) we have
sh(fy="Y  sh(f((v)),6(f(v)))

veFNV (M)

It is easy to see that ¢(f(v)) = f(¢(v)) for v € FNV(M). Thus we get sh(f). Since
the side movement generate Rubik(M), by (iii) we get that for all f € Rubik(M),
sh(f) = 0. O

Theorem 2. We have a sequence of group homomorphisms:

RUblk(M) = RUbik(M)corner,side edge — RUbik(M)corner,edge
— Rubik (M) corner — Rubik(M)yertes

Proof. The equality Rubik(M) = Rubik(M)corner,side edge comes from the defini-
tion of the Rubik group. If the group acts on the side-edges, then it acts on the edges
and so we get the map Rubik(M)corner, side edge — Rubik(M )corner,edge- Dropping
the edge action gets us the mapping to Rubik(M )corner. Finally, a vertex is con-
tained in 3 faces and so in 3 corners. This defines a mapping from Rubik(M)corner

to Rubik(M)yertes- O
We define following subgroups from those homomorphisms:
Gl (M) = Ker(RUbik(M)corner,side edge — RU/bik(M>corner,edge)
G2 (M) = KeT(RUbik(M)corner,edge — RUbik(M)corner)
G3(M) = Ker(Rubik(M)corner — Rubik(M)yertes)

We can now use the above decomposition in order to get a conjectural description
of Rubik(M).

Theorem 3. Given an oriented map M the following holds:

(i) G1(M) is a subgroup of Z‘zE(MN*l

(ii) Go(M) is a subgroup of the alternating group A|g(ar)|-

(iit) G3(M) is a subgroup of ZEV(M)‘_l

(iv) Rubik(M )yeriex s a subgroup of Ay if all faces of M have odd size and
a subgroup of S\v ()| otherwise.

Proof. G1(M) is formed by all the transformations that preserve all corners and
edges but may switch a side edge (F7, e) into another side edges (F», e). Since every
edge is contained in two faces, this makes G1(M) a subgroup of the commutative
subgroup ZLE(M)‘. The group ZLE(M)‘ contains some elements that switch just two
side-edges and are thus of signature —1. Thus by Lemma 1.(i) G1 (M) is isomorphic
to a strict subgroup of ZLE(M)‘.

Go(M) is formed by the transformations that preserves the corners but will
permutes the edges. Thus we have that Go(M) is a subgroup of S|g(ar). Since
elements of Ga(M) preserves all vertices, the signature of their action is 1. By
Lemma 1.(ii) the signature of their action on edges is also 1. Therefore Go(M) is a
subgroup of A|g(r)|-

G3(M) is formed by all transformations that preserves the vertices but may
permutes the corners. Since the corners are oriented, the operation on each vertex
v may be encoded by an element x, of Zs. By Theorem 1.(v) we have sh(f) =0
for each f € G3(M). Thus we get >, oy (5s) To = 0. This means that G3(M) is a
(M)|-1

veV
subgroup of Z|3V
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FI1GURE 4. The Pyraminx toy

The side movements sm(M, F) act on the vertices. For a face of size p the
signature is (—1)?~1. Thus if all faces of M have odd size then all side movements
have signature 1 and Rubik(M )yertes is a subgroup of Ay (ary- If there is a face of
even size then it is a subgroup of Sjy(ar))- (]

Conjecture 1. (“First law of cubology”) Given an oriented map M with v vertices
and e edges the following holds:

(i) G1(M) is isomorphic to ZLE(M)‘_l

(ii) Go(M) is isomorphic to A|g(ar)-

(iit) G3(M) is isomorphic to ZQV(M)l_l

(iv) Rubik(M)yertea is isomorphic to Ay apy) if all faces of M have odd size and
Sy (ay| otherwise.

This conjecture has been checked for many plane graphs e.g. the ones with at
most 40 vertices and faces of size 6 or p with 3 < p < 5. This Theorem is proved
for the cube case in [7, Theorem 11.2.1], [1, Section 2.4] and [2, Theorem 1.3.24].

5. POSSIBLE EXTENSIONS AND OPEN PROBLEMS

There are many possible extensions of this work. First we could consider other
constructions so as to generalize all the existing Rubik’s cube variant toys to a
combinatorial setting. For example the Pyraminx (Figure 4) does not belong to
the family described here.

Proving the conjecture on the description of Rubik(M) appears to be a difficult
problem as the cube proofs seem difficult to generalize. Another research question
is to consider the classification of elements of order 2 of Rubik(M) as well as the
determination of the maximal order of the elements of Rubik(M) (see [2] for the
Cube case).

Much time and energy has been spent on playing on Rubik’s cube and this could
be done as well for Rubik(M). One would have to forget the physical part and
accept playing on a smartphone, which could be programmed reasonably easily.
For plane graph this could be represented by a Schlegel diagram and for toroidal
maps, we could use a plane representation with a group of symmetries.

Classifying the 3-valent graphs for which Rubik(M) may be constructed physi-
cally is also an interesting problem.
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MATRIX PRODUCTS OF BINOMIAL COEFFICIENTS
AND UNSIGNED STIRLING NUMBERS

MARIN KNEZEVIC, VEDRAN KRCADINAC, AND LUCLJA RELIC

Dedicated to Professor Dragutin Svrtan on the occasion of his 70" birthday.

ABSTRACT. We study sums of the form Zzzm Ankbrm, where a,
and by, are binomial coefficients or unsigned Stirling numbers. In
a few cases they can be written in closed form. Failing that, the
sums still share many common features: combinatorial interpre-
tations, Pascal-like recurrences, inverse relations with their signed
versions, and interpretations as coefficients of change between poly-
nomial bases.

MSC: 05A10

1. INTRODUCTION

Let a,, and b, be binomial coefficients (Z) or unsigned Stirling
numbers of the first and second kind: [Z] and {Z} in Karamata-Knuth
notation, respectively. We are interested in the sum Zzzm kDo -
Denote by A = [au,] and B = [by] the corresponding infinite lower-
triangular matrices, indexed by the non-negative integers. The sum
can be interpreted as the (n, m)-entry of the matrix product A - B.

Our motivation are the following two sums, that can be written in

closed form: §
2 () ) = {na) 2

k=m

,;n;n m (:1) - [Ziﬂ | (2)

These are identities (6.15) and (6.16) in the book Concrete Mathemat-
ics [1]. Furthermore, the following sum are the Lah numbers [2] 3],

denoted by L(n, m):
S (3

k=m
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2k () () A038207

2k () [] A094816

2 (1) £} Aoos277

2 [1] () A130534

S [i) [n] As25872°

2 [i{n} A2mi70s

2k} () A049020

e {i}[] A129062

Ze{id{ ) ALs0191

TABLE 1. References for the sums in the On-line ency-
clopedia of integer sequences [7].

Closed-form expressions for two more sums are given in the next
section. In the remaining cases we do not know closed forms, but the
sums share many common features. Combinatorial interpretations are
outlined in Section 2. Row sums of the matrix A - B are discussed
in Section 3. Recurrences similar to Pascal’s formula are proved in
Section 4. Inverse relations with signed versions of the sums are given
in Section 5, and in Section 6 the sums are interpreted as coefficients
of change between various polynomial bases.

Our main focus are sums with a,; and b,; equal to (Z), [Z] or {Z},
but we include some results on sums with L(n, k) as well. Our nine
main sums are listed in the On-line encyclopedia of integer sequences [7]
as “triangles read by rows”, see Table [I| (the entry marked by * is a
signed version). Many properties of the sums are reported in [7]. We
repeat some properties from [7], and reveal some new properties of the
sums. We mainly deal with properties that can be proved by counting
arguments.

2. COMBINATORIAL INTERPRETATIONS AND CLOSED FORMS

Identity follows from the usual combinatorial interpretation of
Stirling numbers of the second kind. The right-hand side :1111 } counts
partitions of an (n + 1)-element set S into m + 1 blocks. The left-hand
side is obtained by distinguishing an element of S and assuming it is
covered by a block containing n — k other elements of S.

The Stirling number of the first kind [::1] is usually interpreted as
the number of permutations of degree n with exactly m cycles. For the
proof of identity , however, another combinatorial interpretation is
more useful. Let A,, denote the board that remains after removing all
tiles below and on the side diagonal of a n x n square board. Consider
a new chess piece similar to a rook, but that only attacks tiles in its

row. Loehr [4] calls this piece a weak rook or wrook. He goes on to
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show that the number of ways of placing k identical wrooks on A, so
that they don’t attack each other is equal to [nfk} The right-hand
side of can now be interpreted as the number of ways of placing
n — m non-attacking wrooks on A, ;. The left-hand side is obtained
by partitioning the set of placements based on the number of wrooks
not in the first column, but on the remaining A, subboard. If n — k
wrooks are placed on the A, subboard, the remaining k — m wrooks
must be placed in k rows of the first column that are not attacked.

This can be done in [;ﬂ (k_km) = [Z} (fn) ways.

In [6], a nice combinatorial interpretation of the Lah numbers is
given: L(n,m) counts partitions of an n-element set into m lists, i.e.
non-empty totally ordered subsets. From this, identity follows eas-

ily. Two more closed-form identities are

SO0

k=m

and

Z L(n, k) L(k,m) =2"""L(n,m). (5)

The left-hand side of counts pairs (K, M), where K O M are
subsets of a fixed n-element set S, and |M| = m. The right-hand
side is obtained by choosing M first. Identity has an analogous
proof using the combinatorial interpretation of Lah numbers from [6].
For two partitions I, Iy of S into lists, we write II; < II, and say
that II; is a refinement of Il if each list in II; is a sublist of some list
in Il,. The left-hand side of counts pairs (IIy,IIy) with IT; < I,
and |IIy| = m. We first partition S into II; with |II;| = k£ > m, then
partition these k lists into m lists containing lists of II; as elements,
and finally concatenate the list of lists into elements of II,. We get the
right-hand side by partitioning S into m lists of 1, first and splitting
them up into smaller lists of II;. This can be done in 2"~™ ways:
breaks can be made in n — m places, before every element except at
the beginnings of the lists of II,.

Similar combinatorial interpretations can be given for the double
Stirling sums > ;_ {7} {:L} and > p_ 7] [Tm The former is the
number of pairs (II, I1z) of ordinary partitions of an n-element set into
blocks (non-empty subsets), with II; a refinement of Il, and |II| = m.
The latter is the number of pairs of permutations (7, 75), where 7y is of
degree n, my is of degree equal to the number of cycles of 71, and 75 has

exactly m cycles. However, since we do not see an easy way to count
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the pairs if II; or w9 are chosen first, this does not lead to closed-form
expressions for these two sums.

Combinatorial interpretations of the remaining sums in Table [I] are
as follows. Thesum > ;_ { Y } ( :L ) is the number of ordinary partitions
of an n-element set with m blocks colored red, and the other blocks col-
ored blue. The sum »_;_ (Z) [m counts permutations with exactly m

k

m
number of pairs (II, 7), where II is a partition of an n-element set into
blocks, and 7 is a permutation with exactly m cycles of degree equal
to the number of blocks of II. Again, this does not lead to closed-form
expressions, but the combinatorial interpretations of the sums will be
used in the following sections to prove their properties.

cycles of all subsets of an n-element set. Finally, > ¢ {Z} [ ] is the

3. Row suwms

From the combinatorial interpretation of binomial coefficients and
Stirling numbers, it is clear that Yo _ (") =27, " _["] = nl,

m=0 Lm
and > {TZ} = B,,. Here B,, is the n-th Bell number, i.e. the total
number of partitions of an n-element set into blocks. In this section
the goal is to determine

Z Z ank’bkm .

m=0 k=m

This is the sum of the n-th row of the matrix A - B.
From identities (I)) and (2), we have

S (O E = mn ma S (E) 2w

m=0 k=m m=0 k=m
Another row sum that can be written in closed form is
>3 ()(5) -+
m=0 k=m
The left-hand side counts the total number of pairs (K, M) of subsets

of an n-set S with K O M. An alternative way of counting is to decide

for each element x € S whether it is in M, in K \ M, or in S\ K,
leading to the right-hand side.
The row sum of Lah numbers

55 {4 S

m=0 k=m
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can be interpreted as the total number of partitions of an n-set into
lists. This is the “Lah equivalent” of the Bell number B, and we will
denote it by L,. In [7], this is sequence number A000262.

Row sums of the remaining matrix products are given in the sequel.
They have nice combinatorial interpretations and can be simplified to

single sums.
R MR

These are the Fubini numbers, sequence A000670 in [7]. They count
ordered partitions of an n-set, or weak orders on n elements.

>3-l

This is the number of ordered factorizations of permutations of degree n
into cycles, sequence A007840 in [7].

Sy () - {n)e

The total number of partitions of an n-set with blocks colored red or
blue. This is sequence A001861 in [7].

Sy ()[h]-2a

The total number of lists with elements from an n-set. Sequence num-
ber A000522 in [7].

ey

The total number of pairs (II, II5) of partitions of an n-set with II; <
II5. In [7], this is sequence number A000258.

4. PASCAL-LIKE RECURRENCES

The binomial coefficients can be computed by Pascal’s formula

()=o) 00 ()=

Analogous recurrences for Stirling numbers are

- Foleeon ) Bl ]
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B Y S A Y S Y et

and for Lah numbers

Ln,m)=Ln—1,m—1)4+(n+m—1)L(n—1,m)

with boundary values L(n,0) = d,¢ (the Kronecker delta), L(n,n) = 1.
See [6] for proofs of the formulae by distinguishing an element of the
underlying n-set S and counting. Our sums satisfy similar recurrences
that can also be established by counting arguments.

To make the formulae more readable, we denote the sum Zzzm Ank bim,
by ‘:L! For example, the double binomial sum ’:H => (Z) ( T]fl )
can be computed from

n| n—1 n—1

Y

42

m m—1 m n

, just like

This sum also satisfies the absorption identity |:1} == ‘T"n:ll
the binomial coefficients.

By (), the sum || =>"7_ (}) {:L} are shifted Stirling numbers
of the second kind. Therefore,

n n—1 n—1 n n
m m — 1’ +(m+1) m |7 |0 n
Similarly, by (2)), the sum |m =3 [:} (7];) satisfies
n n—1 n—1 n n
= +n , =n!, =1
m m—1 m 0 n

The sum || = >"7_, (1) L(k,m) is sequence A271705 in [7], where
the following recurrence is given:

n n n—l‘

m

n
0

=1.

m m—1 m n

n—l'

The sum |" | =37 L(n, /{:)(Z) is sequence A059110. It satisfies the
same recurrence, but with different boundary values ‘g‘ = L,.
The double Lah sum |" | =37 L(n, k)L(k, m) satisfies

n nin—1

m

n

0

o
n

= 5n07

‘+2n

n—1
)
m

m m—1

This sum also satisfies the absorption-like identity | » | = 22,:(21%) | oy },

while the Lah numbers satisfy L(n,m) = :@zgfll)[/(n, m—1).
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n| _ n n k :
Now let ‘m’ = Zlk:m ) [ml] This sum cannot be computed from
the two values ‘;:;1’ and }”;L | alone, but we can give a Pascal-like
recurrence involving more previous values:

n—m

Z (n— 1
k=
Here (n —1)8 = (n—1)-(n—2)---(n — k) is the falling factorial. For
the proof, recall that |:1‘ counts permutations with m cycles of subsets
T C S, where S is a set of n elements. Fix an element x € S and
divide the permutations according to whether they contain x or do not
contain x. In the latter case there are clearly ’ 1‘ permutations. In
the former case, assume z is in a cycle with k& other elements of S.
This cycle can be chosen in (n — 1) ways, and m — 1 more cycles have
to be chosen from the remaining n — 1 — k elements. Thus, there are

o (n— 1)k ”;_;k| permutations containing .

The sum || =Y, {¢} (T’;) counts partitions of S with m blocks
colored red, and the other blocks colored blue. Again, fix an element
z € 8. If z is in a red block alone, there are | " ‘ partitions. If x is in

n
0

=1.

-1-k n
m—1

n—1
m b

n

a red block with some other elements of .9, there are m ‘ ‘ partitions.
Finally, if « is in a blue block with k other elements of S, there are
(”_1) |”_T)11_k} such partitions. Therefore, the following recursion holds:

k
n—1| "' /m—-1
2 ()

k=0

n—1
m—1

n

n—l—k“

‘+m
m

m

The boundary values are |g} = B,, and ‘Z‘ =1.

The sum || =Y . {3} {:L} counts pairs (Il;, II5) of partitions
of S, where Il; has m blocks and II; is a refinement of II,. Now let the
fixed element z € S be contained in a block of Ils of size k. We can
choose this block in (Zj) ways and partition it into blocks of II; in
By, ways. The remaining blocks of II, and II; can be chosen in ;__kl‘
ways. Therefore,

ng "1 n—k n n
’ ‘ =2 Br g = 0n0s || =L
m k—1 m—1 0 n
k=1
For the sum }:1‘ => [m [T’fb] a similar argument leads to the
recurrence
n—m+1 k
n n—1 k n—k n n
= —1)! = Ono, =1,
‘m‘ ; (k—l);{i](z M1l o] =% |,
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and for the sum || =Y"p_ {7} [£] to the recurrence

HES Dt WY

k=1 i=1

n

0

"o
mn

n—k‘

m—1

- (5n07

However, these increasingly complex recurrences become less useful as
the coefficients are more difficult to evaluate than the sum ‘:l ‘ directly.

5. INVERSES

We denote signed versions of the Stirling numbers and their relatives
by an exponent 7, e.g. ["]7 = (=1)""™ ["]. For the matrix A = [a,,),

we denote A7 = [a?, ] = [(—1)" " aum]. To avoid excessive bracketing,

) 1 : ) _
we write [;ﬂ for the inverse matrix A~!.

It is well-known that (2)71 = (:1)0, [Zrl = {;}U, and {:1}71 =
[:1]0 From this and the properties (A-B)™! = B71- A~ and (A-B)° =
A% - B?, we can determine inverses of our sums. For example, let
Ay, = [;] and b,,, = {:;} Then A - B are the Lah numbers L(n,m)

and we have
Lin,m)™'=(A-B)'=B"1-A1=A7.B = (A-B)” = L(n,m)’.

Similarly it follows

RO GO

The exponents ~! and ? can be exchanged in the formulae above.
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6. POLYNOMIAL BASES

We denote the falling factorials by 2* = z(x —1)--- (z —n+1) and
the rising factorials by 2™ = x(x +1)--- (z +n — 1), following [I]. It
is known that Stirling numbers of the second kind are coefficients of
change from the standard polynomial basis of powers (z" | n € Ny) to
the basis of falling factorials (2 | m € Ny):

i L

m=0

Stirling numbers of the first kind are coefficients of change from (z™)

to (z™):
_ n n
T m, 7
L g
From (6)) and (7)) it follows that coefficients of change from (2™) to (z)
are the Lah numbers L(n,m) = >0 [*] {1 }:

" = Z_O L(n,m)x™.

Ivo Lah’s original definition of his numbers [2] 3] was a signed version
of this relation. We concentrate on changes between polynomial bases
with non-negative coefficients. The opposite changes have inverse co-
efficients, with alternating signs as shown in the previous section.
From the binomial theorem (1 + z)” = >" _ (")2™ and () we

m=0 \m
see that the sums > ;_ (Z) {fn} can be interpreted as coefficients of
change from the polynomial basis ((1 + x)™) to the basis of falling
factorials (z):

oS (S0 ()

m=0
Similar interpretations can be given to other sums from Table [l The

double binomial sums »,_ (Z) (:1) are coefficients of change from the

basis ((2+)") to the standard basis (z™). Thesums >y (1) [*] are
coefficients of change from the basis (}_;_, (})2") to the standard basis.
The former basis contains a special case of Charlier polynomials [7], a
family of orthogonal polynomials that can be written in terms of the
generalized hypergeometric function (see [5]). Double Stirling sums
of the second kind >~} _ {Z} { T]:L } are coefficients of change from the
basis of Bell polynomials (B, (z)), Ba(z) = > 1_o{}} =" to the basis

of falling factorials (z2).
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The two families of sums Y_p_ {7} [*] and D ke [7]1%] can be

seen as coefficients of the polynomials Y, _, {Z} z* and Y ), [Z} ",
i.e. coefficients of change to the standard basis (™). Similarly, the
two families > p_ {7} (¥) and 3°p_, ['] (%) are coefficients of Bell

polynomials B, (1+x) and polynomials >y, [1] (1+x)¥, respectively.
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Abstract

We consider certain “S-sums” which are multiparametric generalizations
S(n,m;ay,...,a;) of sums of powers of binomial coefficients. A new class of binomial
sums, associated to the S-sums, is introduced. Also, some recursions for new sums are
presented and proved.

We present three applications of our new sums. The first application is for the
divisibility, by the central binomial coefficient, of the alternating sum of powers of
binomial coefficients. Our proof is given more simply then originally by Calkin (1998)
who used modular properties.

The second application is for the following binomial sum S: ZZ;;QU -7,

2n m 1
2 itk it2n—Fk
S(Qn,m,ah%---aal):Z(_l)k<l:> H<ak )(a 2nilk >;

k=0 i=1

which arises as a generalization of a known identity connected with a famous Dixon’s
formula. We claim that, if m is a positive integer, then S(2n,m,a,as9,...,qa;) is
divisible by (2:) and (‘“:{") foralli =1,...,1. We give a proof for the case [ = 1.

As a third application, we present an interesting connection between our new sums
and one Theorem by Guo, Jouhet and Zeng.

1 Introduction

Let m, n, and k£ be non-negative integers such that m > 1. We consider the sum

soum) =3 (1) Fnh), 0

k=0

where F'(n, k) is an integer-valued function that depends only on n and k.
The aim is to examine some divisibility properties of sums of the form S(n,m). To do
this, we introduce the notion of “M sums”.

DOI: https://doi.org/10.5592/CO/CCD.2020.05
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Definition 1. Let n, j, and ¢ be non-negative integers such that j < [%]. Then the M sums
for S(n,m) are as follows:

N N—2j7 . t
. n—j n—2j n .
M t) = a ) 2
S(nvjv ) ( ] ) Uz% ( v )<]+U> (n,]—l—v) ( )
Obviously, for m > 1, the equation

S(n,m) = Mg(n,0,m — 1) (3)

holds.
Hence, we can see the sum Mg(n,j,m — 1) as a generalization of the sum S(n,m).
Let n, j, and t be as in Definition 1. We present our main theorem:

Theorem 2.

n—27j
%5

Mg(n, j,t +1) = (?) 3 (”;j)Ms(n,jJru,t).

u=0

Theorem 2 gives a recursive definition of a Mg sum.
For proving Theorem 2, we use a method of “D sums”.

2 Background

Recently, in our previous paper [8], the notion of “D sums” was introduced.
Let n, 7, and ¢ be as in Definition 1; and let S be as in Eq. (1).
Then the D sums for S(n,m) are

n—2j . . t
, n—j\[n-—7j n ,
D t) = F l). 4
For m > 2, by Eq. (4), it follows that
S(n,m) = Dg(n,0,m — 2). (5)

Furthermore, D sums satisfy the following two recurrence relations [8, Thm. 2, p. 2], [11,
Eqns. (14) and (15), p. 4]:

Ry

Dt rn=3 ;1) (") Pt v e ©)
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In 1998, Calkin [1, Thm. 1] proved that the alternating binomial sum Ziio(—l)k(%?)m

is divisible by (2:) for all non-negative integers n and all positive integers m. In 2007, Guo,
Jouhet, and Zeng proved, among other things, two generalizations of Calkin’s result [6, Thm.
1.2, Thm. 1.3, p. 2].

The first application of D sums [8, Section 8] was for proving Calkin’s result [1, Thm. 1].
Also, by using D sums, it was proved [8] that > 3" (*")™|n — k| is divisible by n(*") for all
non-negative integers n and all positive integers m.

By the same method, it was proved [11, Thm. 1] that Ziio(—l)k(zg)m(%f) (422:2:) is
divisible by (27;‘) for all non-negative integers n and all positive integers m. Furthermore,
it was proved [11, Corollary 4] that Zi’lo(—l)k(zg)kaCQn_k is divisible by (*") for all
non-negative integs,krs i and for all positive integers m.

