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Preface

Coincidence site lattices (CSLs) are an important tool in crystallography to describe
grain boundaries in crystals. Hence, CSLs of 3-dimensional lattices were intensively studied
by crystallographers in the sixties and seventies of the last century.

After the discovery of quasicrystals by D. Shechtman in 1982, it became necessary to
generalise this concept, and the notion of coincidence site modules (CSMs) was introduced.
Mathematicians got interested in the subject in the nineties and CSMs and CSLs were inves-
tigated not only in dimensions d < 3, but also in higher dimensions.

The scope of the present work is to summarise part of the contributions of the author
to this field. It includes some general results on CSLs and CSMs and their relationship
to similar sublattices and submodules, respectively. Another topic are results on concrete
lattices in dimensions d = 3 and 4, including the coincidence problem for the 4-dimensional
hypercubic lattices and the root lattice A4 and the icosian ring as well as the problem of
multiple coincidences for the 3-dimensional cubic lattices. This is complemented by an article
on well-rounded sublattices of planar lattices, which have a lot of connections to planar CSLs.

The author wants to thank all people who have helped to improve the present work. In
particular, he wants to thank M. Baake, R. Scharlau, C.Huck, M.J. Loquias, M. Heuer, and
S. Glied for interesting discussions on various subjects.

Finally, he acknowledges support by the German Research Foundation (DFG), within the
CRC 701.






CHAPTER 1

Introduction

1.1. Motivation and brief historical overview

The study of coincidence site lattices — and more generally — coincidence site modules, is
motivated by its use in crystallography. Single crystals can be idealised as periodic arrange-
ments of atoms or molecules. They can be modelled in various ways, the simplest one is to
model them as periodic point sets. This view is enough for our purposes, but it is not enough
for describing physical properties. Hence, crystals are often modelled as periodic functions or
periodic measures. In any case, the symmetry of (ideal) crystals is described by space groups,
whose subgroup of translations are lattices in R3.

However, real crystals are neither infinite nor perfectly periodic. They may have various
defects, atoms may be missing or additional atoms may be present, an atom may be replaced
by an atom of a different chemical element, they may be distorted - just to name a few. But it
is not these imperfections we are interested in. Real crystals are very often not single crystals,
but consist of several crystal grains, each of which is more or less periodic. Typically, these
crystal grains have the same chemical composition, but they are rotated with respect to each
other. Hence, each grain has to be described by its own symmetry group and its own lattice.

But these lattices are not independent of each other, in fact, they are rotated copies of
each other. Moreover, it turns out that certain angles between different grains are preferred,
namely those which correspond to rotations such that the lattices of the two grains involved
have a common sublattice of small index. This gave rise to the notion of a coincidence site
lattice (CSL), which is the intersection of a lattice with a rotated copy of itself such that
the resulting lattice is a lattice of full rank. Thus, CSLs are used to characterise the relative
orientation of crystal grains and to analyse the so-called grain boundaries, which are the
planes at which two grains meet.

It was Friedel in 1911 who first recognised the usefulness of coincidence site lattices in
describing and classifying grain boundaries of crystals [28]. Later on, in 1949, analogous
ideas were used by Kronberg and Wilson [48]. But it was not until the mid sixties that CSLs
became more popular. In fact, the widespread use of CSLs was triggered by a famous paper
by Ranganathan in 1966 [58]. Here, the famous formula for the coincidence index for cubic
lattices was derived.

A lot of papers followed in the later sixties and seventies, mainly concentrating on the
cubic lattices, including the important contributions by H. Grimmer [35, 36, 37, 39]. Later
on, other lattices with high symmetry were analysed as well, including certain hexagonal
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lattices [40, 38]. The activities of these days culminated in the two monographs of W. Boll-
mann [18, 19].

The discovery of quasicrystals in 1982 by D. Shechtman [64] gave rise to a re-
newed interest in CSLs, generalising the concept of CSLs for the needs of quasicrys-
tals [59, 67, 68, 56, 57, 69], which led to the concept of coincidence site modules (CSMs);
for more information on the mathematical theory of quasicrystals see [7]. The more com-
plex situation of quasicrystals made a rigorous mathematical formulation of the coincidence
problem necessary [4] and triggered a series of mathematical papers on this subject. Coin-
cidences of several prominent modules were analysed, including planar modules with n-fold
symmetry [55] and certain modules in 3-dimensional space [11].