Let S(k,1) = ( gk)J’(lS) denote the k-th super Catalan number of order [. Recently, it was

k
proved [10], that S22 (—1)* (*")"S(k,1)S(2n—k, 1) is divisible by S(n, ) for all non-negative
integers n and [ and all positive integers m.
We will show that there is a close relationship between M-sums and D-sums.

3 Proof of Theorem 2

We need one auxiliary result.
We will use a symmetry of binomial coefficients and the well-known binomial identity

a\ (b a\ [a—-c
0 -(6) ®
where a, b, ¢ are non-negative integers such that a > b > c.

Lemma 3. Let n and j be non-negative integers; and let t be a positive integer. Then the
following equation

Ms(n, j,t) = (?) Ds(n,j,t —1). (9)
holds.
Proof. By Eq. (2), we know that
" N =2\ n \' .
Ms(n,j,t):;( i )( y ><j+v> F(n,j+v). (10)

Starting from Eq. (10), by using Eq. (8) and a symmetry of binomial coefficients, it is
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not hard to prove that:
o= n—7j n—2j n \'
Fln. i
smin =3 () () () P
n\ X n—j\[(n—j n \'""
ORI e
1) = v J+v/)\y+v

By the definition of D sums (see Eq. (4)) and the last equation above, we conclude that

M(n, j,t) = (;‘) Ds(n,j,t —1).

This completes the proof of Lemma 3.

Now, we are ready for the proof of main theorem 2. We will use Eqns. (6), (7), and
Lemma 3.

By Eq. (6), it follows that

Ds(n, j,t+1) = Z (n;j)(ﬁ )Dg(n,j+u,t). (11)

u=0

Let us recall that ¢ in Eq. (11) is a non-negative integer.
By Lemma 3, it follows that

n
, Dg(n,j +u,t) = Mg(n,j +u,t+1). 12
;1) st ) = dstn.g ) (12)

By Eq. (12), Eq. (11) becomes as follows:

1252 ]
Ds(n.jit+1)= Y (nu )Ms<ny+ut+1> (13)

u=0
By multiplication of both sides of Eq. (13) with (’;), it follows that

=2y

(?)Ds(n,j,ﬂr 1) = G) Z (n;j)Ms(n,J+u,H 1) (14)

u=0

By Lemma 3, Eq. (14) becomes as follows:

n—22jj
Ms(n, j,t +2) = (n) > (nu >M5(nj+ut+1)
u=0

J
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By setting t :=t 4 1, the last equation above becomes

| 252 |

u

Mg(n,j,t +1) = (n)

; (n_j)Ms(n,j—iru,t); (15)

u=0

where, now, ¢ is a positive integer.
Therefore, Theorem 2 follows from Eq. (15), if ¢ is a positive integer.
For t = 0, we will use Eq. (7).
By Eq. (7), it follows that

O I ST

v=0

—2

3
<.

|

]

[+

DS(n7j7 0) =
u=0
|252]

o

u=

By the last equation above, it follows that

1252]

2
DS<n7j7 O) = Z
u=0

(”;j)Msm,jm,O). (16)

By multiplication of both sides of Eq. (16) with (?), it follows that

n—27
2

owso-()E (o

u=0

By Lemma 3, we know that

Mg(n,j, 1) = (j) Ds(n, j,0).

By using the equation above, Eq. (17) becomes, as follows:

Mg(n, j,1) = (?) uz (n;j)MS(n,jJru,O). (18)

It is readily verified that Eq. (18) proves Theorem 2 for the case t = 0.
Hence, Eqns. (15) and (18) complete the proof of Theorem 2.
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Remark 4. By Eqns. (13) and (16), it follows that

1252 ,
. n— .
Ds(ngct) = Y (") atstog + (19)
0

u=

where t is a non-negative integer.
Eqns. (9) and (19) give connections between M and D sums.
Note that Theorem 2 can be proved without using D sums. See [8, Proof of Theorem 3,

p. 6].

4 How do we use “M” sums 7

In one particular situation, Theorem 2 implies a simple consequence which is important for
us.

Let n be a fixed non-negative integer. Let t; be a non-negative integer, and let 5 be an
arbitrary integer in the range 0 < j < [2]. Suppose that ¢ = g(n) is a positive integer which
divides Mg(n, j, to) sums for all j in the given range. We want ¢ to be as large as possible.
Then it can be shown, by Theorem 2, that ¢ divides Mg(n, j,to + 1) for all j in the given
range.

By induction, it follows that ¢ divides Mg(n, j,t) for all ¢ such that ¢ > ¢y and for all j
in the given range. By Eq. (3), it follows that ¢ divides S(n,t+ 1) for all ¢ such that t > ¢,.

See also [11, Section 5, p. 7].

5 The first application for the alternating sum

We give a proof of Calkin’s result [1, Thm. 1] by using M sums.
Let n be a non-negative integer and let m be a positive integer. Let

S1(2n,m) = :Zl(—nk(?)m.

Obviously, the sum S;(2n,m) is an instance of the sum (1), where Fy(2n, k) = (—1)".
We use the well-known identity [2, Eq. (1.25), p. 4]

2n .
2n 0. ifn>0;
§ —1)* =<7 ’ 20
k0< )(k?) {1, if n =0, (20)

where n is a non-negative integer.
By Eq. (20), we conclude that S;(2n, 1) is divisible by (*").
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Furthermore, it is known

S1(2n,2) = (—1)" (2:), (Kummer’s formula)
S1(2n,3) = (—1)" (2:) (22) (Dixon’s formula)

Therefore, it follows that S;(2n,m) is divisible by (2:) for 1 <m < 3.
Let us calculate Mg, (2n, j,0) sum; where j is a non-negative integer such that j < n.

Without loss of generality, let us assume that n is a positive integer.
By Def. (1), it follows that

o — i\ X fon — 25\ [ 2n \°
Mg, (2n,5,0) = Fi(2n, j
s (2n, 4, 0) ( j ) > ( ; )(j+v) 1(2n,j +0)

v=0
2n—2j .
_ (Qn j) Z (271—2‘7)(_1)3,”.
‘7 v=0 v
By the last equation above, it follows that
N 2(n—j) .
, (2n— 3 o[ 2(n—7
Ma(2ng.0) = (-1 (77 ) X e (P ), (21)
v=0
By Equs. (20) and (21), it follows that
0 if 0 <j<mn;
Mg, (2n,5,0) =< - ’ 22
Let us calculate Mg, (2n, j,1) sum. We will use Theorem 2 and Eq. (22).
By setting t = 0 in Theorem 2, it follows that
o —
MS1 (2n j? = ( ) ( )MSI (271,_] + u, O) (23>
u=0
By Eq. (22), it follows that
0 if 0 <u<n-—y;
Ms,(2n,j +u,0) =4 Lo Enmg (24)
(=), ifu=n-—j.
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By Eq. (24), Eq. (23) becomes gradually

Mg, (2n,,1) = (—=1)" (2;7) (2:__]‘7 )
() (by symmetry)

2n —j n

- (3)(," ) (by Eq. (5).

By the Ist equation above, it follows that
2n\ (n
Mg, (2n,7,1) = (=1)" . 25
s =0 () (2) (25)

By setting j = 0 in Eq. (25) and by using Eq. (3), we obtain Kummer’s formula.
Furthermore, Eq. (25) suggets setting ¢;(2n) = ().

n

By Theorem 2 and induction, it can be shown that Mg, (2n,7,t) is divisible by (2:) for
all positive integers ¢ and all integers j such that 0 < 7 < n.
Let m > 2. By Eq. (3), we know that

S1(2n,m) = Mg, (2n,0,m — 1).

Since m — 1 > 1, the sum Mg, (2n,0,m — 1) is divisible by (*"). By Eq. (3), S1(2n,m) is
divisible by (2:) for m > 2.
This proves Calkin’s result.

Remark 5. By using M-sums, we also can prove Dixon’s formula [5, 9]. Namely, by using
Theorem 2, Eq. (25), and the Vandermonde identity, it can be shown that

Mg, (2n,§,2) = (—1)n(2:) (2;) (3"2; J ) (26)

By setting j = 0 in Eq. (26) and by using Eq. (3), we obtain Dixon’s formula.

6 A generalization of new sums

We begin with the following definition:

Definition 6. Let m, n, k, aq, as, ..., a; be non-negative integers such that m > 1. We
consider the sum:

n

S(n,m;ay,ag,...,a;) = Z (Z) F(n,k;ay,a9,...,q), (27)

k=0

where F'(n, k;ay,as,...,q;) is an integer-valued function.
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The aim is to examine some divisibility properties of sums of the form S(n, m, ay,as, ..., a;).
To do this, we introduce a natural generalization of a notion of M sums.

Definition 7. Let n, j, t, a1, as, ..., a; be non-negative integers such that j < [%]. Then
the M sums for S(n,m;ay,as, ..., q;) are as follows:
n—i\"<Z (n—2j n \'
Ms(n, g, t;a1,a9,...,a;) = _ ‘ F(n,j4+wv;ay,aq,...,a;). (28
T 0 e K T

Obviously, for m > 1, the equation

S(n,m;ay,ag,...,a) = Mg(n,0,m — 1;a1,as,...,a) (29)
holds.
Eqns. (28) and (29) are similar with Eqns. (2) and (3), respectively.
Let n, 5, t, a1, ag, ..., a; be as in Definition 7. Then the following theorem is true:

Theorem 8.

| 252

. n n—j .
MS(n7]7t+1;a17a27"'aal):(-) Z ( u])MS(n’j+u7t;a'17a27-"7al)'

J u=0

The proof of Theorem 8 is similar with the proof of Theorem 2.

Remark 9. Similarly, we can introduce a natural generalization of a notion of D sums. Let

n, j, t, ai, az, ..., a; be non-negative integers such that j < [2]. Then the D sums for
S(n,m;aq,aq,...,a) are as follows:
=y n—3\(n—j n \'
Dgs(n,j,t;aq,a9,...,q;) = , , F(n,7+v;ai,aq,...,a;). (30
e 0 1o | A L

Obviously, for m > 2, the equation

S(n,m;ay,aq,...,a;) = Dg(n,0,m — 2;a1,as,...,a4) (31)
holds.
Also, it can be readily verified that
| 252 ] .
. n n—yj .
DS(n7]7t+1;a1aa2;"'al): ( )( )DS(TL7] +u,t;a1,a2,...a5), (32)
= \J +u U
. n .
MS(n7]7t;a1aa2a'--al) = j)DS(na]7t_ 1;0'17&27"'&1)7 (33)
152 n— i
Dgs(n,j,t;aq,as,. .. = Mg(n, 7 Jtrag, as, ... 34
s(n, j,t; a1, as ay) UZ:O < . ) s(n,j+u,t;a1,a9 ay) (34)

Eqns. (31), (32), (33), and (34) are similar with Eqns. (5), (6), (9), and (19), respectively.
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7 The second application of new sums

Let us consider the following binomial sum S: Z2, — Z

>=0
2n m
2n a;+k\ (a;+2n—k
S(2n,m;ay,as, ..., q) = —1)* ‘ ! :
k=0 =1
where [ is a positive integer and n, m, ay, as, ..., a; are non-negative integers.

For m =1 and [ = 1, the sum S reduces to an interesting combinatorial identity. It is
known [3, Eq. (6.56), p. 29] that

2n
2n\ fa+k\ (a+2n—k 2n\ fa+n
—1)* =(-1)" .
2 ()0 e GIC) e
k=0
By using Eq. (30), it follows that S(2n,1,a1) = (—1)"(*") (“4}").
Moreover, the following formula

2n 2n
2n\ fa+k\ fa+2n —k 2n\ [(a a
—1)* =) (—1)F 36
k=0 k=0
holds. Note that the right-side of Eq. (36) is an instance of the well-known Dixon’s formula
[9]. Furthermore, the right-side of Eq. (36) has the following generalization:

R(2n,m, ay,as, .. ar) = i(—nk (%:‘)m f[ (‘Z) (%“i k) (37)

k=0 =1

Remark 10. By using the "upper negation” [4, Eq. (5.14), p. 164], it follows that
S(2n,m;ay,aq9,...,a) = R(2n,m;—a; —1,...,—a;—1). Hence, parameters ay, ..., a; in the
definition of the sum S need not to be positive.

In 1998, Calkin [1, Thm. 1] proved that the alternating binomial sum Ziio(—l)k(?)m
is divisible by (27;‘) for all non-negative integers n and all positive integers m. It follows that
R(2n,m,2n) is divisible by (2:) for all non-negative integers n and m.

In 2007, Guo, Jouhet, and Zeng proved, among other things, two generalizations of
Calkin’s result [6, Thm. 1.2, Thm. 1.3, p. 2]. As a special case of [6, Thm. 1.2, p. 2|, they

gave a direct generalization of Calkin’s result [6, Thm. 1.4, p. 8] which is as follows:
Theorem 11. Let s be a positive integer greater than 1, and let k, ny, ny, ...,ng be non-
negative integers. Then the sum
ni S oy —"_ oy 1
_1 k 1 i+
STy
=—n1 1=

ni1+ns

- ), where ngi1 = ny.

15 divisible by (
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By Theorem 11, it follows that the sum R(2n,m,a,aq, . .., q;) is divisible by (2") and by

(‘Z) foralli=1,1. Take s=m+2l,ny=ns=...=ny, =nand Ny =a —n, Nypio =N,

o Mypoi—1 = @ — N, Nypy9p = 1 in Theorem 11.

The sum R(2n,m,ay, as, ..., q) is a generalization of the right-side of Eq. (36), while the
sum S(2n,m,a,as, ...,q) is a generalization of the left-side of Eq. (36).

We claim that

Theorem 12. If m is a positive integer, then S(2n,m,aq,as, ..., a;) is divisible by (2:) and
(‘”:") foralli=1,...,1.

Proof. We give a proof only for the case [ = 1. For the sake of brevity and clarity, the rest
of the proof of Theorem 12 is omitted.
We consider the following sum

S(2n,m;a) = é(_l)k (2;)’” (a Z k) (a ;ani; k) ;

where a is a non-negative integer.
Obviously, the sum S(2n,m; a) is an instance of Eq. (27); where F/(2n, k;a) = (—1)* (“;:k) (“;jﬁ;k)
By Definition (7) and Eq. (28), it follows that

om — 5\ s o2n—25\ (a+j+0v\[a+2n—j—v
Mg(2n,7,0;a) = —-1)" . 38
sengoa = (") S e (7Y (L) () e
By using substitution v = k — j, Eq. (38) becomes
N 2n—j .
, (2n—j p(2n =27\ (a+k\ (fa+2n—k
Mg(2 0;a) = (—-1)/ —1 . 39
stz g.0sa) = (-1 (%" )Z( ol [ G i) C

It is readily verified that (by Eq. (8))
2n'—j 2n—2j _ 2n—?' 2n—k:4 ' (40)
J k—j k—j 2n—k—j
By using Eq. (40), Eq. (39) reduces to

msen g0 = 0 S Co (T (2R (T ()

k=j

It is readily verified that (by Eq. (8))

(Gl ) = () @
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By using Eq. (42), Eq. (41) becomes
N\ 2n—j .
, fa+) cf(2n—73\[(a+k\ [a+2n—k
M ja) = (—1) —1 . 4
s(on..0sa) = (-1 (* )Z( O | [ G )

Now we use a well-known Stanley’s formula:

Ty

Remark 13. The identity 44 is equivalent to the triple binomial identity
[4, Eq. (5.28), p. 171]; first proved by J. F. Pfaff [12]. See also [7, Ex. 31, p. 71] and [13,
Problem 14, p. 4].

By Stanley’s formula (44), it follows that
i 2n—k \(k—=j\(2n—7+1\ (a+2n—k\[a+k (45)
—\a+j—1)\a-1 l B a+j a )

By using Eq. (45), Eq. (43) reduces to:

Y > ol e il )

k=

By changing the order of summation in the equation above, it follows that Mg(2n, j,0; a)
is equal to

(T)ECT) E ) e

=0 k=j+a—l1

It is readily verified that (by Eq. (8))
2n—j 2n‘—k: _ 2n'—j 2n—2j—.a+l ' (47)
k—3j a+j—1 a+j—1 k—j

By using Eqns. (46) and (47), it follows that Mg(2n, j,0;a) is equal to

(S () e () ()

1=0 k=j+a—1

We know that
2n—2j—a+1\(k—j3\ (2n—2j—a+1\(2n—2j—2a+2l
k—j a—1) a—1 k—j—a+1 )
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By using the last two equation above, it follows that Mg(2n, 7,0;a) is equal to
a7\ (20— I\ 20— \(2n—2j—a+]) LT 2n — 2j — 2a+ 21
J — l a+j—1 a—1 e kE—j—a+l

Note that (by Eq. (8))

2n — j 2n—2j—a+1l\ _ (2n—j\(2n—j—a+l
a+j—1 a—1 “\a-1 jta—1I '

By using the last two equation above, it follows that Mg(2n, 7,0;a) is equal to

o+ Mm— I\ (20— f\ (20— —a+ D\ "L M —2j — 24 +2
b )= [ a—1 j+a—1 M k—j—a+l )
(48)
By Eq. (20), it follows that

2n—j—a+l . . .
— — fn—iqi— .
2: ( 1)k<2n 27 2a+21) {0, ifn—jg—a+1>0; (]9)

L k—j—a+l (1) ifn—j—a-+1=0,

By Eq. (49), it follows that only non-vanishing term in Eq. (48) is for [ = a 4+ j — n.
Therefore, by Eq. (48), it follows that Mg(2n, 7,0;a) is equal to

)T )

From the last equation above and symmetry of binomial coefficients, it follows that

wwiea-cm (AN o

Note that (by Eq. (8))

o G B

Therefore, by using Eq. (51), Eq. (50) reduces to

S X [ ) I

Eq. (52) suggets setting ¢2(2n,a) = (“7")
By Theorem 8 and induction, it can be shown that Mg(2n,j,t¢;a) is divisible by (

for all non-negative integers t and all integers j such that 0 < j < n.

. Obviously, ¢2(2n,a) does not depend on j.
a+n)
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Let m > 1. By Eq. (29), we know that
S(2n,m;a) = Ms(2n,0,m — 1;a).
Since m > 1, the sum Mg(2n,0,m — 1;a) is divisible by (’””). By Eq. (29), S(2n,m;a)

is divisible by (“Z") for all positive m. ’

Let us prove that S(2n,m; a) is divisible by (2:) for all positive m and for all non-negative
integers n and a.

By setting j = 0 in Eq. (50) and by using Eq. (29), we obtain Eq. (35). It follows that
(*") divides S(2n,1;a).

Let us calculate Mg(2n, j, 1;a) sum. We will use Theorem 8 and Eq. (50).

By setting t = 0 in Theorem 8, we obtain that

9 n—j Uy — i
Ms(2n,j,1;a) = <;> > ( nu ])Ms(2n,j +u,0;a). (53)
u=0

By using Eq. (50), it follows that

MS(Qn,j—I—u,O;a):(—1)”_j_“(a+‘j+u)< atn )(2”_j_“). (54)

J+u 2n—j—u n
It is readily verified that (by Eq. (8))

() =G50 00)

By the last equation above, Eq. (53) becomes

Ms(2n,5,1;a) = ni ( 2n ) <j + “) Ms(2n,j + u,0; ). (55)

= 2n—7j3—u U

By Eqns. (54) and (55), Mg(2n, j,1;a) is equal to

55 O (G
Note that (by Eq. (8))

N [ R 65 [ (]

By using the last equation above, it follows that

s~ ()R (L)Y (G o

u=0
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By Eq. (57), Theorem 8, and induction, it can be shown that Mg(2n, j,t;a) is divisible
by (2:) for all positive integers ¢ and all integers 5 such that 0 < 7 < n.
Let m > 2. By Eq. (29), we know that

S(2n,m;a) = Mg(2n,0,m — 1;a).

Since m > 2, the sum Mg(2n,0,m — 1;a) is divisible by (*"). By Eq. (29), S(2n,m;a) is
divisible by (2:) for all positive m and for all non-negative integers n and a.

O
8 The third application of new sums
There is an interesting connection between Theorem 11 and M-sums.
We assert that the following implication is true:
Theorem 14. Let s be a fixed positive integer greater than 2, and let k, ny, ng, ...,ns be

arbitrary non-negative integers. Let us suppose that the sum

ni

> e T

k=—n1

15 divisible by ("1+n5), where ngy 1 = ny. Then, by using M sums and the assumption above,
it follows that the following sum

i oy \™ = [n; +n,
_1\k 1 . 7 i+1
Z( 1 (k+n1> E(nz—irk:)

k=—n1 1

is divisible by (2”1) (”1:1"2), e ("S‘f’;s‘l), and ("ltﬁs‘l); where m is an arbitrary positive
.
integer and ngy = n;.

Proof. For m = 1, the proof of Theorem 14 directly follows from our assumption.
Let us suppose that m > 2.
Let P(2ni,m;n ns_1) denote o (DR )" TLZ) (e
' 1, 17 '27'."a s—1 k ktng i=1 ni+k /-
By using substitution © = k + nq, it follows that

2ny m m s—1 n; + n
P2ni,m;ng, ..., ns_1) = —1)u—m 1y U
o 2 - 2—:( ) (u) ]:[(u+ni_711
u=0 i=1
Obviously, the sum P(2ny,m;na,...,ns 1) is an instance of the sum from Definition 6;

where

U+ n; —ny

s—1
F(2ny,u;ng, ... ,ng_q) = (=1)*™ H < M M1 ) (58)
i=1

59



Mikié New class of binomial sums and their applications

By using Definition 7 and Eq. (28), we obtain that
A@42nhj,m7@,.“7%_1)=:(2"3_'])2335]<2n1;_2j>fxznbj-+v;n%.“7%_g. (59)
v=0
By using substitution u = v + j, the Eq. (59) reduces to
Mp(2ny,7,0;n9,...15_1) = (2n1j— j) inz_j (221 _—f‘j) F(2ny,u;ng, ... ng_1). (60)
u=j
By using Eq. (58), it follows that Mp(2n4, 7,0;n9,...ns_1) is equal to the following sum

2n1—j . s—1
2711—] 277,1—2]) _ (ni+ni+1)
-1 ™ . 61
( J )Z ( u—7j (=1) E u+n; —ny (61)

u=j

It is readily verified that (by Eq. (8))
(2n1 - j> (2n1 — 2]) _ <2n1 _,j> (2n1 - u> (62)
J u—7 U7 J
By using Eqns. (61) and (62), it follows that Mp(2ny, j,0;na,...ns_1) is equal to

QHIZj(_l)u—”l 2nq —j 2n1 —u ﬁ n; + N1 (63)
u—j i) et \utni—m)

u=j

By a symmetry of binomial coefficients, we know that the last term in a product equals
Ns—1 + N1 (M1 + Ny
e on —u )’
The right-side of Eq. (63) can be rewritten as

u M1 — 7\ (Me1 + 101\ (201 — w0\ 5= [ i+
—1)em 1 s—1 1 1 % i+1 64
Z( ) <u—j)(2n1—u)( H u+n; —ny (64)

u=j

It is readily verified that (by Eq. (8))

Ng—1 + N1 2”1 —Uu . Ns_1 + Ny Ns_1 + Ny _.7 (65)
2ny —u J J U+nsq—n)

By using Eqns. (64) and (65), it follows that Mp(2n4, j,0;ns,...ns_1) is equal to

2n1—j . s—2
s— S— - 2 - 7 7
<TL 1.—|-711> Z (_1)u—n1 <7’L 1+ 1 ])( nq j) < n —|—7”L+1 ) (66)
J / U+ Ns—1 — N N

uU—+n; —n
U=y 1=
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By using substitution p = u — n; in Eq. (66), it follows that Mp(2ny, j,0;ns,...ns_1) is
equal to

() S (A () e

By using our assumption in Theorem 14, it follows that inner sum in Eq. (67) is divisible

bt (5,0, (%4 () e by (57 |
Therefore, we obtain that Mp(2n1, j,0;na, . .. ns_1) is divisible by integers (2"7111_])7 ("1:1’"02)7

. (”S‘jj_zs‘l), and by (”S‘Tl:j‘ll_j) for all non-negative integers j such that j < n;.

By using Theorem 8 and the induction principle, it can be shown that Mp(2n4, 7, t;n2, ... ns5_1)

is divisible by integers (”1+"2), ey ("S‘2+”S‘1

. . ) for all non-negative integers t and j such that
Jj < ny. By using Eq. (29), it follows that the sum P(2ny,m;ns,...,ns_1) is divisible by
integers ("1:1”2), ce (”5*5:23*1) for all positive integers m.

2n1
ni

Let us prove that P(2ny,m;ns,...,ns_1) is divisible by (
m > 2.
By setting t = 0 in Theorem 8, we obtain that

) for all positive integers

_ M\ < (2ny — 4
MS(2n17j71;n27' . -ns—l) = ( jl) Z ( 1u j>MS(2nl7] +U,0;TL2, .. -ns—l)' (68)
u=0

We know that Mg(2nq,7 + u,0;n9,...n51) = (2"1;(1#“)) - c(j,u,ny,...,ns_1); where
c(j,u,ny,...,ns_1) is an integer.
By using Eq. (68), we have gradually

. 2711 iy 2711 —] 271,1 —j — U .
Mg(2n1, 5, 1:ng, . . . Ne_y) = e, u, M, e e
S'( ni, 3, Line, n 1) ( j ) Z ( u ny C(j u,ny n 1)

u=0

W fon 2n, — 7 2n1 —j —u
. 1 1— 1— ) — .
Ms(2n1, 7, 1;n9,...n5_1) = < , )(( )( ))-c(g,u,nl,...,nsl)

(]

—~\J 2np —j—u ny
M.S'(inajalanQunsl):nlz_:]<2n1)((2nl_]>( nl_J )) 'C(j7u7n17"'7n571)
o \ J ny niG—j—u
. gy 2ny 2ny — g ny—Jj ,
MS(2TL1,],1;TL2,...TLS_1): ( My — 7 n ) e — i —1 'C(jvuanlv"'7ns—l>
— 1] 1 1]
- 201\ = (1 (1 — :
Ms(2n1,j,1;n9,...ng1) = . Z i " e, u,ny, ..., ngq). (69)
1
u=0

By using the Eq. (69), it follows that Mg(2n4, 7, 1;n9,...n,_1) is divisible by (2:11) for all
non-negative 7 such that j < n;.
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By using Eq. (29), it follows that the sum P(2n;,m;ns,...,ns 1) is divisible by (2:11) for
all positive integers m such that m > 2.

Finally, let us prove that P(2ny,m;ns,...,ns_1) is divisible by ("127:5*1) for all positive
integers m.

By Eq. (67) and our assumption, it follows that

Mp(2n4,7,0;n9,...n5-1) = <n51 + n1> (nl —7+tns

] Ne_1 ) d(nl _j7n27"'7ns—1); (70)

where d(ny — j,na,...,ns_1) is an integer.
It is readily verified that (by Eq. (8))

(nsl + m) (m -J+ nsl) _ (m + nsl) (m) (71)
j N1 N1 i)

By using Eq. (71), Eq. (70) becomes
: ny+ns—1\ (M .
Mp(2n1,7,0;n9,...1n5_1) = ( " ) (]) ~d(ny — J,ma, ..., ng_1). (72)
s—1

By using Theorem 8 and the induction principle, it can be shown that Mp(2n4, 7, t;ns, ... ns_1)
is divisible by an integer ("1::31‘1) for all non-negative integers ¢ and j such that 7 < ny.
By using Eq. (29), it follows that the sum P(2ny,m;ns, ..., ns 1) is divisible by an integer
("iﬁs‘l) for all positive integers m.

This completes the proof of Theorem 14.
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Abstract

Several arrangements of the natural numbers N in triangular arrays (Tj(n, k))jeN,
where n € N denotes the row and k£ € N the column, will be considered. These
arrays are defined as follows: The first row has one element and each row has j € N
elements more than the preceding one, that is, the nth row has jn—(j—1) elements.
At first, a formula for the number appearing in the nth row and kth column will be
given and, secondly, we consider the inverse problem, i.e. given a number N € N
determine in which row n and in which column k one can find this number. Then
some sequences appearing in these arrays together with the sequences of their partial
sums will be studied. Finally, a surprising connection of Tj(n, k) with an iterative
minimal solution of the Tower of Hanoi with four pegs and N € N discs will be
shown. As a result it is possible to determine in advance how many subtowers with
how many discs have to be built in the iterative minimal solution of the Tower of
Hanoi with four pegs and N € N discs.

Key words: m-dimensional figurate numbers, polygonal numbers, pyramidal numbers,
figured numbers, Tower of Hanoi with four pegs

AMS subject classification (2000): 05A10, 05A15, 11B37

1 Introduction

Consider the sequence of the natural numbers arranged as follows in the triangular arrays
(Tj(n, k))jeN’ where n € N denotes the row and k£ € N the column: The first row has one
element and each row has j € N elements more than the preceding one, i.e. the nth row
has jn — (7 — 1) elements. This means that the number of elements in the array builds
an arithmetic progression with difference j and initial value 1 (see Tables 1, 2, and 3 for
the cases j = 1,2, 3, where the last column gives the row sum sequence s§-0) (n)).

In this paper we intend to study these arrays and some special subsequences of these
arrays together with their partial sums. The paper is organized as follows: First of all we

DOL: https://doi.org/10.5592/CO/CCD.2020.06
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n\k | 1] 2] 3] 4] 5] 6] 7] 8] 9lo[u]12]...[s"m)]
I 1
2| 2] 3 5
3] 4] 5] 6 15
4 7] 8[ 910 34
5l 11]12[13[14 15 65
6161718192021 111
7] 2223 2425|2627 28 175
82930 313233343536 260
037383940 |41 |42 [43 |44 |45 369

10 46 | 47 [48[49[50 | 51|52 [ 53|54 | 55 505
1156 | 57 58 |59 | 60 | 61| 62 | 63 | 64 | 65 | 66 671
12 67 |68 69 70|71 |72 73| 7475|176 77|78 870

Table 1: Triangular array T1(n,k),1 <n <12, 1<k <n

ok 1] 2] 3] 4] 5] 6] 7] 8] 9fwo]1r]2]13][... [sP(m)]
1] 1 1
2| 2] 3] 4 9
3 5/ 6] 7] 89 35
41011 12]13][14[15] 16 91
51718192021 |22 (23 24|25 189
6|26 |27 282930 |31 32]33]34[35[36 341
71373830 |40 | 4142|4344 [ 45|46 |47 [48[49 559

Table 2: Triangular array Th(n,k),1 <n <7,1<k<2n-1

ok 1] 2] 3] 4] 5] 6] 7] 8] 9fwo]1r]12]13][...[sP(m)]
1] 1 1
2| 2] 3] 4] 5 14
3| 6] 7] 8] 9]10/11]12 63
41314 15[ 16| 17|18 19]20 | 21 | 22 175
5 2324|2526 |27 |28 29]30]31|32[33]34]35 377

Table 3: Triangular array T5(n,k),1 <n <5, 1<k <3n—2
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define the triangular arrays and give a formula for the number appearing in the nth row
and kth column, then we consider the inverse problem, that is given a number N € N
we determine in which row n and in which column k one can find this number. After
that we study four different sequences and their partial sums arising in these arrays
and, finally, we will show a surprising connection of Tj(n, k) with an iterative minimal
solution of the Tower of Hanoi with four pegs and N € N discs given by Hinz [8].

2 Determination of Tj(n, k)

We recall that the m-dimensional figurate numbers are defined as

Fs(n) = <n+m—2>+j<n+:rrj—2):jn—(j—m)<n—|—m—1> 2.1)

m—1 n+m-—1 m

for all m, j,n € N, where j is called the set number, n the rank and m the dimension of
the figurate number. The number s := j 42 > 3 is the number of sides of the geometric
figure of fy, j(n) (cf. [1, pp. 185-199]).

Remark 2.1 The first few m-dimensional figurate numbers are for j,n € N

o m=1: fi;(n)=("g") +i("7") =jn—( 1.
These are called the linear group of figurate numbers. They are simply the terms
of an arithmetic progression of difference j € N starting with 1. Special cases of
the linear group of figurate numbers are:
j=1: fi1(n) =n. These are the natural numbers, the sequence A000027 in the
On-Line Encyclopedia of Integer Sequences (OEIS ®) [16].
j =2: fia(n) = 2n — 1. These are the odd numbers (or gnomic numbers)
(A005408).

o =2 foln) = () +5(2) = n(in - G - 2).
These are the plane figurate numbers (also called polygonal numbers or s-gonal
numbers) (s := j +2 > 3). They are also denoted by p?, that is p? = %n((s —
2)n — (s — 4)). Special cases of the polygonal numbers are:
j=1:p) = fo1(n) = in(n+1) = ("'QH) These are the triangular numbers (or
3-gonal numbers) (A000217), the sum of the first natural numbers from 1 to n.
j =2:p} = faa(n) = n®. These are the square numbers (or 4-gonal numbers)
(A000290), the sum of the first odd numbers from 1 to 2n — 1.
j=3:p! = fo3(n) = $n(3n — 1). These are the pentagonal numbers (or 5-
gonal numbers) (A000326). Note that 3fs3(n) = 3 -3n(3n —1) = fo1(3n — 1)
or pt = fa3(n) = %f271(3n —-1) = %pgnfl, that is every pentagonal number is
one-third of some triangular number (cf. [4, p. 41]).
j=4:p¢ = fau(n) = n(2n — 1). These are the hexagonal numbers (or 6-gonal
numbers) (A000384). Note that this is a subsequence of fa1(n), since faa(n) =

fo1(2n — 1) = fo1(fi2(n)), that is every hexagonal number is also a triangular
number (cf. [4, p. 39].
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o m=3:f3;(n) = ("}") +i(";") = gnln+1)(jn — (j - 3)).
These are the solid figurate numbers (also called pyramidal numbers). They are
also denoted by P! (s:=j+2 > 3), that is P! = in(n+1)((s — 2)n — (s — 5)).
Special cases of the pyramidal numbers are:
j=1:PF = f31(n) = gn(n+1)(n+2) = (";2) These are the tetrahedral
numbers (A000292).
j=2:Pp= fsa(n) =in(n+1)(2n+1). These are the square pyramidal numbers
(A000330), the sum of the first square numbers from 1 to n?.
j=3:P= f33(n) = in*(n+1). These are the pentagonal pyramidal numbers
(A002/11).
j=4:P= fsa(n) = gn(n+1)(4n — 1). These are the hexagonal pyramidal
numbers (A002412).

n+m—2) + (n+m—2) — (n—l—m—l

Finally, the numbers fm1(n) = ("1™ - ") = fms10(n) have

also been called figured numbers with the alternative notation () (cf. [3, pp. 15-17])
or nth regular m-topic number with the notation P,(lm) (cf. [14, p. 211]). Note that
we have used the recurrence relation for the binomial coefficients known as Pascal’s rule
or addition formula (c¢f. [7, Eq.(5.8), p.158]. With these notations we have fp, ;(n) =
(me1)y+7("1) and fmi(n) = pimY —i—jP,(lT%, respectively. Combinatorially, there are
(n+m—1

m
not count and repetitions are allowed. Note also that fo1(n) =1 for alln € N and that

by Eq.(2.1) the m-dimensional figurate numbers are generated by the figured numbers.

) ways to choose m elements from a set of n elements (m < n) where order does

Theorem 2.2 Let j,n,k € N and k € [jn — (j — 1)], where [p] := {1,2,...,p} for all
natural numbers p > 1, then Tj(n, k) is given by

n—1

Tjn, k) = "= (j(n=1)=(=2) ) +k = fos ()= frg(n)+k = ("T) 45 ("3") k. (22)

Proof. The difference between two consecutive numbers in the nth row of Tj(n, k) is by
definition equal to 1, that is

Vi,n,keN, ke [jn—jl: Tjnk+1)=T;(nk)+ 1
The solution of this arithmetic progression (in k& € N) with difference 1 is given by
Ti(nak):Tj(nal)"i_k_lv ke []n_(]_l)]a (23)

where T}(n, 1) is the initial value of the nth row. This value can be determined as follows:
Since the nth row has jn — (j — 1) elements we obtain the recurrence relation in n > 2

Tj(njn—(G-1)+1)=Tj(n—1,jn—(G—1)+1)+jn—(j —1)+1, Tj(1,1) =1,

with the solution

n

Ty(n,gn—(G-1)+1) = 3 (h—(G-1)) = gin(n)~(G-1n = sn(jn—(-2)) = f2,;(n)
k=1
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by using the formula for the sum of the first n natural numbers Y_p_; k = In(n + 1).
Hence,

Tyn,1) = Ty(n—Lj(n—1) = (j = 1) + 1= 2(n—1)(j(n —1) = (j = 2)) + 1

2
1. , . .
=5nlin =0 =2) = ([Gn—0G=1)+1=fo;(n) = fi;(n) +1
= F2i(n=1) = (") +i("3)-
Substituting this value into Eq.(2.3) we obtain Eq.(2.2). O

The first three special cases of Eq.(2.2) are for all n > 1

Ti(n, k) = %n(n —1)+k,  ke|n],

To(n k) = (n—1)*+k, ke&[2n—1]

Ty(n, k) = %(n C)Bn—4)+k ke [Bn—2.

For example T5(5,6) = 3 -4+ (35 —4) + 6 = 28 as one can see in Table 3.
Note that fi j(n) gives the number of elements in the nth row of T; and fs j(n) counts
the total number of elements from the first row up to and including the nth row.

An immediate consequence of Theorem 2.2 is given in the following corollary.
Corollary 2.3 For all j,n € N and for all k € [jn— (j — 1)] :
Tj(n, k) +Tj(n+2,k) =2Tj(n+ 1,k) + j (2.4)

and
Tj(n, k) +Tj(n+2,k+1)=2T;(n+1,k+1)+j—1 (2.5)

Proof. For all k € [jn— (j—1)] we have by Eq.(2.2) : Tj(n, k) = +(n—1)(j(n—1)—(j —
2)) +k and Tj(n+2,k) = 3(n+1)(j(n+1) — (j — 2)) + k. Adding these two equations
we obtain

((n71)2+(n+1)2)—%(ij)(n—1+n+1)+2k‘

(2n? +2) — (j — 2)n + 2k

Tj(n, k) +Tj(n+2,k) =

RO |

|
N NS

(3 Un=G -2+ k) 4i=2L0+ LK) 45

Similarly, using Eq.(2.4) we obtain Tj(n, k)+Tj(n+2,k+1) = Tj(n, k)+Tj(n+2,k)+1 =
OT:(n+1,k)+j+1=2T;(n+ 1 k+1)+j—1. 0

Conversely, we now determine in which row and in which column a given N € N can
be found in Tj(n, k).
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Theorem 2.4 Let N € N, then N = Tj(n, k), (j,n,k € N), where

n:nﬂN):{%_2+V@ﬂZ;1%Hj_m1 26)
and .
k= k() = N = 5 (n;(N) = 1) (3 (ny (V) = 1) = ( = 2)). (2.7)

Proof. N is in the nth row of T;(n, k) if and only if
Tj(n,1) < N < Tj(n,jn — (j — 1)) = Tj(n +1,1) — 1,

or by (2.2)
%(n—l)(j(n—l)—(j—2)) +1<NK< %n(j(n+1)—2(j—1)) +1-1,
that is
(n—1)(jn—-2(G—1))+2<2N <n(jn—(j —2))
or, equivalently,
—2

37 —2
j<n2— Jj n—|—2> §2N§j(n2—‘77n>.

Dividing these inequalities by j # 0 and completing the square of the first and third
inequality we obtain

i — 2 i — 212 j—2\2 2N i — 2 - 2\2 /5232
-t (S (U5 B e S (122 (1)

J 25 25 J J 25 25

2
or adding <%> and simplifying

37 —2\2 2 2N J—2\2 7 —2\2
(n— - ) +f§7.+<7.> S(n—7>
2j J T 2) 2)

Further, subtracting % we get

3i—2\2 2(N -1 i _9\2
(m—].)ﬁ( .)+@.)
2j J 25

IN

j—2\2 2 j—2\2
@——f)—f<@——f)
25 J 2j

and these inequalities are equivalent to

i — — .
p 32 VBIN-D G222
25 25 2]

or, finally,

._ . _ ._ 2
<3 2+\/83(];7. )+ (G—-2)
j
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= O O

~— | — [~ —

Table 4: nj(N),1<j <3, 1< N <16

This is exactly the assertion (2.6) by the definition of the floor function (cf. [7, Eq.(3.5)
(a), p. 69]). Finally, Eq.(2.7) follows from Egs.(2.6) and (2.2). O

For example, let j = 2 and N = 19, then by Eqs.(2.6) and (2.7) we obtain n =
[14+3v2] =[5.2426...] =5and k=19—3-4-(2-(5—1)—0) =19 —2-8 = 3 as one
can see in Table 2.

Remark 2.5 By Theorem 2.4 every number N € N can be written as
N = f2,i(nj(N) = 1) + k;(N),
where nj(N) and kj(N) are given by Eqgs.(2.6) and (2.7), respectively.
The family of sequences (n;(/N))ven with the parameter j € N means ”the number
N appears fi1;(N)=jN — (j — 1) times”.
The first three sequences are:
1
ni(N) = b(l + V8N — 7)J, ("N appears N times’) (A002024),
ne(N) = |1+ VN —1], ("N appears 2N — 1 times”) (A003059),

1
n3(N) = Lg (7+ V24N — 23)J, ("N appears 3N — 2 times”) (A083277).

In Table 4 one can find the first few values of these sequences.

The family of sequences (k;(N))nven with the parameter j € N means ” start counting
the integers 1 to jN — (j — 1) followed by the integers 1 to jN + 1, N € N, and so on”.

The first three sequences are:

1
k1(N) =N — zni(N)(ni(N) — 1), (" Restart counting after each new integer”) (A002260),

2
2
ka(N) =N — <L N — 1J) , (” Restart counting after each new odd integer”) (AQ71797),
1
k3(N) = N — 3 (n3(N) —1)(3n3(N) — 4), (not available in the OEIS [16]).

In Table 5 one can find the first few values of these sequences.
Obviously, for j — oo, we obtain the sequences

(n0o(N)) yeny = (1,2,2,2,2...) = (2= (N = 1)) oy (A040000)
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| NJ1]2]3[4]5]6][7[8]9]10][11]12]13]14[15[16]
eiN)TL[1]2][t]2]3][1[2[3] 4] 1] 2] 3] 4] 5] 1
(N (11231 [2(3[4[5] 1| 2| 3] 4] 5] 6| 7
s(N) [ L|1[2[3[4(1]2(3[4] 5| 6] 7| 1| 2| 3] 4
Table 5: k;(N), 1<j <3, 1< N <16
| N[1][2[3]4] 5[ 6] 7] 8] 9]10[11[12]13]14[15]16]
Oy [1]3]5]s]11]14]18|22]26]30]35]40]45]50]55]61
ANy [1]3]5]7]10]13]16|19]22]26]30]34]38]42]46]50
nONy [1]3]5]7] ol12]15|1821]24]27]30](34]38]42]46
KON [ 1]2]a]s] 7[10]11]13]16]20 21|23 26]30]35]36
KV [1]2]a]7 1013|1722 |23 |25 |28 |32 |37 |43]50
DNy [[1]2)al7[1a]12]14a]17] 21|26 3239 [40|42]45]49

Table 6: n{" (), k) (N), 1<j<3,1<N <16

and

(koo(IN)) =(1,1,2,3,4...)= (N = (N > 1))

Nen = (A028310),

NeN’

where (A) is Iverson’s bracket convention, meaning 1 if the statement A is true and 0
otherwise.
The sequences of the partial sums of these two families of sequences are by definition

n{ (V) == SN ny(i) and KV (V) = SN k5 (i), N € N.

In Table 6 one can find the first few values of the first three sequences of both fami-
lies. The first sequence is (A060432), the second is (A327672), the fourth is (A014370),
whereas the other three are not available in the OEIS [16].

Note that for j — oo we obtain the sequences nc(,é)(N) = fi2(N) = 2N — 1 and
EY(N) = Ty(N,1) = IN(N = 1) +1, N e N.

3 Four Particular Sequences

In this section we shall study four special subsequences of the arrays (Tj (n, k))] N and
the sequences of their partial sums.
The first sequence is obtained by choosing k := f1 ;(n) = jn — (j — 1). We get
0 . . 1 . )
dg- )(n) =Ti(n,jn—(j — 1)) = fa(n) = in(jn —(j— 2)) (3.1)
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and these are the polygonal numbers.
Choosing k := 1 we obtain by Theorem 2.2 the second sequence

&V (n) = Ty(n,1) = fa(n) — frg(n) +1=n+j("5") (3:2)

and this is the first column in Tables 1,2 and 3.
Choosing k := n we obtain again by Theorem 2.2 the third sequence

hgo) (n) :=Tj(n,n) = fo,;(n) — fr;(n) +n=2n—1+;(";"). (3:3)

Notice that h§o) (n) = c§0) (n)+n—1.
Summing up the values in a row (see the last columns in Tables 1,2 and 3 for the cases
J € [3]) we get the fourth sequence

jn—(G-1)

sy = Y Tink). (3.4)
k=1

In order to determine the partial sums of the first three sequences we need a lemma
on figurate numbers.

Lemma 3.1 Let j,m,n € N, then

fm-i—l,j(n) = Z fm,j(k) (3.5)
k=1
(m+ 1) fms1,5(n) = (n+m = 1) fr5(n) + frm1(n) (3.6)
or, alternatively,
(m+1) fmt1,5(n) = nfmi(n+1) + (1 =j)fma(n) (3.7)

and forn > 2

fmj+1(n) = fini(n) + frma(n —1) (3.8)
fmi15() = fini(n) + fmir5(n —1) (3.9)
fm2i(n) = fm;(n) +jfma(n—1) (3.10)
fmaie1(n) = fmj(n) + (G +1) fm1(n — 1). (3.11)

Proof. By Eq.(2.1) and applying the formula of Chu-Shih-Chieh (1303), also called
upper summation (cf. [7, Table 174, p.174]),

3 (“;g— 1) _ (Zi”f) (3.12)

k=1
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we obtain

ki((k#ﬁ) 302

1
2 2
— k-i—m +] Z k+m
k=1

= (" + (nfﬁll) fm+1,5(n)

> fmi(k)
k=1

3

and this proves Eq.(3.5).
Again by Eq.(2.1) we have

(n+m =1 fmsrg(m) = (n+m—1)- (307 +5 ("0 ?)
 (n+m =1 m (n+m—1) m+1
T m-Din—D!'m 7 Tmln—2! m+1
— (n+m71)m+](n;+l 1)(m+ 1)

m

and therefore

(n +m — 1)fm,](n) + fm,l(n) - (m + 1)fm+1,j(n)>

thus proving Eq.(3.6).
To prove the alternative Eq.(3.7) we note that for n + 1 instead of n we obtain from
Eq.(2.1) fmj(n+1) = ("I m+("T7"71), hence

(n+m = 1) fons(n) = (4 m— 1) ("5 457

 (n+m-1)! n  (n+m-1)! n-1
T m=Dn—1! n 7 mln—2 n-1
= n("E) + (= 1 ()

= nfmj(n+1) = jfm1(n).

Eq.(3.7) follows by inserting this equation into Eq.(3.6).
Now let n > 2, then by Eq.(2.1) we have

Fng1(0) = fng(n) = (5172 + G+ D7) = () + ()
=) =TT = el - 1)

and this proves Eq.(3.8).
Again by Eq.(2.1) it follows

fmt15(n) = fm(n)

() G ) = () ()
(5 = R+ (O = ()

T+ () = fmg(n = 1)
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by using repeatedly Pascal’s rule and this proves Eq.(3.9).
By definition we have fy, 2;(n) = (”+m 2) +2j (”+m 2) and frmj(n)+jfmi(n—1) =

("+m_2) +](”+m 2) + j(”+m 2) = (”+m 2) +2j (”ﬁ’n% 2) and this proves Eq (3.10).

m—1 m—1
Finally, again by definition and applying Pascal’s rule we have fy, 2;+1(n ("+m 2)

(25 + 1)(n+$ 2) _ (n+m 1) +2j (n+$ 2) and fp,j(n) + (7 + 1) frma(n— 1) _ (n+m 2) i

m m—1

j("fzﬂ) +(+1) (”erﬂ) = ("er*l) +2j (n+rn;72)' This proves Eq.(3.11) and therefore

m
the lemma is proved. O

We now make some remarks to Lemma 3.1.