Interest was no longer restricted to the 3-dimensional space. The 4-dimensional hypercu-
bic lattices [4, 74, 72, 16|, and the Ay-lattice [8, 16, 43, 42] have been studied in detail.
Results in n dimensions are still sparse, but there are some results on the possible coincidence
indices for the n-dimensional hypercubic lattices [79]. In addition, there are some results on
the structure of the group of coincidence isometries for rational lattices. In particular, an
analogue of the Cartan-Dieudonné theorem was proved for lattices [80] and later for mod-
ules [44].

Most of the explicit results for lattices and modules in dimensions d < 4 are obtained
by number theoretical methods involving quadratic number fields (in dimension d = 2) and
quaternion algebras (in dimension d = 3 and 4). An alternative approach using Clifford
algebras has lead to some results in the Euclidean plane [61] and the hyperbolic plane [62].

So far, we have discussed only CSLs that are the intersection of two lattices. More
generally, one can consider the intersection of an arbitrary number of rotated lattices — the
so-called multiple CSLs. This problem is, in general, more difficult than the corresponding
problem for (ordinary) CSLs. Nevertheless, it has been analysed for planar modules with
n-fold symmetry [6] and for cubic lattices [75, 15]. Multiple CSLs have an application
in crystallography as well, in connection with so-called triple, or more generally, multiple
junctions [30, 29, 31]. These are lines or points where three or more crystal grains meet.

Applications of CSLs are not confined to crystallography. In fact, they were also applied
in coding theory in connection with so-called lattice quantizers [24, 65|. Here, the idea
is to express complicated high dimensional lattices as intersections of simpler lattices, e.g.
hypercubic lattices or direct sums of low dimensional lattices. Moreover, similar sublattices
and CSLs of the hexagonal lattice and the Ay lattice have been applied to algorithms in
practice [2, 1, 3].

The concept of CSLs has been generalised in several other ways. We have motivated the
CSLs by grains that are rotated with respect to each other, i.e., they are linked by a linear
isometry. More generally, one may consider grains that are linked by an affine isometry. This
has been done in [32, 26]. Correspondingly, affine coincidences, as well as coincidences of
shifted lattices and crystallographic point packings have been studied in [49, 52, 50].
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Furthermore, coincidences of coloured lattices have been considered [51, 50, 53]. They
occur naturally if one wants to compare the coincidence problem of two lattices, where one
is a sublattice of the other one.

Coincidence site lattices are connected to various other special sublattices. In two dimen-
sions, there exist connections to well-rounded sublattices [77, 13]. Furthermore, there exists
an important connection between similar sublattices and CSLs. In particular, the group of
coincidence isometries is a normal subgroup of the group of similarity rotations; compare [34]
for lattices and [33, 78] for modules.

1.2. Scope and Outline of the present work

The aim of the present work is to present part of the contributions of the author to the
topic of coincidence site lattices in a uniform framework. It is partly based on articles that
have been published already, extends some of them and adds new material that is so far
unpublished.

We start with a chapter on similar submodules. Its aim is not to give an exhaustive
treatment of this subject, but rather to provide the necessary tools to prove the connections
with coincidence site modules in Chapter 3. Thus, we do not include the various results
obtained for special lattices here. In particular, we do not mention the important results on
the existence of similar sublattices for rational lattices obtained in [46]. Similarly, we omit
the explicit results for planar lattices and modules that can be found in [5, 12]. Results on
the similar sublattices of A4 and the similar submodules of the icosian ring are summarised
briefly in Chapter 5, as far as we need them for the discussions of the CSLs. For further
details we refer to [9] and [10], respectively.

In Chapter 3 we discuss the general properties of coincidence site modules. Some of
them are straightforward generalisations of the corresponding results obtained in [4], whereas
other ones need different techniques to handle them. As an example, we mention the proof
of the fact that the coincidence indices of an isometry and its inverse are the same, which
can be carried out by a simple geometric argument in the case of lattices, whereas we need
arguments from algebra and number theory to prove the corresponding statement for modules.
This chapter also includes the generalisations of [76] and extends results from [78]. One of
the highlights is the connection between similar submodules and coincidence site modules as
expressed in Theorem 3.2.2. The corresponding results for lattices had been proven in [34]
and for a special class of modules in [33]. The chapter ends with a summary of the main
results of the CSLs of the cubic lattices [4, 73], which we rephrase in a way which is most
suited for our analysis of the multiple CSLs in Chapter 6.

In Chapter 4 and Chapter 5 we discuss the coincidence problem for several examples in
4 dimensions, including the 4-dimensional hypercubic lattices, the lattice A4 and the icosian
ring. For all these examples we can calculate the coincidence index explicitly and express
it in terms of quaternions. We determine an explicit expression for the CSLs and CSMs,
respectively, which allows us to formulate a criterion when two CSLs (CSMs) are equivalent.
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We count the number of coincidence isometries and CSLs (CSMs) of a given index, for which
explicit formulas exist. We construct the generating functions for these counting functions in
the form of a Dirichlet series. These Dirichlet series turn out to have nice analytic properties,
which allows us to find the asymptotic growth rates for the number of coincidence isometries
and CSLs via Delange’s theorem 7.A.1.

The methods in both chapters are very similar. In both cases a principal ideal ring of
quaternions is employed to get the results. For the hypercubic lattices, we use the Hurwitz
ring of integers, whereas we make use of the icosian ring to study the Ay-lattice. Some of
the results of Chapter 4 have already been published in [74]. However, Chapter 4 is not
just an extension of (part of) the results of [74], but we have opted to completely change
the presentation so that it matches the discussion of the A4-lattice and the icosian ring in
Chapter 5.

Chapter 5 extends the results of [8] and [43] on the Ay-lattice and adds the missing proofs.
For some of the details, we refer to [42].

In Chapter 6 we discuss the multiple CSLs of cubic lattices. This chapter extends results
of [75] and [15]. In particular, we count all double and multiple CSLs and express the
results in terms of Dirichlet series, which allows us to calculate the asymptotic behaviour for
the counting function also in these cases. Moreover, we get the remarkable result that any
multiple CSL is in fact a double or triple CSL. We conclude this chapter with an application
of the multiple CSLs to triple junctions; compare [30].

Chapters 7 and 8 are a reprint of [13] and its supplementary material [71]. Thus, both
chapters have their own list of references, whereas all other chapters share a common list
of references, which can be found at the end of Chapter 6. In Chapter 7, we discuss and
count well-rounded sublattices of planar lattices. Here, a lattice in R? is called well-rounded
if the non-zero lattice vectors of minimal length span R?. In the case of planar lattices, this is
equivalent to the property that the non-zero lattice vectors of minimal length span the lattice.

We have included this paper in the present work since there are many connections between
CSLs and well-rounded sublattices in the planar case. First, a planar lattice has well-rounded
sublattices if and only if there exists a coincidence reflection, i.e., if there exists a CSL that is
generated by a reflection. Moreover, the problem of finding all well-rounded sublattices can
be reduced to finding all coincidence reflections and their corresponding CSLs. If a lattice
has only one CSL, the asymptotic growth rate of the number of well-rounded sublattices does
not depend on the details of the lattice, but only depends on the coincidence index of this
particular CSL.

Although counting well-rounded sublattices is more difficult than counting CSLs, and the
corresponding expressions are less explicit, we still can determine the asymptotic growth rates.
In case of the square lattice and the hexagonal lattice, we are even able to calculate the first
error term explicitly. This cannot be achieved by an application of Delange’s theorem, but
by methods involving the Dirichlet hyperbola method. The explicit calculations are rather
lengthy and are presented in Chapter 8. The same methods allow to calculate the first order
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corrections for the asymptotic behaviour of the number of CSLs for the square lattice and
the hexagonal lattice, whose result will be published in [14].

1.3. Preliminaries and notation

The basic objects of the present work are lattices and modules. By a lattice we mean a
discrete, cocompact subgroup I" of R?. As any lattice has a basis {b1,...,bgq}, the lattice I is
the Z-span of these basis vectors, denoted as I' = (by, ..., bg)z. A sublattice I is a subgroup
of I' that is a lattice itself. This means that we consider only (sub)lattices of full rank, i.e.,
lattices, whose R-span is R

If we do not specify otherwise, a module M is always to be understood to be a finitely
generated free Z-module embedded in R? such that its R-span is R%, in other words,
R ®z M =R The rank of M is the cardinality of any basis of M. In other words, by
a module of rank k in dimension d < k, we mean the Z-span M = (by,...,bx)z of k > d vec-
tors b; € R? that span R¢ and are independent over @. If not stated otherwise, a submodule
is to be understood as a submodule of full rank, i.e., we consider only submodules N C M
such that M and N have the same rank. In this terminology, a lattice I" in R? is a module
of rank k = d.