Remark 3.2 Formula (3.5) shows that for m > 1 the (m + 1)-dimensional figurate
numbers are the partial sums of the m-dimensional figurate numbers. In particular, for
m=2 and s =j+ 2> 3, we obtain

Pr=> ph (3.13)
Remark 3.3 For m =1 we obtain from Eq.(3.6)

L nfri ) + fia()) = sn(fis(m) + 1), (3.14)

f2(n) =5 5

This formula is a generalization of the sum of the first n natural numbers. (Choose in
Eq.(5.14) j = 1, then fii1(n) = n and by Eq.(3.5) fan(n) = > 4y fin(k) = > o1k
hence Y jp_1 k= 3n(n+1).)

For m = 2 we get the formula of the Roman geometers and pupils of Heron of Alexandria
Epaphroditus and Vitrius Rufus (about 100 A.D.), since f3;(n) = %((n+ 1)f2;(n) +
fa1(n)) = &(n+1)(2f2,(n) + n) or, equivalently, for s >3

pr— é(n +1)(2p +n), (3.15)
which shows how to obtain a pyramidal number Pl from the corresponding polygonal
number p?. Note also that Eq.(3.15) is a generalization of the sum of the first n square
numbers. (Choose in Eq.(5.15) j = 2, then faa(n ) = n? and by Eq.(3.5) f32(n) =
Sorii fo2(k) =S k2, thus obtaining > jp_i k* = tn(n+1)(2n+1).)

Moreover, the formula (3.6) shows that for all j,n € N the m-dimensional figurate
numbers fm, j(n) are the solution of the recurrence relation in m € N

n+m-—1 1 n+m-—1
Am+1,j (n) = TH * Q5 (n) + ma 1 ( m > (316)
with the initial value a1 j(n) = jn — (j —1).
Remark 3.4 For j = 1 Eq.(3.7) gives (m + 1) fp411(n) = nfmi(n + 1) (P.de Fer-
mat(1636)), since (m + 1)(2::711) = ((Zii))g(fw )) _ n(;L;!rTT)! = ("™ = nfpma(n+1).
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n—1

Remark 3.5 The special cases of Eq.(3.8) for m = 2 : pl ; = pi + py~ " and for
m =3 : P, = P!+ P:?_l (n > 2 and s > 3) have been given by Nicomachus of
Gerasa (about 100 A.D.). Note that from these formulae one can obtain by induction
Pl =pi+(s—3)ps ' (C.G. Bachet (1621)) and P? = Py + (s — 3)Py~* (F. Maurolico
(1575)) (n>2 and s > 3).

Remark 3.6 For m = 2 and j = 2 Eq.(3.9) gives pg = fau(n) = 2fo1(n — 1) +
fao(n) = 2p5~ 1 +n?, (F. Maurolico (1575)), whereas for m = 2 and j = 1 Eq.(3.10)
gives pi = faz(n) =2fa1(n—1)+ fa1(n) = 2p§“1 +ph. Since py = pgfl—l—n we obtain in
this way p? = 3py ' +n (Nicomachus of Gerasa (about 100 A.D.)). In general, we have
forn>=2ands>3:py=pi+(s—3ps” =pi A0t (s =35 = (s—2)py” +n
and p? = py+ (s = 3)py L = P+ Py + (s —Dpyt = (s — 4)py Tt + n?, since
Pyt = () (5) = 2

Before proceeding, we recall that the hypersequence of the mth generation, m € N, of an
: : . (m m n (0 _
arbitrary sequence (ay,)nen is defined as al™ = =Y a LAy, 1= Ay

Proposition 3.7 Letm > 1 cmdd ( )= jm 2 (k),cjm (n):=>7_ 1 (m 2 (k:),
hg-m) (n) ==y hgm 1)(k) be the hypersequences of the mth generation of (d ; )(n))neN,

(c§0) (n))nEN and (hé»o) (n))neN, respectively. Then for allm € Ny and all n,j € N :

A" (0) = fraag(m) = () + 5 (7) (3.17)
cgm) (n) = frma11(n) + jfnr21(n—2) = (050 + 5 (%050 (3.18)
hg'm) (n) = fimt1,2(n) + jfmt2,1(n —2) = (njnﬁ;rl) +0-1 (nxgl) (3.19)

Proof. By definition (3.1) d§0) (n) = f2,j(n) and, therefore, applying Eq.(3.5) m times
we obtain the first equation. The second one follows immediately from Eq.(2.1) and this
proves (3.17).

Next, we obtain by Eq.(3.2) cgp)(n) = fi1(n) + jfai1(n — 2), since fii1(n) = n
and fa1(n) = (”;1) Hence, applying Eq.(3.5) m times we get cg-m) (n) = fmt11(n) +
J fm+2,1(n — 2). The second equation now follows from Eq.(2.1) and this proves (3.18).

Finally, since fi2(n) = 2n — 1 we have by (3.3) h§0)(n) = fi2(n) + jfoa(n — 2).
Applying Eq.(3.5) m times we obtain h;m)(n) = fm+1,2(n) + Jfmt2,1(n —2) and this
proves the first equation of (3.19). The second equation follows from (2.1) by noting
that

() 20
(o) + (o) + () = ()
() + (G3) = () = (0 7) = ()

fma1,2(n)
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and using Pascal’s rule several times. O

We notice that hgm) (n) cg.m) (n) + fmt11(n) — fma1(n) = cgm) (n) + ("jn”ﬁrl) by
Pascal’s rule.

Special cases of cgm) (n) are

) = (1) +3("5").

j=1: c( )( ) = (TIL) + ("51) = (g) + 1. These are the centered polygonal numbers
(A()00124) They give the maximal number of regions into which n € N lines
separate the plane (cf. [15, pp. 124-126)).

j=2:m) =n+2("") =n? =2 +2 = (n—1)2+1 (A002522). Note that
cg)) (n) is one less than the arithmetic mean of its neighbours.
=3 () =n+3(";") = 1(3n2 — Tn + 6) (A143689).

e m=1: cg-l)(n) = (”H) +37(3)-
j=1: cgl)(n) = in(n®+5) = (7)+(5)+(3). These numbers are the 3-dimensional
analog of centered polygonal numbers (A004006).
j=2:c"m) = Ln@n? =30 +7) = (2) + (2) +2(2) (A081489).
j=3:c"n) = Inm2 —2n+3) = (7) +2(2) +3(%) (A064808). This is the
sequence of the nth (n + 1)-gonal number.

e m=020:

o m=2 P (n) = ("33 +i(").

j=1: 052) (n) = Zn(n+ 1)(n® +n + 10) (A006522).

j=2 céQ) (n) = ;5n(n+1)(n? —n+6). This sequence is not available in the OEIS
[16].

j=3: ch) (n) = 3xn(n +1)(3n? — 5n + 14). This sequence is not available in the
OEIS [16].

and special cases of h§-m) (n) are

e m=0:h"(m) = (") + G- D" =2 —1+5(").

j=1: hgo) (n) = (nH) These are the triangular numbers (A000217).

j=2: hgo)(n) = n? —n + 1. These are the Hogben’s centered polygonal numbers
(A002061).

§=3:h(n) = 1(3n2 — 5n + 4) (A104249).

(n) = (";2) These are the tetrahedral numbers (A000292)
j=2:h$(n) = Ln(n? 4 2) (A006527).
j=3:h(n) = Ln(n —n+2) (A006000).
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e m=2 hPn) = (") + (- D("]) = fnln+1)@n+ 1)+ ().
j=1: h (2) ( = ("+3) These are the pentatope numbers (A000332).
j=2: h2 (n = 5n(n + 1)(n? +n +4) (A006007).
j=3:h(n) = Fn(n+1)(3n = n+ 10) (A133252)
In order to determlne the hypersequence of the mth generation of the fourth sequence
(3.4) we need a general formula which gives the hypersequence of the mth generation of
an arbitrary sequence as the partial sums of another sequence.

n

~— —

Theorem 3.8 Let (an)nen be an arbitrary sequence (of real numbers) and ™ =

Yopoqa m 1) m € N, a( )= an, be the hypersequence of the mth generation of (ap)nen.
Then for all m € Np :

n n

ai =3 (T ae =3 (") an k. (3.20)

k=1 k=1

Proof. By induction on m > 0. For m = 0 we have ("__11_k) =0 for k € [n — 1] and for
k=nitis (j) =1, hence a%o) = an.

For m = 1 we have ("Hal*k) =1 for all k¥ € [n], hence at? : =1 ak.
Let us now assume that the formula is true for some m > 0, then

af ) Zak =33 )

k=1 i=1
- (:z:i)m o (G e T Gt > o]+

[ o+ (T e+ () +
o [ e (R Bk () }-
Collecting the coefficients of a1, as, ..., a, we obtain
afm ) = [ (2] + () + (D) e ()t
D )+ )+ () e+ (D an

. . . -1
Making use of the formula (3.12) for m — 1 instead of m and noting that (7'~)) = ()
we finally obtain

= (" e+ (T az 4+ (D an

m

3

=3 (= 3 (G
k=1 k=1

and this verifies Eq.(3.20) for m + 1 and in conclusion we have proved the theorem
for all m € Ny. The second equation follows from the fact that k& € [n] if and only if
n—k+1¢€n]. O
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Remark 3.9 Formula (3.20) seems to be the discrete analogon of the formula of Cauchy

// / f(xn)day, - - - dradry = /f )L, (3.21)

according to which an n-fold repeated integral of the functz’on f(t) over the interval [xg, x]
1s expressed by a single integral with the mtegmnd Ny f (t) over the same interval.
Note that formula (3.21) says that y(x) := = 1), fxo f (x — )" Ldt is the solution of

the nth order differential equation y™ (x) = f(x) with the initial values y(xo) = ' (zo) =
o= yn=1) =
=y (@) = 0.

Before applying Theorem (3.8) to the sequences (1)nen, (7)nen, (n?)nen and (n3),en we
need the following lemma.

Lemma 3.10 For all k,m,n € N :
Stk (n) = kfmara(n) = (k= 1) frgk—1,1(n) (3.22)
Proof. Since fp,1(n) = ("Jrzfl) we obtain by Pascal’s rule
sk (n) = k(") = R + ()

and
(k—=1)fmsra(n) = (k- 1)(71;?755;2)'

Hence,

kfmar1(n) = (k= 1) fogne1,1(n) = k(T2 + () — (k= D (P

= () +R(TETY)

and the last term on the right-hand side is by definition fy,441(n). a

Alternatively, for m — 2 instead of m, we obtain for all k,m,n € N

frak—21(n) = kfmik—21(n) — (k= 1) frnrr—31(n). (3.23)
In particular, for k =3 and m = 1, pl = fa3(n) = 3f2.1(n) —2f1.1(n) = 3p§ — 2n.

Lemma 3.11 For allm,n € N :

() = () = fna(n) (3.24)
k=1
DR = () = fna(n) (3.25)
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DRI =20 = () = fnran(n) (3.26)
k=1
SR = 6(E) 4 (0 = 2fmass(n) = fnr2a(n). (3.27)
k=1

Proof. Formula (3.24) follows from (3.12) for m — 1 instead of m.
Further, using repeatedly (3.24), the definition (2.1) and the identity (Zj) = () we
obtain

m—1 m—1

SR = 1) 20 ) 3 -+ (D))

k=1

=S (T DY (T Y (M)
k=1 k=2 k=n

= ("N 4 (T ek (0T]) = (M) = g (n).

To prove (3.26) note that by Eqgs. (3.24) and (3.25) and since (zj) = () we have

m—1 m—1 m—1

Z k2 (n—l—z:i—k) — 12 (n+m—2) + 22 (n+m—3) + 32 (n+m—4) 4t TL2 (m—l)
k=1

=1 Z (") 3 Z (" )+ Z ()
k=1 k=2 k=3

e+ (2n—1) Zn: (mtmo1ek)

=1(" '3 (n“:Z‘?) 5" ) e+ 2n =1 (7)

S (k= () =23 k() - 3

=1 k=1 k

k =1
2"y — (M) = 2fmi21(n) = fmg11(n) = fmya2(n),

where the last equation follows from Lemma 3.10 for k£ = 2.
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Finally, to prove (3.27) note that by Egs. (3.24), (3.25) and (3.26) we have

Zki’» n+m 1 k _13(n+m 2)+23(n+m 3) +33(n+m 4) 4. ”_+_n3(m:1)

m—1

3

n n
=1y ("M T (T 19> (T +
n

ot (P = =) Y (MRS

k=n
= AT T 4 190 ek (80— 1) ()

zn:(%? — 3k 4+ 1) ("R

k=1
n

=3 n+m k —3 kn-i—m k + n+m k
MR NI

1 1 1

= 6( ) ) -8 + (’%YT)

= 6/m+3,1(n) = 6fmr21(n) + frmi1,1(n)

=2(3fmt3,1(n) = 2fms21(n)) — (2fm+21(n) — fms1,1(n))

= 2fm+33(n) = fm2,2(n),
where the last equation follows from Lemma 3.10 for £ = 2 and k£ = 3 noting that
(1) = () O
m—1 m/’
Corollary 3.12 Let (an)nen be an arithmetic progression with the initial value aq and
the constant difference d € N, that is a, = a1+ (n—1)d. Then for allm € N (a7(10) = ap)

Za(m 1) mal—i—an<n+m— 1)_ (3.28)

m+1 m

Proof. By Theorem 3.8 and applying Eqgs. (3.24) and (3.25) it follows

k=1
n-—+m
= (al_d)fm,l(n)+d'fm+l,1(n): (al_d+d m+1)fm1( n)
_ may+ay+ (n—1)d _mal—l—an _ ma1 +an n+m-—1
N m+1 Jma(n) = fm.1(n) m+1 m ’
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. -1
since fsr(n) = (577) = B () = B A (0) 0
Note that the special case m = 1 gives the well-known formula ag) = %n(al + ap)

for the sum of the first n terms of an arithmetic progression.
We are now in a position to determine the fourth sequence (85-0) (n))n ey and all its

hypersequences of the mth generation s ( )= S (m 1)(k), m € N.

Proposition 3.13 For all j,n € N :

s (n) = %fm(n) (2f2,5(n) = fr5(n) +1)

2 (3.29)
=5Un=G-1)(n* =20 - n+))
and for all m € Ny
m ) . 4 s .2 _ 4 . . s
) = 12 )~ L= oy 2y - 2 g )
.2 o . . _
= 3% e (1) — 352~ Dfmraa(n) + L2 ) - T g ),
(3.30)
Proof. By (3.4) and (2.2) we have
f1,5(n) f1,5(n)
s§0) (n) = Z (faj(n) = frj(n) + k)
k=1 k=1
f1 J("
= f1;(n)(f2,i(n) = fr;(n)) + k
k:l

= fr.i(n)(faj(n) — f1;(n)) + §f1,j(n)(f1,j(n) +1)
S 1 (m) (2 () — fugln) +1).

This proves the first expression in (3.29). The second expression can be obtained by
substituting f1;(n) = jn — (j — 1) and fa;(n) = $n(jn — (j — 2)) into this equation.

To prove the formula (3.30) we apply Theorem 3.8 to the sequence (55-0) (n))n N

s () =30 (RO ), (3.31)
Expanding (3.29) we obtain
1
s (n) = S (in = (G = D) (in = 20 = Dn + ) = ayn® + Bjn® + yn + &,
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where a; = %jg, B = —%j(j—l), v = %(3j2—4j+2) and 0; = —%j(j—l). Substituting
the last equation with these expressions into Eq.(3.31) we obtain

82»0) (n) = a;S3(n) + B;S2(n) + v;51(n) + §;50(n),

where SO( ) =2k (nJrzi}ik)v Si(n) =2 %=1 k (nJrzi}ik)’
So(n) :=>p_ k? ("+m - k) and S3(n) := Sp_ K3 ("t k) By Lemma 3.11 we have
So(n ) = fm1(n), (”) = fmt1,1(n), S2(n) = fmi22(n ), and S3(n) = 2fm33(n) —

fm+2,2(n). Hence,
() = 0 (2fm33(0) = fnr22(n)) + B frnt2.2(n) + % frns1,1(n) + 8 fim 1 (n)
=20 frma33(n) + (B — ) fma2,2(n) + Vi frma1,1(n) + 05 fm1(n)

) (47 — 3 352 —4j +2
= P man) ~ T oy 2 ) -

iG—1)

S fma ().

This is the first formula given in Eq.(3.30), the second is obtained by using Lemma 3.10
for k = 2 and k = 3 and this proves the proposition. a

Remark 3.14 Note that formula (3.29) can also be derived by the fact that s(-o)( ) is by

definition the sum of the arithmetic progression with the initial value Tj(n,1) = c§0) (n) =

f2,j(n) — f1;(n) + 1, the constant difference d =1 and fi ;(n) = jn — (j —1) terms. The
last term is then fg,j(n). Hence, by Corollary 3.12 for m = 1, we have

sgo)(n) = %ij(n)(fQ,j(n) — fij(n) +1+ f271(n))

:%Qn—U—wNzgwn—@—ln—@"—U—”>+0

= 5 (Gn— G =) (7 =26~ U +5)
and this is formula (3.29).

The first few sequences s§-m) (n) for j,n € N and m € Ny are:

om—Os n) = 3(in—(j—1))(jn*—2(j — L)n+j).
Note that formula (3.30) for m = 0 gives another representation of this sequence.
Indeed, since f31(n) = ("+2) fa1(n) = (n;rl), fii(n) = n and fo1(n) = 1, we

obtain
Sgo) (n) =352 f31(n) — 35(25 — 1) fa1(n) + 7‘72_27j+2f1,1(n) - j(‘j;l)fo,1(n)
B 3J2%(n+ Y 42) = 33(2] - 1)2(n+ Ny _27j +2 j(j; 1)
- %j%ﬁ _ gj(j n? + = (3] — 45+ 2)n — %J(J - 1).
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This cubic polynomial in n has the simple root 33;1 and therefore it can be factor-
ized obtaining in this way formula (3.29).
Special cases are:
j=1: sgo) (n) = in(n®+ 1). These are the centered triangular pyramidal numbers
(A006003). Tt is also the row, column and diagonal magic sum in the magic square
of order n, since %222:1 = in(n?+1).
j=2: sgo) (n) = (2n —1)(n®> —n+1) =n3+ (n — 1)3. These are the centered cube
numbers (A005898).
j=3: sgo)(n) = 1(3n — 2)(3n® — 4n + 3). This sequence is not available in the
OEIS [16].

em=1: sgl)(n) =in(jin—(j—2))(in* - (j —2)n+2).
This formula can be derived from (3.30) for m = 1 noting that f41(n) = ("23),
fzi1(n) = (";2), f21(n) = (";1) and f11(n) = n. We obtain after some algebraic
simplifications

1 . » . . .
sgl)(n) = gn(ﬁn?’ —2j(j = 2%+ (j> = 2j + 4n —2(j — 2))

This cubic polynomial in n has the simple root %;2 and therefore it can be factor-
ized obtaining in this way the asserted formula.

Since sgl)(n) = f21(f2,5(n)) = fan (%(]n - (- 1))) we see that sgl)(n) are (for
all 7 € N ) subsequences of the triangular numbers. Moreover, by Eq.(2.2)

s m) = T4 (Fag(n), fos(m) = 3 fos0) (s (m) — 1) + Fay(n)

. (3.32)
= §f2,j(n)(f27j(n) +1).

Special cases are:

j=1: sgl)(n) = in(n+1)(n* +n + 2). These are the doubly triangularl numbers

(A002817). Since fo1(f21(n)) = fo1(3n(n+1)) = 3(3n(n+1)) (3n(n+1))+1) =

in(n+ 1)(n? + n + 2) this sequence is the second iterated function of fa1(n).

j=2: sél)(n) = In?(n? + 1) This is the sum of the first n? natural numbers
(A037270).
j=3: sgl)(n) = in(3n — 1)(3n® — n + 2). This sequence is not available in the
OEIS [16].

o m=2: 5 (n) = dgn(n+1)(352n%~3;(j—5)n>—(2j°—5j —40)n+2(j%~10j+20)).
This formula can be derived from (3.30) for m = 2 noting that f51(n) = (";4),
fai(n) = ("13), fz1(n) = (";’FQ) and fo1(n) = (”;rl) We obtain after some lengthy

algebraic simplifications the asserted formula.
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Special cases are:

j=1: sf) (n) = 5n(n+1)(n+2)(3n* + 6n + 11). This sequence is not available
in the OEIS [16].

J= 2 s2m) = dn(n+1)(2n+ 1)(3n2 + 30 + 4) = L) (m2on?)
These are the polynexus numbers of order 6 (A079547).

j=3: 5(2)( ) = sgn(n+1)(27n® +18n? + 17n — 2). This sequence is not available
in the OEIS [16].

4 The Case Ti(n,k)

Recall that by Theorem 2.2 T1(n, k) = n(n — 1) + k,k € [n] and that, conversely, by
Theorem 2.4, the number N is in the nth row and kth column of the array Ti(n,k),

where n = E(l + V8N — 7)J and k = N — n(n —1). Note that in this and in the next

chapter we will use repeatedly the rules [—z] = —|x| for all z € R (cf. [7, Eq.(3.4), p
68]) and || +n = [z + n] (resp. [z]+n =]z +n]| forallz € Rand n € Z (cf. [T,
Eq.(3.6), p. 69]).

Remark 4.1 If N € N is in the nth row of T1(n, k), where n = [ (1+v8N )J then
N +1 is also in the same row if and only if N is not a triangular number, whereas N + 1

is in the (n+ 1)st row if and only if N is a triangular number. This means that E(l +
J = { 8(N+1)— 7)J = Lf(l + V8N + 1)J & N is not a triangular
number and E(ljﬂ/ (N+1)— J { (1++/8N )J { (1+V8N )J+1<:>N

s a triangular number. Both assertions can be expressed more concisely as follows:
1 1
Li(l + V8N + I)J - [5(1 + V8N — 7)J = (N is a triangular number) (4.1)

or, equivalently,

Ll(fl + V8N +1) J [% -1+ W)J = (N is a triangular number) (4.2)
Theorem 4.2 Let o(n) := 3(2n+1—+/8n+1), n € N. Then for alln > 2:
Ti(n—1,n—1) = [¢(Ti(n,n))] (4.3)
and for all k € N and for alln >k :
Ti(n—1,k) = [¢ (Tl(n ). (4.4)
Proof. Let N be a triangular number, that is N = (n + 1), n € N, then by Theorem

2.4 and by (4.1) N is the ny(N)th row of T3 (n, k), Where

J1+VBN -7 |1+V8N+1 1+ A+ 1) +1
"1(N)_{ 2 J_L 2 J_l_{ 2 J_l

_ L1+\/(2n+1)2J Lo tr2ntl
= : =T

2

—1l=n
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and in the kth column, where k = N — in(n — 1) = in(n+ 1) — Sn(n — 1) = n. Hence,
by Theorem 2.2, N = Ti(n,n) and ¢(T1(n,n)) = (N) = 1(2N +1 — /8N +1). Sub-
stituting N = %n(n + 1) into the last equation and simplifying we obtain go(Tl(n, n)) =
in(n —1) = Ty(n — 1,n — 1) € N. Therefore, [¢(T1(n,n))] = Ti(n —1,n — 1) and this
is Eq.(4.3).

Now let N := Ti(n,k) be a non-triangular number, ie., for al n € N : N =
Ti(n —1,k) # 3n(n + 1), then by Theorem 2.4, N is in the nth row and in the kth

column of Tj(n, k), where n = E(l + V8N — 7)J and k = N — $n(n — 1). Hence, by
Remark 4.1 and using Eq.(4.1) we get

Ti(n—1,k) =Ti(n,k) —(n—1) =N —n+1=N - rﬂ/iNi—?J 1

1++v8N +1
ZN—{_’_E;Q—i_J-i-l:N—

{—1 + V8N + 1J
2

_ {2N—|—1— 8N~|—1_‘ o)) = [o(T1(m )],

2
The proof of the theorem is complete. O

Remark 4.3 In the proof of Theorem 4.2 we have used the well-known property of the
triangular numbers

g n(n+1)
according to which N is a triangular number if and only if 8N +1 is a perfect odd square
number (cf. [4, p. 32]). Alternatively, for odd numbers x : 2% = 1(mod 8) or 8 is a
divisor of x> — 1. This result was already known to Plutarch (about 100 A.D.).

+1=2n+1)> (4.5)

Applying Theorem 4.2 nj(N) — 1 times (noting that N = Ty(n,k), n € N, k € [n])
we obtain

Corollary 4.4 Let ¢ defined as in Theorem 4.2, N € N, and

BV =[], V) = () — 1 = | VT

Then the (th iterated function of ¢ is given by *N)(N) = 1, where ' (N) := ¥(N) and
YFHN) == p(P*(N)), k < L(N).

The meaning of Theorem 4.2 and Corollary 4.4 is as follows: Firstly, if N € Nis a
triangular number, i.e. N =Ti(n,n), n € N, then ¥(N) = ¢(T1(n,n)) = [¢(Ti(n,n))]
is by 4.3 equal to the preceding triangular number Tj(n — 1,n — 1) and secondly, if
N € N is not a triangular number, that is N = Ti(n,k),n € N, k € [n — 1], then
Y(N) = ¢(Ti(n, k) = [¢(Ti(n, k)| = Ti(n — 1,k) is by 4.4 exactly the number above
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T1(n, k) in the same column k. Hence, starting with an arbitrary N € N in Table 1 we
go a row upward in the same column until we reach a triangular number (in case N is
a triangular number there is nothing to do). Then we continue going upward in Table
1 along the principal diagonal until we reach after ¢(N) = ny(NN) — 1 steps the first row
with the value 1.

5 Application to the Tower of Hanoi with Four Pegs

In 1989 Hinz [8] presented an iterative algorithm for the minimal solution of the Tower
of Hanoi with four pegs (also known as the Reve’s puzzle) and called it the presumed
minimal solution of the Tower of Hanoi with four pegs. Meanwhile, in 2014 T. Bousch
[2] proved in a brilliant article that the Frame-Stewart conjecture is true for the Reve’s
puzzle. Since the number of moves of the iterative solution by Hinz is exactly the same
as those given by the Frame-Stewart conjecture we can speak of an iterative minimal
solution of the Reve’s puzzle. (Other different iterative minimal solutions for the Reve’s
puzzle have been given by van de Liefvoort [12] and Lu [13].) The minimum number of
moves is given as the solution of the recurrence relation

v(0)=0, VneN: p(n)= min {2v(f)+2"/ -1}, (5.1)

0<f<n

where any f € [n]o := {0,1,2,...,n — 1} for which v(n) = 2v(f) + 2" — 1 holds, is
called a minimum partition number for n. In general, this number is not unique. In [8,
Corollary, pp. 136-137] it is shown that for ¢ as defined in Theorem 4.2

f(n) = lp(N)] (5:2)

is & minimum partition number for n.

In this chapter we shall show that [¢(N)] is a minimum partition number for n, too.
To this end we recall the following recurrence relation (of first order) for v(n) (cf. [11,
Lemma 4.5 for p =4, p. 151] and [10, p. 159 for p = 4])

v(0) =0, ¥neNg: wv(n+1)=wv(n)+2lzCIHEED] = ) 4 on=Tem] (53

By summation one gets from (5.3) the formula (cf. [11, Theorem 4.6 for p = 4, p. 152])

n—1 n—1
VneNy: wv(n)= Z gla(~L+VBRFD)] Z ok=Tek)], (5.4)
k=0 k=0

Alternatively, from Eq.(5.3) we obtain a second recurrence relation (of second-order) for
v(n).

Corollary 5.1 Foralln € N:

Y(n+1) = {3y(n) —2v(n—1), ifn is a triangular number, (5.5)

2v(n) —v(n—1), otherwise,
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or, equivalently,
v(in+1) =2v(n) —v(n—1)+ (v(n) —v(n —1)) - (n is a triangular number)  (5.6)
with the initial values v(0) = 0, v(1) = 1.
Proof. By Eq.(5.3) it is v(n + 1) —v(n) = 2ls(~1HVEED] and for n — 1 instead of n
we have v(n) —v(n — 1) = 2l3(-1+v8n=D)] Hence, by subtraction vin+1) —v(n) —
(v(n)—v(n—-1)) = 2l (—1+VBID)] _9l3(—1+vBn=T)] o equivalently, v(n+1) = 2v(n) —
y(n — 1) 4 2l2(C14HVEED] _ ol3(-14+v8n=T)| By Eq.(4.2) one sees that when n is not
a triangular number, the two powers of 2 in the last equation are equal. Therefore,
v(n+1) = 2v(n) —v(n—1). However, if n is a triangular number, then again by Eq.(4.2)
and noting that 2l (~1+VBn=T)] v(n) —v(n — 1) we obtain
vin+1)=2v(n)—v(in—1)+ 9l3(=1+VBn=T)]
=2v(n) —v(n—1)+ (v(n) —v(n —1))
=3v(n) —2v(n—1)

and this proves (5.5). The assertion (5.6) follows immediately from (5.5). O

Finally, if n is a triangular number, then by Eq.(5.5) for n — 1 instead of n we have
v(n) =2v(n —1) —v(n — 2) and therefore

vin+1) =2v(n)+v(n) —2v(n—1)
=2v(n)+2v(n—1)—v(n—2) —2v(n—1) =2v(n) —v(n — 2).
Hence, by Corollary 5.1 we obtain a third recurrence relation (of third-order) for v(n).

Corollary 5.2 For alln > 2:

v(n—2), ifn is a triangular number,

vin+1) =2v(n) — { (5.7)

v(n—1), otherwise,
or, equivalently,
vin+1)=2v(n) —v(n—1)+ (v(n—1) —v(n—2)) - (n is a triangular number) (5.8)
with the initial values v(0) =0, v(1) =1, v(2) = 3.
The first few values of the sequence (V(n))n N (A007664) are
(0,1,3,5,9,13,17, 25, 33,41, 49, 65, 81,97, 113, 129, 161, 193, 225, 257, 289, 321, 385, . ...),

whereas the first few values of the difference (v(n+ 1) — v(n)) A137688) are

n€eNp (
(1,2,2,4,4,4,8,8,8,8, 16,16, 16, 16, 16, 32, 32, 32, 32, 32, 32, 64, 64, 64, 64, 64, 64, 64, . ...)

(7 2™ appears n + 1 times, n > 0”). This is the non-decreasing sequence of numbers of
the form 27 - 2¢, j k € Ny (also denoted by s(?) := (352))]-61\;). Note also that Eq.(5.4)
can be written as v(n) = > }_; 852) (cf. [9, Corollary 5.6, p. 214]).
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Proposition 5.3 Let ¢ be defined as in Theorem (4.2) and f(n) = [@(N)]. Then
VneN: w(n)=2v(f(n)+2" -1, (5.9)

i.e., together with [@(N)] is [@(N)] a minimum partition number for n, too. In par-
ticular, these two values are coincident for a triangular number (cf. [5, Theorem 2, pp.

235-236] and [12, p. 91]).

Proof. Since f(n) — f(n) = [¢(n)] — [¢(n)] = (n is not a triangular number), we
distinguish two cases:

1) n is a triangular number, then f(n) = f(n) and so Eq.(5.9) is established.

2) n is not a triangular number, then f(n) = f(n) + 1. Consider now the difference

A(n) :=20(f(n)) + 277 —1 = y(n)

Inserting f(n) = f(n)+1 into the above equation and using Eqs.(5.2) and (5.3) for f(n)
instead of n we obtain

An) = 2v(f(n) +1) + 271 — (20 (f(m)) + 221 — 1)

=2((f(n) + 1) = v(f(n)) ) + 2"V — g f )
_ ol i)~ Te(f ()] _ gn—f(n)-1,

The assertion (5.9) is proved if and only if the two exponents in the last equation are
equal for all non-triangular numbers n € N. Hence, it remains to show that for all
non-triangular numbers N € N the following term

S(N):=1+ f(N) = [p(f(N)] — (N = f(N) - 1)
=2(f(N)+1) = [e(f(N)] =N
=2[o(N)] = [¢([e(N)]=1)] =N

is exactly 0. (Note that [@(N)] = f(N) + 1.)

In order to prove this, assume that [@(/V)]| is a triangular number. Then, by
Theorem 4.2 there is a number n € N such that N = Ti(n + 1,n) and by Eq.(4.4)
[e(N)] = [¢(Ti(n+1,n))] = Ti(n,n) and [@(N)] — 1 = Ti(n,n) — 1 = T1(n,n — 1).
Hence, by Eq.(4.3) [o([@(N)] = 1)] = [¢(Ti(n,n—1)] = T1(n — 1,n — 1). By Eq.(2.5)
for n — 1 instead of n and for kK =n—1 and j = 1 we obtain 6(N) = 2-T1(n,n) —T1(n—
I,n—1)—Ti(n+1,n) =0.

In the other case, if [¢(N)] is not a triangular number, then by Theorem 4.2
there are n € N and k € [n — 1] such that N = Ti(n,k), [¢(N)] = Ti(n — 1, k).
Hence, [o(N)] =1 = Ti(n — 1,k) = 1 = Ti(n — 1,k — 1) and [o([o(N)] = 1)] =
[o(T1(n—1,k—1)] = T1(n— 2,k —1). Therefore, by Eq.(2.5) for n — 2 instead of n and
k—1 instead of k and j = 1 we have 6(N) = 2-T1(n—1,k)—T1(n—2,k—1)—=T1(n,k) = 0.

Hence, for all N € N we have obtained §(NN) = 0 and this proves the proposition. O
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Note that Theorem 4.2 and Corollary 4.4 together with Proposition 5.3 tell us how
many subtowers, that is regular states with ss...stt...t, s,t € {0,1,2,3}, s #¢, k€N
N
k N-—k
and how many discs (this is the height of the subtower) have to be built in the it-
erative solution of the Tower of Hanoi with four pegs and N discs by Hinz, namely
n=n1(N) = |3(1++v8N —7)] subtowers of heights 1 = ¢"~1(N), " 2(N),..., ' (N)
and ¥°(N) = N, respectively. Note that the subtower of height N is the ordinary tower
of N discs. (For more details on the Tower of Hanoi with more than three pegs we refer
to [9, Chapter 5].) For example, let N = 25, then by the above remark and looking at
the red path in Figure 1 we obtain the sequence 25 — 19 —+ 14 — 10 - 6 — 3 — 1,
which tells us that in order to perform the iterative solution of the Reve’s puzzle we
have to build in all 7 subtowers oh heights 1, 3,6,10,19 and 25, respectively.

However, this is only one of all possible ways to solve the Reve’s puzzle, since for
instance the sequence 25 — 18 — 13 - 9 — 5 — 3 — 1 (see the blue path in Figure
1) is also a solution by Eq.(5.2). To conclude, we want to count the number of paths in
Table 1 from N to 1, where the only allowed directions are north and northwest.

6
9 10
11 12 1|3\1|4 15
16 17\1|8\1|9 20 21
22 23 24 26 27 28

e I @ S G S N O N N

Figure 1: Two different optimal paths for the Reve’s puzzle with 25 discs
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Corollary 5.4 Let N € N, then there are in Table 1 exactly
ni(N)—1 >
i (N (5.10)
(it

paths in north and northwest direction of length ¢(N) = ni(N) —1 from N € N to 1,
where ni(N) = [$(1 + V8N —7)|. The solution is unique only for all N and N + 1,
where N is a triangular number.

Proof. Let N € N, then by Theorem 2.4 N is in the nth row and kth column of T} (n, k),
where n = ny(N) = [3(1+ V8N =7)| and k = k1 (N) = N — iny(N) - (ni(N) — 1) =
N — (”1(2N)). The number of steps in north direction is given by ni(N) — ki (N) =
ni(N)— (N— s (N)- (m(N) - 1)> = ("1(1\20“) — N. Since the total length of each path

is n1(N)—1, the number of steps in northwest direction is ny(N)—1— (ny(N)—k1(N)) =
ki(N) — 1. A path can be described by a sequence of bits 0 and 1 of length n;(N) — 1,
where the bit 0 indicates the north direction and 1 the northwest direction. Therefore,
the total number of paths from N to 1 is equal to the number of sequences of nj(N) —1
bits of which ni(N) — ki (N) = (nl(]g)ﬂ) — N are 0 and k;(N) — 1 are 1. This number
is exactly the binomial coefficient given in Eq.(5.10).

If N is a triangular number, then k;(N) = ny(/N) and hence ("1(N)71) = 1. For

0
N + 1, N a triangular number, we have k1 (N) = 1, hence (Zig%g:}) =1 and this proves

the corollary. a

Remark 5.5 Theorem 4.2, Corollary 4.4, Proposition 5.3 and Corollary 5.4 give a com-
plete answer to the remark by H. E. Dudeney in [6, p. 132] (at least for the case with
4 pegs): 7 If the number of cheeses in the case of four stools is not triangular, ...,
then there will be more than one way of making the piles and subsidiary tables will
be required. This is the case with the Reve’s 8 cheeses. But I will leave the reader to
work out for himself the extension of the problem.” Obviously, the words cheeses, stools
and piles stand for discs, pegs and subtowers, respectively. Indeed, for N = 8 we have
n=mn(8) = |21+ v8-8=T7)] =4 and by Eq.(5.10) ((411_)178) = (3) = 3 different
sequences of subtowers have to be built, namely 8 — 4 — 2 2—) ,8—=5—=>2—1and
8 =5—=3—=1 (cf also [9, pp. 240-245], private communication by Hinz, 2019).

We remark that constructing all paths from a number N up to the number 1 as
defined in the above corollary one obtains the two-dimensional (complete) grid graph
P,,0P,, that is the Cartesian product of the path graphs P, onm = kj(N) = N — (”1(2N))
vertices and P, on n =n1(N) — ki (N)+ 1= (”1(]\2[)“) — N + 1 vertices (see Figure 2).
Therefore P,0P, has |P,0P,| = [Pyl - |Py| = ki(N) - (n1(N) — ki(N) 4 1) vertices
and [|PnOP,|| = (|Pn| = 1) - [Po] + (IPa] = 1) - |Poa| = 2|P| - [ Pal = ([P + | Pal) =
2k1(N) - (m(N) = k1 (N) + 1) — (ni(N) + 1) edges.
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/
/

INKN
1 1\12\13\14\1 !

16 17 18 19 20 21

22 23 24 25 26 27 28

AN
29 30 31 32 33 34 35 36

B’m n:nl(N)—kl(N) +1
i~

Figure 2: Grid graph P,0P,, m =5, n=4
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Abstract

In 2001 Sir M. F. Atiyah formulated a conjecture C1 and later with
P. Sutcliffe two stronger conjectures C2 and C3. These conjectures, in-
spired by physics (spin-statistics theorem of quantum mechanics), are ge-
ometrically defined for any configuration of points in the Euclidean three
space. The conjecture C1 is proved for n = 3,4 and for general n only for
some special configurations (M. F. Atiyah, M. Eastwood and P. Norbury,
D.Pokovié). Interestingly the conjecture C2 (and also stronger C3) is not
yet proven even for arbitrary four points in a plane. So far we have ver-
ified the conjectures C2 and C3 for parallelograms, cyclic quadrilaterals
and some infinite families of tetrahedra.

We have also proposed a strengthening of conjecture C3 for configu-
rations of four points (Four Points Conjectures).

For almost collinear configurations (with all but one point on a line)
we propose several new conjectures (some for symmetric functions) which
imply C2 and C3. By using computations with multi-Schur functions
we can do verifications up to n = 9 of our conjectures. We can also
verify stronger conjecture of Pokovié which imply C2 for his nonplanar
configurations with dihedral symmetry.

Finally we mention that by minimizing a geometrically defined energy,
figuring in these conjectures, one gets a connection to some complicated
physical theories, such as Skyrmions and Fullerenes.
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1 Introduction on Geometric Energies

In this Section we describe some geometric energies, introduced by Atiyah. To
construct first geometric energy consider n distinct ordered points, x; € R? for
1t =1,...,n. For each pair ¢ # j define the unit vector

(1.1)

giving the direction of the line joining x; to x;. Now let ¢;; € CP! be the point
on the Riemann sphere associated with the unit vector v;;, via the identification
CP! = S, realized as stereographic projection. Next, set p; to be the polynomial
in t with roots ¢;; (j # ¢), that is

J#i
where ¢; is a certain normalization coefficient. In this way we have constructed
n polynomials which all have degree n — 1, and so we may write

n

j—1

pi=» mit L.
Jj=1

Finally, let M,, be the n x n matrix with entries m;;, and let D,, be its deter-
minant

Dp = Dp(X1, .., Xy,) = det M,,. (1.3)

This geometrical construction is relevant to the Berry-Robbins problem, which
is concerned with specifying how a spin basis varies as n point particles move
in space, and supplies a solution provided it can be shown that D,, is always
non-zero. For n = 2,3, 4 it can be proved that D,, # 0 (Atiyah n = 3, Eastwood
and Norbury n = 4) and numerical computations suggest that |D,| > 1 for all
n, with the minimal value |D,,| = 1 being attained by n collinear points.

The geometric energy is the n-point energy defined by

E, = —log|Dy,|, (1.4)

so minimal energy configurations maximize the modulus of the determinant.

This energy is geometrical in the sense that it only depends on the directions
of the lines joining the points, so it is translation, rotation and scale invariant.
Remarkably, the minimal energy configurations, studied numerically for all n <
32, are essentially the same as those for the Thomson problem.

2 Eastwood—Norbury formulas for Atiyah de-
terminants

In this section we first recall Eastwood—Norbury formula for Atiyah determinant
for three or four points in Euclidean three-space. In the case n = 3 the (non
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normalized) Atiyah determinant reads as
D3 = d3(r12,713,723) + 8112713723
where
ds(a,b,c) =(a+b—c)(b+c—a)(c+a—Db)

and r;; (1 <i < j <3)is the distance between the it and jth point.

The normalized Atiyah determinant for 3 points is
D
Dy=_— 3
8112713723

and it is evident that |D3| = D3 > 1.
In the case n = 4 the (non normalized) Atiyah determinant D4 has real part
given by a polynomial (with 248 terms) as follows:

R(D4) = 64r19713723714724734 — 4d3 (119734, 713724, T14T23) + Ag +288V2 (2.5)

where
4 4
Ay = Z Z ri((riy + i)’ — T?k) d3(rij, Tik, Tjk)
I=1 \(I#)i=1

(here {j,k} = {1,2,3,4} \ {l,4}) and V denotes the volume of the tetrahedron

with vertices our four points:

144V2 = riyr3y(ris + 18y + 135 + 135 — 1y = 134) + oo stmitar terms
ST R R A — 29
We now state two formulas which will be used later:
1. Alternative form of Ay:
4
Ay = ; ((ds(rie, 7ji rra) + 8rarjiri + ra(rl — r?k)—&— (2.7)

riu(ry — i) + ra(riy —3)) ds(rig, ik, ),
where for each | we write {1,2,3,4} \ {I} = {i < j < k}.
2. The sum of the second and the fourth term of (2.5) can be rewritten as

144V — 2d3 (7”127”34, 13724, T14T23) =
= (r1g — 134)2 (12375, + 13,735 — 3573,) + two such terms +
+ 4712713723714724734—
- 7“%27”%37”33 - 7'%27'%47"54 - 7"%37“%47’32,4 - 7"%37"547"§4~

(2.8)
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It is well known that this quantity is always nonpositive.
The imaginary part $(Dy)) of Atiyah determinant can be written as a prod-
uct of 144V?2 with a polynomial (with integer coefficients) having 369 terms.
The normalized Atiyah determinant for 4 points is

Dy

20 [

1<i<j<4

Dy =

The original Atiyah conjecture in our cases is equivalent to nonvanishing of
the determinants D3 and Dy,.

A stronger conjecture of Atiyah and Sutcliffe ([4],Conjecture 2) states in our
cases that |D3| Z 87‘127”137’23 (<:> "D3| Z 1) and |D4| Z 647‘127”137’237“147“247‘34
(& D4 > 1).

From the formula (2.5) above, with the help of the simple inequality ds(a, b, ¢)
< abe (for a,b,c > 0), Eastwood and Norbury got ”almost” the proof of the
stronger conjecture by exhibiting the inequality

R(D4) > 60712713723714724734.

To remove the word ”almost” seems to be not so easy (at present not yet done
even for planar configuration of four points).

A third conjecture (stronger than the second) of Atiyah and Sutcliffe ([4],
Conjecture 3) can be expressed, in the four point case, in terms of polynomials
in the edge lengths as

|D4|? > H (d3(rij, Tk, Tjk) + 8TijTinTjK) (2.9)
{i<j<k}C{1,2,3,4}

where the product runs over the four faces of the tetrahedron.
(cf. ftp://ftp.maths.adelaide.edu.au/pure/meastwood/atiyah.ps)

In the first part of this paper we study some infinite families of quadrilaterals
and tetrahedra and verify both Atiyah and Sutcliffe conjectures for several such
infinite families. In this version of the paper we propose a somewhat stronger
conjecture than (2.9) which reads as follows:

Conjecture 2.1 ‘ (Four Points Co'n,jectures)‘

R(Dy) — (4+3) - 288V2% >

>64 ] i+ > (44 g0 rarjrids (rij, i, 751 (2.10)
1<4,5<4 {i<j<k}c{1,2,3,4}
where
d3(7ij, TiK,7j )
M , weak version
0= TijTikTjk

1 , strong version
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Proposition 2.2 Any of the Four Points Conjectures (2.10) imply conjecture
(2.9).

Proof .

By using the inequality 1 > ds(a,b,c)/(abe), (a,b,c > 0) (see Appendix 2,
Proposition 2.13) we see that the strong version implies the weak version of
conjecture. We then rewrite the rhs of the weak version of (2.10) as follows:

4 2
1 da(r:: 15 )
1<4,j<4 4 =1 TigTikTjk
Finally, by the quadratic-geometric (QG) inequality we obtain
i 1
= (ds(rij, riks i) ! 4 3
(VR LA
> H (&7 H (njnkrkj + 8) = | | (d3(Tij, Tite, Tin) + STiiTikT k)
1<ij<4 =1 J J Py

Thus we obtain:

'

[Daf? > [R(Da)[* > [R(Da) — (4+3)-288V?2 > H dy(rijrinin) + 8riTirT i)

i.e. the inequality (2.9). ]

Remark 2.3 In terms of trigonometry (see subsection ”Atiyah determinant
for triangles and quadrilaterals via trigonometry” on page 114), the weak Four
Points Conjecture can be written simply as

R(Da)— (4+3)-288V2 > [ [ ris (42&)
=1

1<i,j<4
where
X y (D yAU,
¢ := cos’ 5 + cos? — 5 + cos? 5 1=1,2,3,4.

and XW, YD 2O are the angles of the triangle opposite to the vertex L.

2.1 Atiyah—Sutcliffe conjecture for (vertically) upright tetra-
hedra (or pyramids)

We call a tetrahedron upright if some of its vertices (say 4) is equidistant from
all the remaining vertices (1, 2 and 3, which we can think as lying in a horizontal
plane.)
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T23 = Q
7"13:b
T12 = C
3 Tia=To =734 =4d
¢ a
2

Note that then d > R = the circumradius of the base triangle 123, then by
Heron’s formula we have: R = abc/+/(a + b+ c)d3(a, b, c).

Here, as before, ds(a,b,¢) = (a+b—c)(a—b+c)(—a+b+c), (a,b,c > 0).