Occasionally, we will need modules M C R? over more general rings R C R. In this case,
we always specify the ring R and we call M an R-module. Here, we do not require M to be
a free R-module. Nevertheless, they usually are embedded in R¢, they are finitely generated
and span R?.

As a special variant of a module we will sometimes use the notion of an S-lattice. Let
S C R be a ring with identity that is also a finitely generated, free Z-module. Then we call
M c R? an S-lattice, if there exist d linearly independent vectors b; € R? such that M is the
S-span of {b1,...,bq}, i.e., M = (by,...,by)s.

The symmetry group of a module M shall be called O(M). This is the group of all
R € O(d,R) such that RM = M. Clearly, we have O(M) C O(d,R).

In our discussion of lattices in dimensions 3 and 4, quaternions will play a crucial role. We
will introduce them together with their most important properties in Section 3.5. Additional
properties may be introduced later, wherever it seems appropriate. Nevertheless, we want to
make some remarks here.

Two rings of quaternions will be of crucial importance, namely the ring of Hurwitz quater-
nions J and the icosian ring I. Both rings are principal ideal rings, i.e., all right (left) ideals are
principal right (left) ideals. Thus, for any two right ideals a.J and bJ there exist quaternions g
and m such that ¢J = aJ +bJ and mJ = aJNbJ. These two quaternions g and m are unique
up to multiplication by a unit quaternion from the right. We call g a greatest common left
divisor of @ and b, and m a least common right multiple of a and b, in symbols g = gcld(a, b)
and m = lerm(a,b). As g and m are unique only up to a unit, these equations only make
sense as a shorthand notation for the corresponding equation of ideals gJ = gcld(a,b)J or
as equations of quaternions that hold only up to a multiplication by a unit quaternion from
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the right. In some cases, we may choose a particular g or m. In these cases, the equations
involving them are considered to hold exactly.

In principal, we could write all equations involving a greatest common left divisor or a
least common right multiple as equations of ideals. Nevertheless, we prefer the short hand
notation g = gcld(a,b). The reason is that we sometimes need a particular choice of a gcld
or lerm. In particular, we use quaternions to parametrise rotations, and the rotations depend
on the actual quaternion rather than on the corresponding ideal.

Clearly, all considerations are also valid for the greatest common right divisor gcrd and

the least common left multiple lclm.



CHAPTER 2

Similar sublattices and similar submodules

2.1. Basic notions and properties

Since coincidence site lattices are closely related to similar sublattices (SSLs for short),
it is worthwhile to consider similar sublattices first. We start by recalling some important
notions.

Two modules M;, My C R? are called commensurate (in symbols M; ~ M) if their
intersection M N My has finite index in both M; and M. Clearly, M7 and M5 can only be
commensurate if they have the same rank. Once we know that two modules in R¢ have the
same rank, the situation becomes easier as we can characterise commensurateness in several
ways, which we will use freely in the following:

LEMMA 2.1.1. Let My, My C R? be modules of rank k. Then the following are equivalent:

(1) My, My are commensurate.

(2) My N My has finite index in both M and M.

(3) My N My has finite index in My or in M.

(4) There exist (positive) integers my and ma such that myM; C My and maMs C M.
(5) There exists an integer m such that mMy C My or mMao C M.

(6) My N My has rank k.

As an immediate consequence we obtain by applying (4) several times:
LEMMA 2.1.2. Commensurateness is an equivalence relation.

An important example of commensurate modules are similar submodules. Recall that a
linear map f : R? — R%is called a similarity transformation if it is of the form f = aR, where
R is an isometry and @ € RT. Two modules are called similar if there exists a similarity
transformation mapping one module onto the other. Clearly, similarity of modules is an
equivalence relation.

DEFINITION 2.1.1. A similarity transformation mapping a module M € R? onto a sub-
module of M is called a similarity transformation of M. A submodule M; C M is called a
similar submodule (SSM) of M if it is similar to M.

The similarity transformations of M form a monoid. In fact, as similarity transformations
are invertible, they canonically generate a group, which is precisely the group of all similarity

13
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transformations mapping M onto a module commensurate to M. However, we are less in-
terested in the similarity transformations f = aR themselves, but rather on their rotational
parts R and their inflation factors a. We first mention

THEOREM 2.1.3. Let
(2.1) OS(M) :={R € O(d,R) | 3a € R" such that «RM C M}
be the set of all similarity isometries of M. Then OS(M) C O(d,R) is a group.

PROOF. For any R, R2 € OS(M) there exist ay,as € RT such that ayRyM C M and
agRoM C M, hence ajao Ry RoM C ay Ry M C M, which proves Ri Ry € OS(M). It remains
to show that R~ € OS(M) for any R € OS(M). There exists an o € R* such that aRM C M
and hence M C éR‘lM . As M and éR‘lM are commensurate, by Lemma 2.1.1 there exists
a positive integer m such that 2R~'M C M, which indeed shows R~' € OS(M). O

Similar modules have isomorphic OS-groups, in particular their OS-groups are conjugated
subgroups of O(d, R):

LEMMA 2.1.4. Let M and N be similar modules with N = aRM . Then
(2.2) OS(N) = R OS(M)R™".

Let us take a look at the scaling factors .. We first define

(2.3) Scaly;(R) :={a € R|aRM C M}
and
(2.4) scaly;(R) :=={a € R| aRM ~ M},

where we have allowed nonpositive values for a to get “nicer” sets. Scal,;(R) is nonempty for
all R as 0 € Scal,;(R). More importantly, Scal,,(R) is non-trivial if and only if R € OS(M),
i.e. Scaly;(R) # {0} if and only if R € OS(M).

Clearly, we expect that the sets of scaling factors are intimately related for similar modules.
In fact, we immediately get the following result.

LEMMA 2.1.5. Let M and N be similar modules with N = aRM . Then
(2.5) Scaly(S) = Scal,; (R™1SR)
(2.6) scaly (S) = scaly; (R"'SR).

For a lattice I", we immediately see a? € Z for any o € Scalj-(R), as the index [I" : aRI]
is given by [I" : aRI'] = |det(aR)| = o, if a is non-zero. Furthermore, an application
of Lemma 2.1.1 gives o € @ for any a € scal(R). These results can be generalised for
S-lattices, see [33] for details. Note that S-lattices have been called S-lattices in [33]. In
particular, for any o € Scaly;(R), we have a? € S, which follows from the fact that aR is
similar to a matrix with entries in S only. Likewise, for any a € scal,,;(R), we have a? € K,
where K is the field of fractions of S.
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Our first goal is to show that every a € Scal;(R) is some algebraic integer. To this end,
we consider Scaly;(R) for the identity operation R = F first. For any lattice I', we have
Scalj(E) = 7Z, and if M is an S-lattice, we get Scal,;(F) = S. In both cases, Scal,,;(F) is a
ring of algebraic integers and, indeed, this is a general property of Scal,,(E).

THEOREM 2.1.6. Let M C R? be a module of rank k. Scaly,(E) is a ring of algebraic
integers. In particular, Scaly;(E) is a ring with identity and it is a finitely generated free
Z-module, whose rank is a divisor of k and is at most %.

PrOOF. If o, € Scal;(F), then aM C M and M C M. It follows (o + )M C
aM + M C M and (af)M C aM C M, hence a +  and af are in M, which proves
that Scal,;(F) is a ring. Due to M C M we have 1 € Scaly,(F). Clearly, Scaly;(E) is
also a Z-module. Let vq,...vq be d linearly independent vectors in M. For each fixed i,
M; = {awv; | @ € Scaly;(E)} is a Z-submodule of M, which is isomorphic to Scal;(E). As
M; is a submodule of M, it is a finitely generated free Z-module, and so is Scal,;(E). Thus
Scaly,(F) is a ring of algebraic integers. All M; have the same rank, and as the direct sum
M; @ ...® My is a submodule of M, each M; has rank at most %, and so has Scal,;(F).