The left hand side of the strong Four Points Conjecture 2.10 (but without %
term!) can be evaluated as follows, by using Eastwood-Norbury formula (2.5)

LHS = R(Dy) — 4-288V2 =
= 64 H Tij — 4d3(7’127’34, 713724, 7“147“23) + A4 —3- 288V2

1<i<j<4
where
—4ds(ri1ar3s, 113724, T14723) = —4ds(a, b, ¢)d®
4 4
Av= D0 D0 millry +ru)® = ri)ds(rig, rie, re) | =
=1 \ (I#)i=1
= > [el(b+d)® —d®) +b((c+d)* —d*) +d((b+c)* — a®)] ds(a,d, d)+
cyc(a,b,c)
+[d((d+d)* — a?) + d((d + d)* = b*) + d((d + d)* — c*)] d3(a, b,c) =
= [4bed + ((b+ c)* — a®)d + b%c + bc?](2a*d — a®)] + -+ +
+[12d® — (a® + b + ¢*)d)d3(a, b, ) (by 2.7)
—3-288V?2 =

= —6[(b% + % — a?)a?d® + (¢ + a® — b?)b2d® + (a® + b2 — c?)c2d? — a?b%c?](by 2.6)
= —6[(2a%b? + 2a%c? + 2b%c?)d? — a®b*c?] — a* — b* - ¢*

= —6[(a + b+ c)dsz(a, b, c)d* — a?b*c?]
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Similarly the right hand side of the Conjecture 2.10

4
1
RHS = 64 H rij + E (4+4) Tarirkids(Tijs Tik Tik)
1<i<j<4 =1

1
= 64abed® + (4 + 4) bed(2a%d — a®) 4+ two such terms+

1
+ (4 + 4) d3ds(a,b,c)
Now we can rewrite the difference

LHS —RHS =1+11

where
a’b?c?
I= ;(b2c+b02)(2a2d—a3)— (a?+b2+c?)ds(a, b, ¢)d+6a>b>c L
and
1
I = <4 - 4) ds(a,b,c)d® + Z((b +¢)? — a?)d(2a*d — a®)—
cyc
-6 Z:(b2 + % —a?)a*d* - ! Z bed(2a%d — o) + 24ﬂd
" 4 v at+b+ec
Then we can further simplify
24, 2b2 2
1= {4abc(ab + ac+ be) — (a® + b + ?)ds(a, b, c) — a—&—ab—l—CJ
+6a%b%c? — Z a*b’c
sym
and
15 7 2b2 2
II=d [4d3(a, b,e)d? + (a + b+ c) <2abc — 4ds(a, b, c)) d+ 24%—1—

1
—&—Zabc(a2 +b02+ ) —(a+b+c) (Z a®b—at — vt — c4>

sym

Lemma 2.4 We have the following strengthening of the basic inequality for our
function d3(a,b,c) = (a+b—c)(a—b+c)(—a+b+c):
9a2b2c? 27a2b%c?

(a+b+c)(a®+ b2+ 2) (= (a+b+c¢)3

d3(a7 ba C) S S abc)
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Proof .
We have

9a2b%c? — (a® + b*> + ?)(a + b+ ¢)ds(a, b, c) =

=9a%b%c? — (a® + b? + ) (2a%b% + 2a%c% + 2622 —at + b + ) =
=3a2b2c? —a*h? — a?b* — at — Pt - Pt S+ 4+ 5 =
(a® —b?)[a?(a® — ) — b2 (b* — )] + 2(a®> — ) (b? —*) > 0

(if we assume @ > b > ¢ > 0)

(a special instance of a Schur inequality) [
(Note that this result follows from the formula OG? = R? — (a® +b? + ¢?)/9 for
the distance of the circumcenter and the centroid of a triangle.)

Now we have

Lemma 2.5 The quantity I is increasing w.r.t. d and it is positive for d > R.

Proof .
We prove that the coefficient of d in I is positive by using that (ab+ ac+bc)(a+
b+ ¢) > 9abc and Lemma 2.4 .

The proof of positivity of I reduces to the positivity of the following quantity:

{[4abc(ab + ac + be) — (a® + b2 + c*)ds(a, b, )] (a + b+ ¢) — 24a?b*c?}2—
—(a+b+c)3(a®b + ab? + a®c + ac?® + b%c + be? — 6abe)?ds(a, b, c)

which by substituting @ = b+ h and b = ¢ + k and then expanding has all
coefficients positive (and ranging from 1 to 32151). [

Lemma 2.6 The quantity I1 is increasing w.r.t. d and it is positive for d > R.

Proof .
Let II =d-III. Then

OLL = (Bdy(a,b,c)d — “2dy(a, b, ¢)) + " (abe — ds(a, b, c))

The second term is positive by Proposition 2.13. For the first term we have:

Bds(a,b, c)d — “2teds(a,b,c) > Pds(a,b,c)R — “Fetedz(a,b,c) >

(% - d3(a7 ba C)) a+§+c V d3 (aa ba C) > 0

by Lemma (2.4).
The proof of positivity of IT reduces to the positivity of the following quantity:

a?b?c?

1
Z5d3(a, b,c)R* + (a+b+c) (;abc — 4ds(a, b, c)) R+24——+

a+b+c
+3abc(a® +b% + %) — (a+b+c) (Z a’b—at — bt — c4>

sym

which can be nicely visualized by Maple using tangential coordinates (a = v+w,
b=u+w, c=u+v). [
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2.2 Atiyah—Sutcliffe conjectures for edge—tangential tetra-
hedra

By edge-tangential tetrahedron we shall mean any tetrahedron for which there
exists a sphere touching all its edges (i.e. its 1-skeleton has an inscribed sphere.)
For each i from 1 to 4 we denote by ¢; the length of the segment (lying on the
tangent line) with one endpoint the vertex and the other the point of contact
of the tangent line with a sphere.

4

ri; = t; + 15, (1§Z<]§4)

Now we shall compute all the ingredients appearing in the Eastwood—Norbury
formula for Dy in terms of elementary symmetric functions of the (tangential)
variables t1,ts, t3, 4 (recall e1 =1ty +ta+it3+ty, ea =t1to +tits +E1tg +1ots +
t2t4 + t3t4, €3 = t1t2t3 + t1t2t4 + t1t3t4 + t2t3t4, €4 = t1t2t3t4).

64r12713723714724734 = 64 H (ti +1;) =64s321 =

1<i<j<4
€3 €4 0
=64| e1 ey e3 | =64ezese; — 64646% — 646%
0 1 €1

Here we have used Jacobi-Trudi formula for the triangular Schur function s3 1
(see [10], (3.5)). Furthermore we have

—4d3(r12734, 713724, T14723) = 128e4e0 — 32e4e3 — 3263
28812 = 128e4e — 32¢2
In order to compute A4 we first compute, for fixed I the following quantities
A ds(rij, ri, i) = Stitjty

S riil(rg 4 ) = 13y) = ABt(t + ta + ta + ta) + 2(tt; + it + tite) .
(1#)i=1

Thus we get:
Ay = 32(3e? + 4des)ey = 96eqe + 128e4es.
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Now we adjust terms in Dy, in order to get shorter expression, as follows
D4 = (647’127’137“237“147‘247"34 -2 288V2)+
+(—4d3(7“127“34, 713724, 7“147“23) - 288V2) + A4 +4- 288V2
= (64ezeqe; — 6dege? — 256e4e0) + (—32e4e3)+
+(96e4€? + 128e4e2) + 4 - 288V2
= 64636261 — 1286462 + 1152V2
= 6dey(ese; — 2eyq) + 115202
== 6462(264 + m211) + 1152‘/27

where mg11 = t%tgtg + .-+ denotes the monomial symmetric function associated
to the partition (2,1, 1).
In order to verify the third conjecture of Atiyah and Sutcliffe

|D4f? > 11 (d3(rij, rirs Tjk) + 8rigrikTjn)
{i<j<k}c{1,2,3,4}
we note first that
dg(’r‘ij, Tiks Tjk) =+ 8rijrikrjk = (8titjtk + 8(tZ + tj)(ti + tk)(tj —+ tk))
= S(ti + tj + tk;)(titj + tite + lfjtk)

and state the following:
Lemma 2.7 For any nonnegative real numbers t1,ts,t3,t4 > 0 the following
inequality

(titg + tats + tity + tols + toty + tats)?(2t1tatsts + mor1(t1, to, t3,t4))* >

> H{i<j<k}C{1,2,3,4} (t; + tj + tk)(titj + ity + tjtk)

(2.11)

holds true.

Proof of Lemma 2.7.
The difference between the left hand side and the right hand side of the above
inequality (2.11), written in terms of monomial symmetric functions is equal to

LHS — RHS = meg321 + 3me222 + M543 + 2msaor + TMiszee + 5mis3z1+
+3mMg44 + TMgaz1 + 8Magoe + 8mysze + 3msszzz > 0
|

Remark 2.8 One may think that the inequality in Lemma 2.7 can be obtained
as a product of two simpler inequalities. This is not the case, because the fol-
lowing inequalities hold true:

(tita + tits + tita + tots + tots + tata)®> < H (ti + 15+ ti)
{i<j<k}C{1,2,3,4}

(2t1tatsts +mani(tr, ta, ts, 14))? > 11 (bt +tati + t5te)
{i<j<k}C{1,2,3,4}
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Now we continue with verification of the third conjecture of Atiyah and Sutcliffe
for edge tangential tetrahedron:

|D4|> > (Dy)? > [64e2(2e4 + moiq)]?
> 8 H (ti +tj +te)(tit; + tite +t;tx) (by Lemma 2.7)
{i<j<k}cC{1,2,3,4}
= H (ds(rij, Tik, 7jk) + 8TiTikT k)
{i<j<k}C{1,2,3,4}

so the strongest Atiyah—Sutcliffe conjecture is verified for edge—tangential tetra-
hedra.

2.3 Verification of the strong Four Points Conjecture for
edge—tangential tetrahedra

The strong Four Points Conjecture 2.10 for edge tangential tetrahedra is equiv-
alent to positivity of the following quantity:

4
R(Dy4) — 64 H Tij — (4+ %)288‘/2 — 2(4 + %)rilrjlrkl dg(rij, Tiks ’I“jk)
=1
= (—4d3(7“127“34, 713724, 7‘147‘23) + A4) +288V72 — (4 + %)288‘/2

4
— 2(4 + i)?‘ilrﬂml d3(Tij, ik, Tjk)

=1
= (—32mg3111 — 32ma22 + 96ms3111 + 320ma211) — 240ma11 + 120ma22
— (34mg111 + 136mag11 + 34mags)
= 30ms111 + 54mass — 56mani

In terms of augmented monomial symmetric functions

m(ti, ta,t3,t4) = Z 7>
g€Sy

the last quantity is equal to
= 5ma111 + Moo — 14Mag11 (> 0 by Muirheads’s inequality)

Thus, the strong Four Points Conjecture is verified for the edge-tangential tetra-
hedra.

Note that the verification of this conjecture which is stronger than A-S
conjecture C3 is somewhat simpler (at least for edge—tangential tetrahedra).

2.4 Trirectangular tetrahedra

A tetrahedron is called trirectangular if it has a vertex at which all the face
angles are right angles. The opposite face to such a vertex we call a base. We
label the edge lengths as follows
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3
T12 = C
T13:b
To3 = Q
T4 =2
To4a =Y
2 T3g = 2

1

We have following obvious relations: a? = y?+22, b? = 22 + 22, ¢? = 22 +32.
By using them we can get

ds(ax, by, cz) = 2xyz(ayz + bxz + cxy — abc)
ds(a,b,c) = 2(az? + by? + cz? — abe),
ds(z,y,¢) =22zylx+y—c), (2.12)
ds(xz,b,z) =2zz(x+2z-0),
d3(a,y,2) = 2yz(y+2—a)
and
R(Dy) — 64abczyz — 288V2 =
= 4xyz Z 202 + Z(2ab +cz + 2% (x + y) — 10abe (2.13)
cyc cyc
where ), . has three terms ! corresponding to a cycle ((a,x) — (b,y) — (¢, 2)).

By writing x + y = x + y — ¢ + ¢ and using the identity
2022 = Z(xz +9%)z = Z(z +9)2% = Zzz(x +y—c)+ Zaz2
cyc cyc cyc cyc cyc

we get that the second cyclic sum is equal to

Z(Qab+cz+22)(m+y) = 6ab+2(2ab+cz+222)(x+yfc)+2 Zaxz (2.14)
cyc cyc cyc

By inserting this into (2.13) we get
R(Dy) —64abcryz —288V? = 4xyz(2ds(a, b, c) +Z(2ab+cz+2z2)(x+y—c))

cyc

Hence R(Dy) > 64abcryz so the verification of the C2 of Atiyah—Sutcliffe for
trirectangular tetrahedra is finished.

lzcyc f(CL, b’ G, Y, Z) = f(CL, b) ¢ T,Y, Z) +f(b7 C, a)yvzuz) +f(C, a, b,z,x,y)
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2.5 Atiyah—Sutcliffe conjectures for regular and semi-regular
tetrahedra

Semiregular (SR) tetrahedra are one of the simplest configurations of tetrahedra.
These tetrahedra have opposite edges equal and hence all faces are congruent.
Sometimes semi-regular tetrahedra are called isosceles tetrahedra.

ro3 =T14=0a
T3 =To4 =b
T2 =734 =C¢C

By (2.8) we get
288V? —4ds(r12734, 713724, T14723) = 0 (= 288V? = 4d3(r12734, 113724, 714723))

By (2.7) we get

4

Ay = Z(dS(Tihrjlkal) + 8ryrimkt)d3(Tig, ik, Tik)
=1

= 4ds(a, b, c)* + 32abcds(a, b, c)
The quantity in the weak Four Points Conjecture is

l.h.s —r.h.s =

4
3 1d o .
= A4 — <4 + 4) 288V2 — E (4 + W) Til""jl""kld?;(""ijarik;"'jk)

— 4 Ttk
= 4ds(a, b, c)? + 32abcds(a, b, c) — (16 + 3)ds(a?,b?, c?) — [16abc ds(a, b, ¢) + dsz(a, b, c)?]
= 3(ds(a,b,c)* — ds(a®,b?, c?)) + 16(abcds(a, b, ¢) — dz(a®, b, c?)) >0
by using the inequalities abc > ds(a,b,c) and ds(a,b,c)? > dz(a?,b?,c?) (see
Appendix 2, Proposition 2.13; also see [19] or [20]).

This proves the weak Four Points Conjecture for semiregular tetrahedra. ]
We can also prove strong Four Points Conjecture by noting that

R(D4)
64a2b2c2 ~ 21+g Z <4+ > =1
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d3 (73, ik, T'jk) )
TijTikTjk

251(511)(;+312>(511)Z(611)<61;312)20.

The proof of the strong Four Points Conjecture for semiregular tetrahedra re-
duces to the positivity of the following expression

(where 6; = is equivalent to

4(ds(a, b, 0)2 - d3((127 62,62)) + 15(abeds(a, b, c) — 113,((127 bZ,CZ)) >0

which is also true by the same argument.

2.6 Atiyah—Sutcliffe conjectures for parallelograms

Given a parallelogram with vertices 1, 2, 3 and 4 denote by a, b its side lengths
and by e, f its diagonals.

4 a 3
_ ~ T2 =T34 =0
b o
b _
Toq — €
& < 13 =
1 i ) 5=/

For the numbers a, b, e, f we have the basic relation (”a parallelogram law”)
2+ f2 =2(a® + %) (2.15)

By using this relation we can rewrite various quantities in the Eastwood-Norbury
formula.

Proposition 2.9 We have the following identities
1. d3(a,b,e) = (a+b—e)(a—b+e)(—a+b+e) = (a+b—e)(a+b— f)(a+b+ f)

2. A= (a+b+e)ds(a,be) =(a+b+ f)ds(a,b, f) =
=(at+bte)latb+ fllatb—e)la+b-—f)=
= 2a%b> +2a2%e? +2b%e® —a* —b* —e* = 2a2b% +2a° f2+20% f% —at — bt — f4

dab+e?— f2 = 2(a+b+ f)(a+b—f), 4ab+ f2 —e® = 2(a+b+e)(a+b—e)
d3(a®,b?,ef) = (a®> +b% — ef)A

ds(a, b, e)ds(a, b, f) — ds(a2, b2, ef) = (2ab— 2ef — (a +b)(e + f))A
eds(a,b, f) + fds(a,be) = (a+b—e)(a+b— f)(e*+ f2+ (a+b)(e+ f))

(4ab+e? — f?)eds(a, b, f) + (4ab+ f? — e?) fds(a, b,e) = 2((a+b)(e+ f) —
2ef)A

NS T e
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Proof .

For 1. we write (a—b+e)(—a+b+e) = e?—(a—b)? = 2a%2+20*> — f>—(a—b)? =
(a+b—f)la+b+ f). Identity 2. follows from 1. directly. For 3. we substitute
€2 = 2a® + 2b®> — f2? and simplify. For 4. we compute and use 2.:

(a®=b*+ef)(—a*+b*+ef) = 2 f2—(a®—b%)? = *(2a*+2b*—€?) +2a*b* —a*—b* = A

For 5. we first use 1. and then 4.: d3(a,b,e)ds(a,b, f) —dz(a® b ef) = (a+b+
f)(a+b—e)(a+b—f)ds(a,b, f) — (a®>+b*>—ef)A = [(a+b)*—(a+b)(e+f)+ef]A
— (a®> + 0% —ef)A = [2ab+ 2ef — (a+ b)(e + f)]A

For 6. we use 1. twice.

For 7. we first use 3. and then 2.:

Lhs.=2(a+b+ f)la+b— fleds(a,b, f) +2(a+b+e)(a+b—e)fda,b,e)
=2[(a+b— fle+ (a+b—e)f]A

|
Now we apply Eastwood-Norbury formula (note that 288V?2 = 0, D4 = real)

D4 - 641_[7'1']' == 74d3(a2,b2,02) + A4

where

A4 = 2[d3(a7 ba 6) + Babe + 6(62 - fz)]dS(av ba f) + 2[d3(a7 ba f) + 8abf + f(f2 - 62)]d3((l, b? 6)
= IO + Il + .[2

where

IO = 4d3(a,b,e)d3(a7b, f)

I, = 2[4abe + e(e? — f2)]dz(a,b, f) + 2[4abf + f(f? — €?)]ds(a, b, e)
=4((a+b)(e+ f) —2ef)A (by 7.)

I, = 2[4abeds(a,b, f) + 4abf ds(a, b, €)]
=8abla+b—e)(a+b—f)(e*+ f2+ (a+b)(e+ f)) (by 6.)

By using 5. we have

D4 - 64Hrij = 4(d3(a, b, e)dg(a, b, f) - dg(CL27 b27 ef)) + Il + Ig
= 4((2ab+2ef — (a+b)(e+ [))A+ ((a+b)(e+ f) = 2¢f)A) + I
=8abA+ 15 >0

This proves the Atiyah—Sutcliffe conjecture (C2) for parallelograms. The Atiyah—
Sutcliffe conjecture (C3) for parallelograms

D3 > (d3(a, b, e) + 8abe)?(ds(a, b, f) 4 8abf)?
is equivalent to the positivity of

Dy —ds(a,b,e)ds(a,b, f) —8[abf ds(a, b, €) + abe ds(a, b, f)] — 64a*b?ef >0
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but we can prove a stronger statement

Dy — 2d3(a,b,e)ds(a,b, f) — 8labf d3(a, b, e) + abe ds(a,b, f)] — 64a*bef =
= 8abA — 2d3(a, b, e)ds(a,b, f) =2[4ab— (a+b—¢e)(a+b— f)]A>0

because the triangle inequalities b < e + a and a < f 4 b imply
(a+b—e)(a+b—f)<2a-2b=4ab.

Thus we have verified also C3 for parallelograms.
Finally we verify our strong Four Point Conjecture for parallelograms as
follows

D, — 641_[7’“' — 2(4 + i)rilrjlrk'ld3(7ﬂij77"jlarik)

= 8abA — 1(Ir/4)
=8abla+b—e)(a+b—f)lla+b+e)(a+b+f)— (> + [+ (a+b)(e+ f))]

= %ab(a—l— b—e)(a+b— f)16((a+b)%+ (a+b)(e+ f) +ef) — (2a® + 20> + (a + b)(e + f))]
= sabla+b—e)(a+b— f)[14(a® + b?) + 32ab + 15(a + b)(e + f) + 16ef] > 0

2.7 Atiyah—Sutcliffe conjectures for ”wedge” tetrahedra

A tetrahedron with two pairs of opposite edges having the same length we simply
call a "wedge” tetrahedron.

12 =T
T34 =Y
T3 =T24 =@
ro3 =T14 =0

If £ = y = ¢ we get a semiregular
tetrahedron and if all points lie in
a plane then we get either a paral- !
lelogram or an isosceles trapezium.
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Again we compute the data appearing in the Eastwood—Norbury formula

—4ds(r12734, 713724, 114723) =
= —4dz(zy,a?, b?) (2.16)
= —4(zy — a® + bv*)(zy + a® — b*)(a® + b — zy)

and we have the basic inequalities

zy+b%>ad% xy+a® >0 a2 +02 >y (2.17)
The positivity of the volume
144V? = (zy—a®+b%) (zy+a®—b%) (26> +2b* —22 —y?) (< 2d3(a?,b%, 2y)) (2.18)
gives us one more basic inequality

2a% + 26 > 2% +4? (2.19)
We have

b((a + x)Q - b2) + Ji(( + b) 2) d (a’b7 y)
+b((a+y)* = %) +y((a+b)* —2?)]ds(a, b, )
(2.20)

Ay =2[a((b+x)? —a?) +
+ofa((b+y)* — o)

By using identity
ds(a,b,c) = a(b®> +c —a®) +b(a® + * — b?) + c(a® +b* — *) — 2abe (2.21)
we can rewrite A4 as follows

Ay = 2[4abx + d3(a,b,x) — z(a® + b* — 22) + 2abz + z((a + b)? — )]clg(a7 b,y)
+2[4aby + d3(a,b,y) — y(a® + b* — 2) + 2aby + y((a + b)? — 2?)]d3(a, b, x)
= 2[4abx + d3(a,b,x) — z((a — b)? — 22) + 2((a + b)? — y?)]d (a b,y)
2taby +ds(0.b) = (o ~VF ) o+ s i)
= {8abx + d3(a,b,x) + [d3(a, b, x) — 22((a — b)? — )] +2x((a+ b)% — y?)}dsz(a,b,y)
+{8aby + d3(a, b> y) + [d3(a’> b7 y) - 2y((a - b)2 )] + y((a’ + b) 1'2)}(13((1, b? ,T)
(2.22)

Now we compute

ds(a,b,r) — 2x((a — b)? — 2?) =
=(a+b—2)la-b+z)(—a+b+z)+2zx(a—b+z)(—a+b+zx)
=(a+b+a)a—b+z)(—a+b+a)

The contribution Az[l] of both square brackets in A4 is equal to

ALV = [ds(a,b,2) — 2((a — b)? — 2%)]ds(a, b, )+
+ [d3(a,b,y) — 2y((a — b)® — y*)]d3(a,b, )
= (2* - (a—b)z)(2 (a— )2)[(a+b+x)(a+b y)+ (a+b+y)a+b—x)
> — (a—b)*)(2(a +b)* — 2zy)

= (2° - Gl b)*)(y
= 4ab(z® — (a = 0)*)(y* = (a = b)*) +2(2® — (a = 0)*)(y* — (a — D)*)(a® + b* — zy)
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(2.23)
At this point we have discovered the following beautiful identity

22 = (a = b)?][y* — (a — b)*] =

= (zy — a® + b?)(zy + a® — b?) + (a — b)2(2a2 + 202 — 2% — 3?) (2.24)

By this identity we can write

Ay = dab(a® — (a = b)*) (12 — (a — b)?)
+2(a — b)%(2a® + 2b% — 2% — y?)(a? + b* — zy)
+ 2d3(a2,62,my)

Lemma 2.10 We have the following inequality for “wedge” tetrahedra
ds(a?,b% xy) < 2ab(x? — (a — b)?)(y* — (a — b)?)

Proof .
Recall that

ds(a®,b?, xy) = (a® +0° — zy)(a® — b* + ay)(—a® + b + zy)

Let @ > b. Then the triangle inequalities a < b+ x and a < b+ y imply
(a—b)? <zyie a?+b*— zy < 2ab. Since 2a? + 2b* — 22 — y? > 0 (inequality
(2.19)) then from our inequality (2.24) it follows that

(@® = b +ay)(—a® + b + 2y) < (2% — (a = b)*)(y* — (a = b)?)

By multiplying the last two inequalities Lemma follows. [ |
As a consequence of Lemma we get immediately that

Ay > ALY > ady(a? 02, 2y)

because the remaining terms in A4 are all nonnegative. This verifies the A—-S
conjecture C2 for ”wedge” tetrahedra.