Let m be the rank of Scal;;(E) over Q and let K be the field of fractions of Scal,;(E).
Then K is a vector space over @ with dimension m. The vector space Q ®7z M has dimension
k over QQ, and viewed as vector space over K it has dimension %, which finally shows that m
indeed divides k. U

In the proof, we encountered the module aM + SM. In general, this is not a similar
submodule. As an example consider a ring of algebraic integers S C R that is not a PID.
Then the similar submodules of M = S are exactly the principal ideals of S, but the sum of
two principal ideals is in general not a principal ideal. However, if M = I" is a lattice, then
al' + I = ged(a, B)I is a similar sublattice.

Clearly, M can be also viewed as a Scaly;(E)-module, and as such it is still finitely
generated, but it is not necessarily a free Scal,;(E)-module, unless Scal,;(E) is a PID. As an
example, consider M = Z[2v/2] @ iA C C, where A = 27Z[2v/2] + (21/2)Z[2+/2] is an ideal of
Z[2v/2] with index [Z[2v/2] : A] = 2, but it is not a principal ideal. Here, Scaly;(E) = Z[2v/2],
but M is not a free Z[2v/2]-module.

Since aM ~ M if and only if there is a positive integer m such that maM C M we obtain

COROLLARY 2.1.7. Let M C R® be a free Z-module of finite rank. Then scaly(E) U {0}
is the field of fractions of Scaly;(F).

An immediate consequence of this result is the following lemma, which was first proved
for the special case of S-lattices in [33].

THEOREM 2.1.8. Let v be an arbitrary element of scaly,(R). Then

(2.7) scaly (R) = acscaly (E).
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PROOF. Let o, € scaly;(R). Hence aRM ~ SRM, which is equivalent to gM ~ M.
But the latter is equivalent to g € scaly,;(E), hence scaly;(R) C ascaly;(E). The reverse

inclusion follows from ayRM ~ yM ~ M for all v € scaly, (F). O

The situation is different for Scal;(R). We have the following result.

THEOREM 2.1.9. Scal,;(R) is a finitely generated, free Z-module for any similarity isome-
try R of M. Moreover, [3Scaly;(R) C Scal;(R) for any 5 € Scal;(E) and, hence, Scal;(R)
is also a finitely generated Scal,;(E)-module.

If Scaly; (F) is a PID, Scaly;(R) is a free Scaly;(E)-module of rank 1, i.e. there exists an
a € Scaly (R) such that Scaly;(R) = aScal,;(E).

PROOF. Let o, € Scaly;(R), n € Z. Then (o« + §)RM C aRM + SRM C M and
naRM C aRM C M show that Scal,;(R) is closed under addition and scalar multiplication,
whence it is a Z-module. Let x € M. Then Scal,;(R) is isomorphic to Scal;;(R)z, which is
a finitely generated free Z-module, since it is a submodule of M.

Let o € Scaly;(R) and 8 € Scaly, (F). Then afRM C M C M shows af € Scaly;(R).
Since av was arbitrary, this means § Scal,,;(R) C Scaly,;(R). Thus Scal,,;(R) can be viewed as
a Scal;(E)-module, which is finitely generated as it is already finitely generated over Z.

Assume Scal,,;(E) is a PID. Let 0 # « € Scal;;(R). Then %ScalM(R) C scaly, (F), and
as it is a finitely generated Scal,,;(E)-module, it is a fractional ideal of Scal,,(F). Since
Scaly;(F) is a PID, there exits a 5 € scaly;(E) such that %ScalM(R) = [ Scaly, (E), ie.,
Scaly;(R) = aScaly,;(E), where a = /3. O

Let us consider our previous example M = Z[2v/2] @ iA C C again. Let R be the
counterclockwise rotation through 7, which is represented by R = i. Here, Scal),(i) = A is
an ideal of Scal,,(F) = Z[2v/2], but not a principal ideal of Scal,;(E), which shows that in
general Scal,;(R) cannot be written as « Scal,,;(E). In particular, Scal,;(i) is not free over
Scaly,(E). In fact, Scal;;(R) is in general not an ideal (nor a fractional ideal) of Scal,,(E).
Indeed, we can modify our example a little and consider M = Z[2v/2] @ i\/n.A C C instead,

where n is some odd positive integer. Then Scal,;(i) = v/n.A and Scal,;(i) N Scal,;(F) = &.

THEOREM 2.1.10. Any a € Scal;(R) is an algebraic integer. If M has rank k > 2, then
« has degree at most k(k —1).

PROOF. As R is an orthogonal matrix, its eigenvalues are unimodular numbers e!¥. Hence
the eigenvalues of aR are of the form ae'?, and thus it is sufficient to show that the eigenvalues
of aR are algebraic integers. As R maps the module M of rank k into itself, there exists a
monic polynomial P of degree k with integral coefficients such that P(aR) = 0 (just take the
characteristic polynomial of its k-dimensional integral representation). Hence P(ael¥) = 0
and ae'¥ is indeed an algebraic integer. In fact, its degree is at most k, from which we infer
that o has degree at most k(k — 1). O
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As mentioned above, a € Scal,,;(R) is a d-th root of an integer in case of a lattice, and
it is a d-th root of an element of S in case of S-lattices. For general modules M, however,
Theorem 2.1.10 is the best we can get. This is illustrated by the following example.

ExaMPLE 2.1.1. Let n = e%r% — e_i?ﬂ%ﬁ, where 7 = % is the golden mean. Then

M = Z[n] is a free Z-module of rank 3, as 1 satisfies 7® + 3n — 1 = 0. Here, Scaly,(E) = Z.
Clearly, n = |n|ﬁ is a similarity transformation with ScalM(%) = |n|Scal,;(F) = |n|Z. Since

In| = \/72/3 + 7=2/3 + 1 has the minimal polynomial z6 — 3z% — 1, it is not an n-th root of
a rational integer. In particular, |n| has degree 6 = 3 - 2, which shows that the upper bound
on the degree of v in Theorem 2.1.10 is optimal. Finally, we mention that 7 is a symmetry
operation of M as nM = M.

As OS(M) is a group, we expect that there should be some multiplication law for the
set of scaling factors as well. Indeed, using the fact that commensurateness is an equivalence
relation once again, we obtain

LEMMA 2.1.11. For any R,S € OS(M)

(2.8) scaly;(R) scaly, (S) = scaly, (RS).
For further reference we also mention the special case S = R
LEMMA 2.1.12. For any R € OS(M)

(2.9) scaly; (R™1) scaly; (R) = scaly, (E)

The previous lemmas together with scal,, (R) scal,;(E) = scal,;(R) show that {scal,,(R) |
R € OS(M)} carries a natural group structure. In addition, these lemmas show that there
exists a natural group homomorphism from OS(M) onto {scal;(R) | R € OS(M)}. Moreover,
Theorem 2.1.8 shows that there is a isomorphism from {scal,;(R) | R € OS(M)} to a subgroup
of R /(scaly, (E) NR™), hence {scal,;(R) | R € OS(M)} is Abelian. Let us summarise this:

THEOREM 2.1.13. Let M C R? be a free Z-module of finite rank.

(1) {scaly;(R) | R € OS(M)} is an Abelian group, where the product scal;(R)scaly,(S)
is defined as the set {af | a € scaly(R),B € scaly(S)}. Its neutral element is
scaly (E) and the inverse element of scaly;(R) is scaly, (R™1).

(2) {scaly;(R) | R € OS(M)} is isomorphic to a subgroup of R /(scaly,(E) NR™).

(3) There exists a natural homomorphism ¢ : OS(M) — {scaly;(R) | R € OS(M)} via
R — scaly,(R).

The corresponding statements for Scal,,(R) are weaker.
THEOREM 2.1.14. For any R,S € OS(M), one has

(2.10) Scaly (R) Scaly (S) € Scaly, (RS).
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PROOF. Let a € Scaly;(R), 8 € Scaly;(S). Then
afM = (aR)(BS)M C aR™'M C M
shows a5 € Scal,;(RS). O

As the connection between the scaling factors of R and R~! will be important later, we
mention for further reference the special case § = R™1.

LEMMA 2.1.15. For any R € OS(M)
(2.11) Scaly;(R™Y) Scaly;(R) C Scaly, (E).
In addition we have

LEMMA 2.1.16. Let o € Scaly; (R) \ {0} and let m = [M : aRM] be the index of aRM in
M. Then

(2.12) % € Scal,, (R7Y).