Remark 2.11 Instead of splitting 2(a+b)? — 22y = 4ab+2(a® +b* — zy) (used
above), we can use the identity

2(a+b)? — 2zy = 4(a® + b* — 2y) + 2(zy — (a — b)?)

to obtain explicit formula for A[l]:

Al =

[4(a® 4+ b? — 2y) + 2(2y — (a — b)H)][(xy — a® + b?)(2y + a® — b))+
+(a—b)2(2a® +20* — 22 — y?)] =

= 4d3(a?,b?, xy) + 4(a® + b* — 2y)(2a® + 2% — 22 — y?)(a — b)?+
+2(zy — (a = )*)(@* = (a = b)*)(y* — (a — b)?)

which, without using Lemma 2.10, implies inequality
A > ads(a?, 07, y)

needed for the verification of A-S conjecture C2 for "wedge” tetrahedra.
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Now we state a final formula for ”wedge” tetrahedra:

First explicit formula for wedge tetrahedra:

R(Dy) = (ds(a,b,z) + 8abx)(ds(a,b,y) + 8aby) + ds(a,b, z)ds(a, b, y)+
+22((a +b)? = y?)ds(a,b,y) + 2y((a + b)* — 2?)ds(a, b, 2)+
+4(a® + b — zy)(2a® + 20* — 22 — y?)(a — b)?+
+2(zy — (a = b)*)(2* — (a = 0)*)(y* — (a = b)?)
+288V1/2

which implies a strengthened A-S conjecture C3 for wedge tetrahedra

R(D4) > (ds(a,b,x) + 8abx)(dz(a,b,y) + 8aby) + dz(a, b, x)ds(a,b,y) + 288V>
> (ds(a,b,x) + 8abx)(ds(a,b,y) + 8aby)

In the sequel we obtain an alternative formula for the real part of the Atiyah
determinant for a wedge tetrahedra.
We group terms in Ay differently as follows:

Ay = 2[dabz + ds(a,b,z) + z(4ab + 2% — y*)]ds(a, b, y)+
+2[4aby + d3(a’7 b7 y) + 13(4(1,1) + y2 - xz)]d3 (CL, b7 I)

By letting
202 4 20* — 2* —y? =: 2h (>0)
we can rewrite
dab+ 2 — y? = 4ab + 2% + (2h + 2% — 2a® — 2b*) = 2(h + 2 — (a — b)?)
and similarly for
dab+y* —2® =2(h+y* — (a — b)?)
Thus

Ay = 4ds(a,b,x)ds(a,b,y) + 8abx dz(a,b,y) + 8aby ds(a, b, )+
+4h(z ds(a,b,y) +yds(a, b)) + 44

where
Ay =x(2® = (a—0)*)d3(a,b,y) + y(y* — (a — b)*)ds(a, b, x)
(#* = (a=b)*)(y* — (a = b)*)[z(a+b—y) +yla+b— )]
= (@ = (a =0 = (a=b)*)[(z -y’ +z(a+b—2)+yla+b—y)
= [(wy — a®> + b*)(wy + a® — b?) +2(a — b)?h][(x —y)? + x(a +b— ) + yla + b —y)]

(2.25)

by our identity (2.24).
Note that

—144V? + 2d3(a®, b*, vy) = (vy — a* + b*)(zy + a® — b*)(z — y)?
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So

Al = (2d3(a?, 0%, vy) — 144V?) + 2(a — b)*hlz(a+ b — y) + y(a+ b — )]
+ (zy — a® + b*)(zy + a® — b*)(z(a+b—2) + y(a+ b —y))

By writing

A4 = 24; + 24 =

= 2(2? —(a—b) )@ = (a—0)?)[x

+{4ds(a?, b?, xy) —288V2+4(a—

+2(zy —a +b2)(xy+a V)(x(a+b—2)+yla+b—y))} =
= 4d3(a®,b?, vy) — 288V2 + [2(z2 — (a — b)?)(y? — (a — b)?) + 4(a — b))
(z(a+b—y)+yla+b—2x))+

+2(xy — a® + b)) (zy + a® — b)) [z(a+b—x) + yla+ b —y)]

(a+b—y)+yla+b—x)+
b)2h[z(a+b—1y)+yla+b—2)]+

we obtain the following explicit formula for the real part of Atiyah determinant
for ”wedge” tetrahedron:

Second explicit formula for wedge tetrahedra:

§R(D4) = (d3 (aa ba 'r) + Saba:)(dg(a, b7 y) + 8a’by) + 3d3 (Cl, ba Jj)d3(a, ba y)+
+22((a+b)* = y?)dz(a,b,y) + 2y((a +b)* — 2°)ds(a, b, x)+
2(x%y? — (a® — b)) [z(a +b— ) +yla+b—y)]+
+2[(a —b)*(x(a+b—y) +yla+b—12))](2a> + 20 — 2® — y?)

which implies another strengthening of the Atiyah—Sutcliffe conjecture C3 for
"wedge” tetrahedra

%(D4) Z (d3(a,b,
b

) + 8abzx)(ds(a, b, y) + 8aby) + 3dz(a, b, x)ds(a, b, y)
2 (d3(a‘7 ) d b

x) + 8abx)(ds(a, b, y) + 8aby)

2.8 Atiyah determinant for triangles and quadrilaterals
via trigonometry

Denote the three points 1, x2, x3 simply by symbols 1,2,3 and let X, Y and
Z denote the angles of the triangle at vertices 1, 2 and 3 respectively. Then we
can express the Atiyah determinant D3 = d3(r12,713, 723) + 8712713723 as follows
X Y Z
D3 = 4ri9r13723 [ cos® = + cos® — + cos? = ).
2 2 2
This follows, by using cosine law and sum to product formula for cosine, from
the following identity

ds(a,b,c) +8abc = (a+b—c)(a—b+c)(—a+ b+ c) + 8abe
= a((b+c)* —a®) +b((c+a)* = b*) +c((a+b)* = c?).

Now we shall translate the Eastwood—Norbury formula for (planar quadrilater-
als) into a trigonometric form. Denote the four points x1, xa, 3, x4 simply by
symbols 1,2, 3,4 and denote by

(X(l),Y(l),Z(l)), (X(Q),Y(Q), Z(Q))7 (X(3)7y(3)’ Z(3))7 (X(4),Y(4),Z(4))

114



Svrtan, Urbiha Atiyah-Sutcliffe conjectures for four points configurations

the angles of the triangles 234, 341, 412, 123 in this cyclic order (i.e. the angle
of a triangle 412 at vertex 2 is Z®) etc.).

Next we denote by ¢;, (1 <1 < 4), the sums of cosines squared of half-angles
of the [-th triangle i.e.:

X Yy yAU,
¢ := cos®> —— + cos®? — 4 cos® —, 1=1,2,3,4.
2 2 2
Similarly, we denote by ¢, (1 <1 < 4), the sum of cosines squared of half-angles

at the [-th vertex of our quadrilateral thus

R ) 7(2) ) Yy 3) ) X (4)
C1 = COS T + cos 5 + cos 5
R ) 73) ) Yy @) ) x @)
Co = COS T + cos 5 + cos 5
N ) 74 ) y @) ) X2
C3 = COS 5 + cos 5 —+ cos B
N ) JAS) ) vy (@) ) x®)
C4 = COS T —+ cos 5 + cos 5

Then the term A4 in the Eastwood—Norbury formula can be rewritten as

4
Ay = Z(4T1i7“le1ka) SArgrigrie(c — 2)

=1
4

= 16712713723714724734 E ce —2).
=1

where for each | we write {1,2,3,4} \ {l} = {i < j < k}.

In order to rewrite the term —4ds(r12734, 713724, 714723) into a trigonometric
form we recall a theorem of M6bius ([12]) which claims that for any quadrilateral
1234 in a plane the products r12734, 713724 and r14723 are proportional to the
sides of a triangle whose angles are the differences of angles in the quadrilateral
1234:

X =<134 — <124
Y = <214 — 1234
Z = <413 — <423

Thus
—4ds (712734, 713724, T14T23) = —16712713723714724734 (C — 2)
where
X Y A
2N 2 ¥ 24
C = COS 5 —+ cos 5 + cos 5"
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Thus we have obtained a trigonometric formula for Atiyah determinant of
quadrilaterals

4
RDs)= [ ri (6416(02)+162a(012)>

1<i<j<4 =1
4

=16 [ <60+Za(012)>
1<i<yj<4 =1

Now we shall verify Atiyah—Sutcliffe conjecture for cyclic quadrilaterals.

V Ptolemy’s theorem

712734 + T23714 = 713724

Tz
1

In this case, by a well known Ptolemy’s theorem, we see that
—4ds(r12r34, 713724, 714723) = 0 (& ¢ =2)

By using the equality of angles Z(?) = X1 zG) = x@) z®) = x©) 71 —
X® and YOO +YB®) = 7 = Y@ 4+ Y@ (angles with vertex on a circle’s
circumference with the same endpoints are equal or supplement of each other)we
obtain

x@® y @) VASY

¢, = cos’ 5 + sin? 5 + cos? 5~ =1 cos Yy,
X @) vy (2) 7(2)
Gy = cos? + sin? + cos? = ¢y —cosY?),
2 2 2
xX®) Yy (®3) 73)
C3 = cos? + sin? + cos? =c3—cosY®),
2 2 2
R xX@ y®) AC)
= cos? 5 + sin? 5 + cos? 5 = cy4 — COS YW,

Now we have

R(Dy) = Tij 64 + 16 Z (c; — cos Y(l))(cl — 2))
1<i<j<4
> T 64+16ch—1(cl—2)>
1<i<j<4
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(here we have used that 2 < ¢;(< 9) for each I = 1,2,3,4)

4 4
> I <64+16Z(cl—2 +162q—22>

1<i<j<4 =1 1

Y

1
4 4 2
IT ris| [64+16> (-2 +4<Z cl—2>

1<i<j<4 =1

(by quadratic—arithmetic inequality)

- I - <8+Z(cl—2)>2+3<§:(0z—2)>2

1<i<j<4 =1 =1
4 2 4 2
) () oz
1<i<j<4 =1 =1
2

> 164/cicoc3ey H

1<i<j<4

v
—
3

<.
~/~

] =

i)
~——

1<i<j<4

by A—G inequality.
Finally,
[Da]? = [R(Dy)* > 41creac34 H e

L)
1<i<j<4

S

I
:»P

(Ari;rierirc) H (d3(rij, rik, Tjk) + 8rijTikTjk)
1 =1

where for each | we write {1,2,3,4}\{l} = {i < j < k}. This finishes verification
of Atiyah—Sutcliffe conjectures for cyclic quadrilaterals.

Proposition 2.12 The weak Four Points Conjecture for cyclic quadrilaterals
holds true.

Proof .
From the formula obtained above we proceed along a different path
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R(D4)

I

1<i<j<4

1<i<j<4

1<i<j<4

I

1<i<j<4

!

Y

5(®

(64 + 162 (¢; — cos YD) (¢ — 2))
<4
<4

4

Mu;

4+ 4(c; — cos YD) (¢ — 2)])

~
Il

1

M%

&+ (¢ — 2)[3(c; — 2) + 4(1 — cos Y(l))]}>

N
Il
_

M»

& > (because 2 < ¢; for each [ = 1,2,3,4)

~

1

d (T.l]) Tik, T']k) + 8rl]rlkrjk>
TijTikTjk

and this verifies the weak Four Points Conjecture for cyclic quadrilaterals. ®

2.9 Verification of the Strong four points conjecture for a
triangle with orthocenter

Let 1,2,3,4 be the points so that 4 = orthocenter of the triangle A123 and let
X,Y,Z denote the angles of the triangle A123 at vertices 1,2, 3 respectively.
Note that /243 = 7 — X, /341 = 7 - Y, /142 = 7w — Z. Then, using the

notations of (2.8

), we have the following formula for the normalized Atiyah

determinant
D, 1 —~
Di= ———=1-3(c=2+ 7> ala-2) (2.26)
64 H Tij =1
1<i<j<4
where
c = 082 £243—/213 + COS2 434154321 + C052 414254132
= sin? X +sin?Y +sin® Z
= 0082 § +COS 7 + COSZ ﬂ;X — 37COSX+S2111Y+S1HZ
_ 3+sin X—cosY +sin Z _ 34+sin X+sinY —cos Z
Cy = P} , C3 = 2

Cy = cos? % + cos? % =+ cos

c|1 = cos? % + cos

23-Y 2 3
5 —+ cos 3

-~ 3+sin XJrcos Y +sin Z -~
)

2 Z 34cos X+cosY +cos Z
2 2

-7

__ 34cos X+sinY +sin Z
- 2

3+sin X+sinY 4cos Z

Cy = C3 =
’6\4 — COb2 T X +COS2 TK';Y +COSZ TFEZ — 37cosX70203chosZ
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Now we compute
. c—2 l1+cosX +sinY +sinZ —1—-—cosX +sinY +sinZ
(Cl — 1)(01 — 2) — = . —
4 1 2 2
——(sin? X +sin’ Y +sin? Z — 2) =
cosX sinYsinZ cosY cos Z

2 2 2
@ 1)( 2) c—2 cosY n sin X sin Z cos X cos Z
e — 1)(co —2) — = - =
2 2 4 2 2 2
c—2 cos/Z sinXsinY cos X cosY
ey —1 —2) — = - =
(@ -1 —2) - o+ 5
. c—2 1—cosX —cosY —cosZ cosX +cosY +cosZ — 1
(C4 — 1)(C4 — 2) — = . _
4 . 2 2
——(sin? X 4 sin? Y +sin? Z — 2)

4
1 1
= -5+ 5(cosX+cosY+cosZ)f

1
—§(COSXCOSY + cos X cos Z + cosY cos Z)

By adding last four equations we get

IS

1= (2.27)

=c4—2
Claim:
ca > i(cl +eotces+cq) (2.28)
Proof of claim: It is equivalent to the inequality (for angles of any triangle)
2(cos X +cosY +cosZ) >sin X +sinY +sinZ (*)

We can suppose that 0 < XY < 7/2. Then Z =7 — X — Y. The identity
2(cos X +cosY —cos(X +Y)) —sinX —sinY —sin(X +Y) =

=2(1—-sinX)(1 —sinY)+ (1 —cos X)(sinY 4+ cosY — 1)+
+ (1 —cosY)(sinX +cos X — 1)
>0

proves the Claim directly (The inequality (*) can be deduced also from a Blun-
don’s fundamental inequality).
By combining (2.26), (2.27) and (2.28) we obtain

4
1 1
D421+Z§ <1+4>(Cl_2)

1=1
what verifies the strong four points Conjecture for a four point configuration of
vertices and the orthocenter of any triangle.
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Appendix A - New proof of the Eastwood—Norbury
formula

The four points in the Euclidean space E3 viewed as C x R:
Pi:ixi=(z,7r:),z€C,m €R

Rij =Ty Ty Ty, Zig = 2T 2

RijRj; =13 — (ri —15)% = |25 = —2i525
p1 = (z+ 12?12) (z+ ?é) (z—i— 1?144)
p2 = (z+%) (z+ 1?;) (erf?;)
p3 = (z—&-%) (z+ fg) (z—f— %)
Ps = (z—&-%) (z+%) (z+%)

Matrix of coefficients of {p1, p2, ps, pa}

= [=]
I
IR
E
w |w
B
=

R31 Raz R31 Rag Rsz Rs

i

A = 201, B = 231232, C = 241242243

Normalized Atiyah determinant

221221 221223 221224
Dy = det(M4) T 221 T 231232 * 2412427243 = Z 1 ( + ) :
— Ro Ra3 Ray
antisym. antisym.
231231232232 2312312327234 232232232234
Ri4RosR3y =
R31R30 R31R34 R32 R34

= (RiaRos + 221224)(R13Ro3Raa + Rus 23074 +Ras 231 734) Ruat
S—— S~—— S~

+(R13R24 R34 221723 +R13Roa R3o 221734 +Roa 201723231 734) R14
—— —— —————

(where summations are over all permutations of indices).

By writing 2z = C[i,4,k, 1] + v—15]i,j, k,1] and using a Lagrange identity
(involving the dot product of two cross products; a fact mentioned by N. Wildberger to
the author) we have S[i, 3, k,1]S[p, ¢, 7, s] = C|[i, 3,0, q|C[k,l, 7, s]—Cs, j,r, s]C[k, 1, p, g
(we have discovered this identity independently) and using the formula

Cli,j, k, 1) = Re(zijzm) = 5(lzul® + |zjkl? — [za|* — |z5|°] =
= slrh + 15— — il = (ri — 1) (rk — 71)

we obtain our derivation of the Eastwood—Norbury formula.
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By this new method we obtained a polynomial formula for the planar configurations
of 5 points (by Ss—symmetrization of a ”one page” expression) and a rational formula
for the spatial 5 point configuration (this last formula has almost 100000 terms).

This settles one of the Eastwood—Norbury conjectures. We do not yet have definite
geometric interpretations for the ”nonplanar” part of the formula involving heights r;,
i=1,...,5.

Our trigonometric (euclidean) Eastwood-Norbury formula
(where ¢;_ji, := cos(ij, ik) and ¢;; g := cos(ij, kl) ):

16Re(Dy) = (14 312+ caga)(l + 104+ caa3)+

(1+co13+c324)(1 +ca12 + c134)+

(1+c312 +c134)(1 + co1a + ca03)+

(14 c103+c314)(1+ o34 + ca12)+
(1+cou3+croa)(1+ 314 + ca03)+
(1+cro3+co1a)(1+c324 + ca13)+

2(Cc14.23C13 24 — C14.23C12.34 + C13.24C12.34)+

72(normalized volume)?.

Open problems: Hyperbolic (euclidean) version for n > 4 (n > 5) points in
terms of distances, or in terms of angles.
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Appendix B

Here we first recall a remarkable inequality of I. Schur (c.f. J. Michael Steele:
The Cauchy—Schwarz Master Class, Cambridge University Press, 2004.)
For all values x,y,z > 0 and all a > 0 we have

lo(w,y,2) = 2 a%(x —y)(x — 2) =

=2 —y)(r—2)+y*(y—z)(y—2)+2%(z —2)(2 —y) >0

with equality iff either x = y = z or two of the variables are equal and the
third is zero. Note that I, is a symmetric function. For a proof we can assume
0 <z <y <z Then clarly 2%(x — y)(z — 2) > 0 and by grouping the other
two terms we get (z — y)[z%(z — x) — y*(y — )] > 0 by observing that z > y
and z —x >y — .

Now we state and prove several properties of a function

ds(z,y,2) = (@ +y—z2)(x—y+2)(—z+y+2) (r,9,220)

which frequently appears in the main part of this paper.
We note that the area A = A(a, b, ¢) of a triangle with sides lengths a, b, ¢ is
given, according to the Heron-s formula:

(442 =(a+b+c)a+b—c)la—b+c)(—a+b+c)
= (a+ b+ c)ds(a,b,c)

= 2a2b? + 2422 + 2b%¢% — gt — bt — ¢t

Properties of the function ds:

Proposition 2.13 We have the following identities and inequalities:

1.
2.

xyz —ds(z,y,2) => ax(x —y)(lx —2) >0

(22 + 9% + 22)d3(z,y, 2) < vyz(ay + 22 + Y2)

d3(z7y72)2 - d3(l‘27y2722) =
=Y 2?(y? —yz + 22 —2?)? + (Em(yﬁ —yz+ 22— 1‘2))2 >0

- d3(3?7y72’)2 - d3($27y2722) =

= 82%y?22 — 2(xyz + 23 + 3 + 23)d3(w,y,2) > 0

(z+y+ 2)%ds(x,y,2)? = 3(a? +y? + 2%)d3 (27,1, %) =
=43 2t (2? —y?) (22 - 22) >0

25 (2% (2? —yH) XA (X2 - Z2) + X2 (X2 -V ?) 22 (2?2 — 22)) + (22(Y2 - Z2) +
y2(Z2 _ XQ) +Z2(X2 _ YQ))Q Z 0
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Proof .

All identities 1.—6. can be easily checked by expansion. The inequality in
1. follows from Schur’s inequality (o = 1), in 3. it is evident since the rhs is
the sum of four squares (see [5]). Case 4. follows from 3. Case 5. follows
from Schur’s inequality (o = 2). Case 6. follows from a generalization of the
case a = 2 of Schur’s inequality:

Ih(z,y,2, X, Y, Z)=> ax(z —y) X (X - Z) =
=z(z—-YPNXX-2)+yly—2)YY - 2Z)+2(z—2)Z(Z-Y) >0

(by lettingy=xz+h,z=y+k,Y=X+H, Z=Y+K,hk,H K>0). n
Corollary 2.14 From the Proposition we get the following inequalities:
dg(l',y,Z) < rYyz (from 1. )

and a stronger inequality ds(z,vy, 2) < 4x2y?2?/(wyz + 23 + 3> + 23) (from 4.)
From 3. we have the inequality

dg(I, Y, 2)2 > dg(IL'Q, y2’ 22)
which can also be obtained from 5.  (which implies famous Finsler—-Hadwiger
inequality) by using the inequality (x +y + 2)? < 3(x? + y? + 22).

The inequality 6. , with the help of Chebyshev inequality

+y+2)(X+Y+2)<3@X+yY +2Z) (x<y<z X<Y<2Z)
gives us the following inequality (which seems to be new):

dg(iC, Y, Z)d3(Xa K Z) > d3((EX, yY, ZZ)
(when 0 <z <y<z 0<X<Y<Z)

Remark 2.15 Ifa,b,c are side lengths of a triangle then inequality ds(a,b, c) <
abc follows also directly from the following identity

abc—ds(a,b,c) = %[(fa+b+c)(bfc)2+(aberc)(afc)z+(a+bfc)(a7b)2]

from which we also have the following inequality

8(abc — ds(a,b,¢))® > 27ds(a,b,c)(a — b)*(a — ¢)*(b — ¢)*
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Appendix C - Equations for mixed Atiyah 3pt
energies

D3—1=e_p

Df —1=¢?

sinh(p — a) sinh(p — b) sinh(p — ¢) _a+biec
sinh(a) sinh(b) sinh(c) P 2

sinh(p — a) sinh(p — b) sinh(p — ¢)

sinh(a) sinh(b) sinh(c)
(X~ 29)(X —AF) =

X2 _ 2cosh(p) sinh(p — a) sinh(p — b) sinh(p — ¢) X4 sinh?(p — @) sinh?(p — b) sinh?(p — ¢)
sinh(a) sinh(b) sinh(c) sinh?(a) sinh?(b) sinh?(c)
_ h(p) sinh(p — a) sinh(p — b) . .sinh(p) |
oL _ (p—c) SN — _eDtc 204
3 sinh(a) sinh(b) sinh(c) sinh(c) sin”(4)
10 1 _ _ pe sinh(p) sinh(p — a) sinh(p — b) B 4p_esinh(p) . 5
Ds 1 ¢ sinh(a) sinh(b) sinh(c) sinh(c) sin”(4)
1
(X — A5 (X —AF) =
B sinh(p) sinh(p — a) sinh(p — b) cosh(p — ¢) sinh?(p) sinh?(p — a) sinh?(p — b)
X2 -2 : . . X+ 2 2 2
sinh(a) sinh(b) sinh(c) sinh®(a) sinh®(b) sinh*(c)
(X - AP (X ~AF) =
9 sinh(p) sinh(p — a) cosh(p — b) sinh(p — ¢) sinh?(p) sinh?(p — a) sinh?(p — ¢)
X - 2 . . . X + 2 2 . 2
sinh(a) sinh(b) sinh(c) sinh®(a) sinh®(b) sinh(c)
(X~ AF)(X — A =
%2 _ 2sinh(p) cosh(p — a) sinh(p — b) sinh(p — ¢) X4 sinh?(p) sinh?(p — b) sinh?(p — ¢)

P.PPyPy =[] (X - A@) — X8+

7

H AG —

=0

1=

sinh(a) sinh(b) sinh(c)

7

0

o +er X —eg

sinh®(p) sinh®(p — @) sinh®(p — b) sinh®(p — ¢)

sinh®(a) sinh® (b) sinh®(¢)

(1- Cl) (1- 02) (1- 03)2

sin®(A) sin*(B) sin*(C)

4096

1+ 2016203 +E+cstal)=

4096

256(1 - Cl)(l - 02)(1 - 03)(
X8 42X+ —(44 0y — DX+
— 3%(034—201(1)2))(3 (

where o) = sin®(A) + 81n2(B) —|— sin?(C), og = sin?(A) sin?(B) + sin?(A) sin?(C) + sin?(B) sin*(C),
o3 = sin®(A4) sin®(B) sin®(C), &2 = 4 cos(c) cos(o — A) cos(o — B) cos(o — C), 0 = 4HEEC

1
12573

20’2)

1
P+ —
* 1096

(3

sinh?(a) sinh?(b) sinh?(c)

1y . 2 ) 2
556 St (A) sin®(B) sin*(C)®

1
4(0—1 —20?) X5 — 5(30—3 — 209 + (201 —8)®?) X1~

2})6 0103 + (40’2 — 0'3)(13‘ )X2 — ﬁ

— 160103 + 256(02 — 03))
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1 1

X' (1+ )X + Z(c% 4¢3+ c2 + 3cicc3 + 30) X2 + g(—1 + 2¢1c9¢3 + 2 + ¢+ A+
1

+ (1 + c1c003)P) X — 62(1 —c)(1—c3)(1—c3)

éX(2X + ) [(2X + 1)(2X + 1+ @) + crencs] — 6714(1 — )1 -R) (1)

1+®2— (2 +c3+cd) 1

1
§X(2X+<I>) 22X +1)2X +1+ @) + 5 —6—4(1—c§)(1—c§)(1—c§)

1 1
XX+ @) 22X + 1)(2X + 1+ @) — 2+ 87 + 55 + 53] — 6—45%353

P_(X)P.(X), where P (X)=P_(X)

-
1 1
62X 22X +1)* =2+ 57 + 55+ 53] — 6—45§s§s§
1 1
X3(X+1)+ g(s% + 83 +52) X2 — as%s%sg
1
1006°152%
1 1
P(-1) = [16(1)(2 +®)[-2(—1+ D) — 2+ 57 + 53+ 52| — Msfsgsg] :
1 1
= (—1)(=2 = ®)[-2(—1 — ®) — 2+ 57 + 52 + 53] — — 525352
) 16 64
Lo ) 20101~ Los| | L2+ B)2D+01] —
16 706473 |16 7T 547
-1(2<1>2 49 + 2 doy) ! 1(2q>2+4q>+2 + ®oy) !
16 71T RI T 1673 |16 e T

1 1 1 1 1 1
—(202% +201) — —03 — —(4 D [ =(202% + 20¢) — — — (4 d
_16( +201) = G108~ g(d o) H16( +201) = Gros g4t o) }

o 80 Pt nf)
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Refinements of Euler’s inequalities in plane,
space and n-space

Darko Veljan
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Abstract

We improve Euler’s inequality R > 2r, where R and r are triangle’s
circumradius and inradius, respectively, and prove some consequences
of it. We also show non-Euclidean version of this result. Next, we
improve 3D analogue of Euler’s inequality for tetrahedra R > 3r and
discuss recursive way to improve analogues of Euler’s inequality for
simplices. We end with some open problems, including possible CEEG
(classical Euclidean elementary geometry) proof of Grace-Danielsson’s
inequality d? < (R — 3r)(R + r), where d is the distance between the
centers of the insphere and the circumsphere of a tetrahedron.

Keywords: Triangle inequalities, tetrahedron and volume inequalities, Fu-
ler’s inequality in 2D, 3D, and n-dimensional space, non-Euclidean geometry.

MSC 2010 : 51MO04, 51M09, 51M16

1 Introduction

In this paper we shall discuss some results about refinements of the famous
Fuler’s inequality about the ratio of circumradius R and inradius r of an
n-dimensional simplex 7"

R > nr. (En)

The equality is attained if and only if T" is a regular simplex.

DOI: https://doi.org/10.5592/CO/CCD.2020.08
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Proof. Consider the simplex 7" whose vertices are centroids of faces of T
Then T” is clearly similar to 7" with the similarity coefficient equal to n.
Therefore, the circumradius R’ of 7" is 1/n of R, that is, R = nR'. But,
R’ > r, because the smallest ball that just touch all the faces of T' is exactly
the inscribed ball of T', so R > nr. It is clear that the equality is attained if
and only if T is a regular simplex. This completes the proof of (E,). O

Let us recall that Euler proved the inequality R > 2r for triangles back
in 1765.

2 Triangle

The following theorem refines (Es), i.e. the Euler inequality R > 2r for
triangles.

Theorem 1. For any triangle with side lengths a, b, ¢ and with circumradius
R and inradius r we have

2abcR > (abc + a® + b* + ¢)r > 4daber, (1)
with equality if and only if the triangle is equilateral.

Before we prove Theorem 1, let us make some remarks. Let
ds(x,y,2) = (r+y—2)(c—y+2)(—z+y+ 2).

This is a symmetric function in x,y, z and hence can be expressed in
terms of elementary symmetric functions ey = x +y + 2, es = vy + yz + zx,
e3 = xyz. So, we have ds(z,y,z) = 4ejes — €3 — 8es. Schur’s inequality
(from 1915) tells us that d3 < e3 (whose variables are positive reals). For an
(a, b, c)-triangle with area S and half-perimeter s, since R/r = abc/45/S/s =
abc/4(s—a)(s—b)(s—c) = 2abc/ds(a, b, c) > 2, it follows that d3(a, b, ¢) < abe,
and this is a geometric proof of Schur’s inequality. So, Euler’s inequality (E2)
implies Schur’s inequality.

The right inequality in (1) is just the AM — GM inequality for numbers
a®, b3 and ¢®. The left inequality in (1) is equivalent, using Heron’s formula
165? = (a+ b+ c)dz(a, b, ¢) and formulas R = abc/4S and r = 25/(a+b+c)
to the following inequality:

(2abc)® > (abe + a® + b* + ¢*)ds(a, b, c). (2)

Proof of (2) is given in [1]; one algebraic and one geometric proof; see
also [5]. We provide here a short algebraic proof. (A quick proof of Heron’s
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formula is to square the cosine law and the sine law cos C' = (a*+b*—c?)/2ab,
sinC' = 2S/ab and use Pythagoras’ rule cos?’C + sin?C' = 1. Pythagoras’
rule is equivalent to the axiom on parallels. And in fact, the cosine and the
sine law and consequently Heron’s formula are all equivalent to the axiom on
parallels.)

Proof. Recall the cyclic sum notation: Y f(a,b,c) := f(a,b,¢) + f(b,c,a) +
f(e,a,b), as well as the cyclic product [] f(a, b, ¢) := f(a,b,¢)f(b,c,a)f(c,a,b).
In terms of cyclic sums and products (2) can be written as

4Ha ><Ha—|—2 )dgabc (3)

It is easy to check by expansion that in terms of cyclic sums we have the
following sum of squares:

ds(a,b,c)’*—ds(a®, b*, c?) = Z(a(bQ—bc+c2—a2))2+ (Z a(b* — bc+ * — a2)>
On the other hand (as it is again easy to check):
ds(a,b,c)® — ds(a®,b%,c*) = 2(2abc)* — 2(abe + a® + b* + ¢*)ds(a, b, c).

2

From the last two identities and inequalities we obtain (3), and hence (2). O

If we express everything in (2) in terms of elementary symmetric functions
e1, €9, e3 in variables a, b, ¢, we obtain the following symmetric inequality in
side lengths for any triangle (note, [a + >_ a® = e} — 3ejes + 4e3):

e$ + 12¢etes + 12e2e2 + 36e3 > Tejeq + 40e eges. (4)

Again, this inequality is tight in the sense that it becomes equality if and
only if the triangle is equilateral. We shall apply our refinement of Fuler’s
inequality to upper bound the area of a triangle.

Theorem 2. The area S of a triangle with side lengths a,b, c can tightly be
bounded from above as
452 < (a+ b+ c)a*b*c? < (a—l—b—l—c)‘l‘ (5)
abc + a® + b3 + 3 2233
Proof. The left hand side of (5) is equivalent to (1). Namely, (1) can be
stated as

r 852 - 2abc ’
and this inequality is obviously equivalent to the left inequality in (5).
The right inequality in (5) follows from the AM-GM inequality abc < (2+2+¢)3
and the inequality3 le&ﬁw < 1/4, and this is equivalent to the AM-GM
inequality abc < % O

R (a+b+c)abc> abc+a®*+ b+ ¢
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Note that (5) is an improvement of the standard isoperimetric inequality
for triangles

2
g < V3(a+b+c) '
- 36
This is also explained in [1] and [5]. The left inequality in (5) improves the

inequality S < 3(abz)2 3, which, in turn, improves the standard isoperimetric

inequality for triangles, as proved by Theorem 4.1. in [11]. So, we have the
following chain of bounds for the area S of an (a, b, ¢)-triangle:

< (a+ b+ c)a*b*c? < 3(abc)*/? < (a+b+c)?
Tabc+ad+ 03+ T 4 - 2233

(6)

3 Noneuclidian triangles

The following Lemma from [2] allows us to convert inequalities for Euclidean
into spherical and hyperbolic triangles.

Lemma 3. If f(a,b,c) > 0 is an inequality which holds for all Euclidean
triangles with side lengths a,b, c, then f(s(a),s(b),s(c)) > 0 for all spherical
or hyperbolic triangles with side lengths a, b, ¢, where s(x) = x/2 in Euclidean
geometry, s(x) = sin(x/2) in spherical geometry and s(x) = sinh(x/2) in
hyperbolic geometry.

Using this Lemma, the inequality (2) or (4) can easily be converted into
corresponding spherical or hyperbolic analogues. This is elaborated in more
details in [1] and [5]. For instance, in hyperbolic geometry, the inequality (4)
holds with symmetric functions in variables sinh(a/2) etc.

4 Tetrahedron

Now we go to the 3-dimensional (3D) space. Let T' = ABCD be a tetra-
hedron (3-simplex) with edge lengths a,b,c,a’,V/, ¢, (a,b, ¢ forming the tri-
angle ABC, a against d’ etc.), volume V = vol(ABCD), surface area S(=
Sa+...4+Sp) and R and r the circumradius and inradius of T, respectively.
It is well known that the numbers aa’, b0’ and cc are side lengths of the
triangle called Crelle’s triangle of T. Recall, Crelle’s triangle A*B*C* of T
against D is the image of the triangle ABC under the inversion I with the
center D and radius p whose square is equal p> = DA - DB - DC = da'b'c.
A* = I(A), etc. (Recall, the inversion I maps a point X # D to the point
X* on the ray DX, such that the product of distances is DX - DX* = p?;
point D is mapped to the infinity.) There are three more Crelle’s triangles.
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The area Crelle of the Crelle triangle is given by the Crelle formula: Crelle
= 6RV (see e.g. [3]).

Proof of Crelle’s formula. The distance h of D to the plane A*B*C* is
equal to p?/2R, because the circumsphere of T is mapped by I to the plane
A*B*C*. The ratio of volumes vol(DA*B*C*) : vol(DABC) is equal to the
ratio of products of lengths of lateral edges, that is

DA*-DB*- DC*
DA-DB-DC

Namely, if he and Ay, are distances from C' and C* to the plane DAB (or
DA*B*) and S¢, S¢ the areas of triangles DAB and DA*B*, respectively,
then he @ hi = DC : DC* and S¢ : S§ = (DA - DB) : (DA* - DB*) and
since V' = vol(DABC) = Sche /3, vol(DA*B*C*) = SEhE /3, it follows that

vol(DA*B*C™) : vol(DABC') =

vol(DA*B*C*)  hySg  DA*-DB*- DC*
vwIl(DABC) ~ heSe  DA-DB-DC

So,

2

vol(DA*B*C*) =V p°.

<

i o5 e =V (5a) (75) (3e) =
DA DB DC ~ \DA/ \DB/) \DC/)
On the other hand, vol(DA*B*C*) = Crelle - &, so Vp* = Crelle - & =

ER
(%) p?, and hence Crelle = 6RV. By symmetry, the other three Crelle’s
triangles have the same area. .

By using Crelle’s formula, the standard isoperimetric inequality for tetra-
hedra (see [3]) can be derived, as we shall prove later in the text

23342 < /383, (7)
The following inequality (see [4]) is also crucial for the rest of our argument:
2332V2 < ds(ad’, bb', cc'). (8)

Proof of (8). By Heron’s formula for Crelle’s triangle and by Crelle’s formula
we have 16Crelle* = (aa’ + bV’ + cc)dsz(ad’,bb',cc’) = 16(6RV)?. So, (8) is
equivalent to

aa’ +bb' + ¢’ < 8R? (9)
(with equality iff 7" is equifacial).
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To prove (9), recall Lagrange’s center mass theorem, which says that if
Aq, ..., A, is any set of points in space and G their centroid (center of mass),

—
then >~ GA; = 0. For any point P, the moment of inertia Ip is defined as
Ip ;=Y PA?. Then

Ip = S (PG4 GAY2 = 3 GA2 4 nPG2 4+ 2PC- Y GA, = I + nPG2.
By adding these equalities for P = Ay, ..., A,, we get
QZAiAJQ. = Z]Ai =nlg +”ZGA? = 2nlg.
i<j
From the last two equalities we obtain
nlp =Y AAS+n’PG’.
i<j

For n =4 and Ay,..., Ay = A, B,C, D the vertices of T, this implies that
for any point P in space we have

1) PA*=Y "a’+16PG".
If P = 0O, the circumcenter of T, then the last equality implies
16R* = " a’ + 160G,

Since a? + a? > 2ad’, etc., (9) follows since OG? > 0. This proves the in-
equality (8). Equality holds if and only if « = o/, b = ¥ and ¢ = ¢/, and
G = O. On the other hand, if T is equifacial, then G = O, because if P
is any of the vertices of T (recall, a = d’ etc.), from above equality we get

by symmetry that G has the same distance from all four vertices of T, so
G=0. 0.

We shall prove (see [1]) the following refinement, or rather improvement
of Euler’s inequality (Es), i.e. R > 3r.

Theorem 4.

> 0. (10)

R\* _ 3(ad + bV + c')
—] 2 d1/3
3

Here, ds = ds(ad’, b, cc’'). Equality on the left hand side of (10) becomes
equality if and only if the tetrahedron T is equifacial, i.e. a = da/, b = V' and
¢ = . The right inequality becomes equality if and only if aa’ = b/ = ¢
(i.e. if and only if the Crelle triangle is equilateral).

r
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Proof. Start with Crelle’s formula and the equality 3V = rS. We have (C'is
the area of Crelle’s triangle)

R\? ©28* 1602 [S3\** 1
<?> T 23iy T 263t (W) VS (1)

Heron’s formula for the Crelle triangle yields

16C% = (aa’ + b + cc')ds(aa’, bV, cc').

The isoperimetric inequality (7) tells us that 5—2 > % The inequality (8)
says
1 24, 38/3
V8/3 = dg(aa’, bV, cc )43

Inserting these estimates to (11) yields the left inequality in (10). The right
inequality in (10) follows from the Schur inequality and the AM-GM inequal-
ity for the numbers aa’, b/, c¢¢’. Namely,

"y N 3
ds(aa’, bt cd) < (aa") (b)) (cd) < (M) :

3

It is clear that the left inequality in (10) becomes an equality if and only if
both (7) and (8) are equalities, i.e. if and only if the tetrahedron is equifacial.
[

5 Simplex

Finally, we go to the n-dimensional space. With obvious notations we have
the following standard isoperimetric inequality for an n-simplex T = Ay ... A,
with basically the same proof as for tetrahedra:

(n|Sn)2 Z n3n(n + 1)n+1V2(n—1)‘ (12)

In fact, even a stronger upper bound for V' holds in terms of the product of
surface areas S; of T' (see [3], [6], [7]):

n+1)"1

y2nD < (2! (S % Sy x - x S,)2/0H 0 (13)

n?m

For reader’s covenients, and since (12) and (13) are not very well known, we
provide a proof of them bellow in the text (for n = 3).
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Next, as we know the crux of the proof of (8) is the inequality 16R* >
>~ a?, where Y a? is the sum of squared edge lengths of T. The same proof
works for an n-simplex 7"

(n+1°R*>> a” (14)

Define Crelle’s (n-1)-simplex 01(10_)1 of the simplex T" = ApA; ... A, against
the vertex Ag of the simplex 7" as the image AjA... AL = [h(A;... A,),
A: = IO(Az)a 1= 1,...,n, where [0 = IO(AO,PO), p% = H:’Lzl A[)Ai, is the
inversion with the center Ay and the radius of inversion py.

The ratio of volumes of pyramides AgAj... A} and ApA; ... A, is equal
to the ratio of products of side lengths of lateral edges AgA] x --- x AgA’
and AgA; x - -+ x AgA,,. Little calculation yields that the volume is equal to:

voly_1(C)) = 2nRV i), (15)

For n = 3, formula (15) reduces to Crelle’s formula C = 6RV. In order
to symmetrize everything, consider C,,_1, the product of all Uoln_l(C’,(le),
i=0,1,...,n, where C’,(Ql is Crelle’s (n — 1)-simplex of T" against the vertex
A;. Note that for n = 2, C; = abc = 4RS, and (1) or (5) can be applied.
Also, Cy = (6RV)* and C3 = (8RV ) [] a®.

Now we can recursively improve Euler’s inequality (F,), n > 3, as follows.
Start with n = 4 and apply (8) to all five Crelle’s tetrahedra in C3. Then
use (14). This gives an upper bound for the volume V' of a 4-simplex 7" in
terms of its edge lengths. Then use again (14) and S = 4V, (13), (14) to
estimate R/r. Then continue that way to higher dimensions.

The obtained intrinsic lower bound for R/r is certainly better than the
ambiental Euler’s bound n. We shall not go into details here, but the inter-
ested reader can check that the procedure works on a simple example with
4-simplex, say, origin and four unit vertices on coordinate axes.

6 Isoperimetric and some other inequalities

We shall now prove (12) and (13) for n = 3, but the same proof by "mutatis
mutandis” works for all n. Let us prove (7), i.e.

53
7> 233%V/3, (16)

with equality if and only if T is equifacial.
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Proof. Let T = ABCD be a tetrahedron and Sy, ...,Sp be face areas of T
(S opposite to A etc.); in the sum they give S. Let ny be the unit outward
normal vector to the face with area S4 etc. Then the vector sum ) Syns =0
(because vector on the left is perpendicular to all vectors including itself, so it
has to be zero). Let W4 be the volume of the tetrahedron T4 spanned by np,
ng, np and similarly Wg and so on. Then we have W4 SpScSp = 3V?/4, as
well as the other three such formulas (this is called the sine law for tetrahedra,
see [6]). Indeed, by multiplying the above null-sum of vectors by x.Ssny
(cross product) and then by Sgnp (scalar product), and taking into account
that W4 = ((np X n¢)np)/6 and so on, the claim above follows easily. Next,
we need the inequality 27V < 8v/3 - R®. To prove this, let d be the distance
from the circumcenter of 7" to the plane BC'D and R4 the circumradius of
the triangle BC'D. Then R% = R? — d? and V < S4(R + d)/3, because the
altitude to BC'D is at most R+d. Recall that the area K of any triangle with
side lengths a, b, ¢ satisfies the inequality K < v/3(abc)?/3/4, or equivalently,
K < 3v3- R?/4. Hence,

2
Sy 33\/5% = Zﬁ(RQ—dQ).

Therefore,

VS%(PLM)S

The AM-GM inequality yields

=%

(R* — d*)(R +d).
4R\’
2(R* —d®)(R+d) = (2R —2d)(R+ d)(R+d) < (?> :

Thus, finally, V' < 83 - R3/27. Now, all four tetrahedra Ty, ...,Tp with
volumes Wy, ..., Wp, respectively, do not intersect in their interiors and

their union E' is a tetrahedron inscribed in the unit sphere. By the above
discussion, the volume W of E is at most 8v/3/27. Hence, by the AM-CGM

we have
4
wa\"' W\ (83 24
HWA—<Z 4) (4) —(27.4 310
Finally, by multiplying all four sine-law formulas, by using above results and
the AM-GM we get

16 3/2 /216 Sa\° 22 S6
V4 H l [”7 } :
?( SA) ( A) <E( I)§ 2637
By taking the square root (16) follows. Equality is clear from the proof. [
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The same proof (with obvious changes) works for any simplex, so we have
just proved (12) and (13). Some consequences of the above proof and (13)
are the inequalities (see also [6], [7]):

2/(n+1)
(V)™ < (n+1)"R™,  (nlV)22" < (n+1) (H a2) . (17)

with equalities if and only if the simplex is regular.

The right inequality in (17) was first conjectured by this author back
in 1969, when as an undergraduate student proposed it as an open prob-
lem in Elemente der Mathematik, and then proved three years later by G.
Korchmaros, see [8] and [9]. In 1981, J. Zh. Zhang and L. Yang gave it a
different aspect, [10]. Further development can be traced in [6] and [7].

7 Some open problems

We end with some open problems. In [11] we proved non- Euclidean versions
of some classical triangle inequalities. The problems and proposals for new
research projects are the following.

What are non-Euclidean versions of some of the 3-dimensional or n-
dimensional inequalities described in this paper and some other (”classical”)
inequalities for tetrahedra and simplices?

For example, we can apply the inequalities (2) or (4) to Crelle’s triangle
of a (Euclidean) tetrahedron and thus obtain the corresponding inequality
for tetrahedra, symmetric in products of opposite edges. Then by Lemma
3 it can be applied to hyperbolic (and spherical) tetrahedra. What is 3D-
analogue of Lemma 37 And in higher dimensions?

Next, what is the hyperbolic version of (8) and of our main inequality
(10), when hyperbolic tetrahedron has circumsphere?

Note that for a hyperbolic tetrahedron we can form the corresponding
Crelle’s triangle with side lengths as products of sinh of (halfs of) opposite
dihedral angles, and similarly in the spherical case. What is the hyperbolic
3D-analogue of Crelle’s formula? And more generally of formula (15) for
hyperbolic simplices?

What are hyperbolic (and spherical) versions of (12), (13) and (17)7

It is well known that computing volumes is a hard task even in Euclidean
geometry and needless to say in hyperbolic geometry. Even for a simplex,
computing Cayley-Menger determinant is a hard task. Therefore, having on
disposal various upper (and lower) bounds for volume of a tetrahedron could
be important in many applications in physics, astrophysics, I'T technology,
crystallography and other disciplines when using triangulations in order to

138



Veljan Refinements of Euler’s inequalities in plane, space and n-space

estimate the volume of a body. For instance, one could imagine that in future
we could want to estimate the volume in deep space determined by four (or
more) stars, knowing their mutual distances. Then this volume should be
estimated by an inequality for a hyperbolic tetrahedron in the (supposedly
hyperbolic) universe and sum all of them.

The last problem is about Grace-Danielsson’s inequality (see (18)). It
was proposed in 1949, but without clear proof by Danielsson and claimed
earlier by Grace. If d = OI is the distance between the circumcenter O and
the incenter I of the tetrahedron 7', then

d> < (R—3r)(R+r). (18)

If T is equifacial then O = I and since R > 3r, (18) holds in this case. Can
our results provide a proof in general case? Is there a short elegant proof of
(18) in the sense of CEEG (classical Euclidean elementary geometry)? Recall,
Euler proved in 1767 that for a triangle d* = (R — 2r)R. A short proof is
by inversion w.r.t. the incircle of a triangle: the image of the circumcircle
has radius r* = r/2 = Rr?/(R* — d?). At the moment it’s not clear whether
a similar method works for tetrahedra. The inequality (18) was proved via
computer aided argument and by quantum information theory in 2015 and
2018 (see lit. in [5]). So, the interest for finding a proof of (18) even among
computer scientists shows its importance. In higher dimensions there are
not even any documented hypothesis analogous to Euler’s formula or (18)
inequality. Perhaps some arguments involving Crelle’s triangle or Crelle’s
simplices could be helpful in higher dimensions and allow us to use recursive
method as we did with Euler’s inequality. At the moment it is not known
how to approach geometrically to this elusive inequality. In any case, it is a
good project for further research.
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