ProoF. From mM C aRM we infer %R’lM C M, which proves the lemma. ([l

For a lattice I" € R? we immediately get the following corollary, since [I" : aRI'] = a.

COROLLARY 2.1.17. Let I' € R® be a lattice and o € Scalp(R) \ {0}. Then ad~! ¢
Scal(R71).

If Scaly;(E) is a PID we know that Scal,;(R) has the form Scal;;(R) = «aScaly;(R)
for some suitable . Here, o characterises Scal,;(R) completely and thus it makes sense to
introduce the following definition.

DEFINITION 2.1.2. Let Scal,;(E) be a PID and R € OS(M). Then
(2.13) Den,,(R) := {a € Scal;(R) | aScal;(E) = Scal;(R)}
is called the set of denominators of R.

An immediate consequence of this definition is the following lemma.

LEMMA 2.1.18. Let Scaly;(E) be a PID and R € OS(M), and let Scaly;(E) be the set of
units of Scaly,(E). Then

(2.14) Den,,(R) Scaly;(E) = Den,,(R).
Moreover, if a, f € Deny(R), then § € Scaly (E).
Lemma 2.1.15 can be reformulated in terms of Den,,;(R).

THEOREM 2.1.19. Let Scal,;(F) be a PID and R € OS(M), and let Scaly;(E) be the set
of units of Scaly;(E). Then there exists an o € Scaly;(E) such that

(2.15) Den,, (R) Den,, (R™') = aScal}, (E).
Moreover, « is a divisor of [M : BRM] for all B € Den,,(R).
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PROOF. Lemma 2.1.15 tells us Den,,(R)Den,;(R~!) C Scal,,;(E) and Lemma 2.1.18
guarantees that the denominators are unique up to a unit, whence there exists an « as
claimed. The divisibility property follows from Lemma 2.1.16. g

A very important case is Scal,;(F) = Z, in which Scalj;(E) = {1, —1} is particularly
simple. Here, it is convenient to introduce a special notation for the unique positive element
of Den,;(R).

DEFINITION 2.1.3. Let Scal,,;(E) = Z. The unique positive element of Den,,(R) is called
the denominator of R € OS(M) and is denoted by den,;(R).

We can reformulate Lemmas 2.1.15 and 2.1.16 in terms of the denominator.

THEOREM 2.1.20. Let Scaly,(F) =7 and R € OS(M). Then

(2.16) den,,(R)den,,(R™') € N
and with m = [M : den,;(R)RM]
(2.17) m eN

denM(R) denM(R_l)
If I C R? is a lattice, then

den(R)4!

(2.18) don (7°)

e NN.

The last formula gives an upper bound for den(R~1) < den(R)4!. In fact, this upper
bound may be assumed. As an example, we consider the Z-span of the vectors £~ le;, where ¢
is the d-th root of a positive integer and {es, ..., e4} is an orthonormal basis of R%. Let R be
the rotation that maps e; onto e;4; for i € {1,...,d — 1} and e4 onto e;. Then denp(R) = ¢
and denp(R™1) = ¢4-1,

We stress that den,,;(R) and den,,(R!) are in general not equal, not even if M = I is
a lattice. However, we have the following remarkable result in 2 dimensions.

COROLLARY 2.1.21. Let I' C R? be a lattice. Then denp(R™!) = den(R).

Proor. From Theorem 2.1.20 we infer

den(R)

2.19 ———cN

(2.19) denp(R1) <
and by symmetry

denj(R™1Y)

2.20 ——F— €N

(2:20) denj(R) €%
which together imply denj(R™!) = den(R). O

Let us finally mention that we can reformulate Theorem 2.1.14 in terms of the denominator
as well. It reads as follows:
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LEMMA 2.1.22. Let Scaly;(F) =7 and R,S € OS(M). Then
den,,(R) den,,(5)

N.
deny, (RS) -

2.2. Similar submodules of related modules

We have already seen that similar modules have conjugated OS-groups. We want to
go a step further and have a look on commensurate modules. As commensurateness is an
equivalence relation, we get

LEMMA 2.2.1. Let M and N be commensurate. Then OS(M) = OS(N).

PROOF. Let aRM be a similar submodule of M. Thus aRM and M are commensurate.
As M and N are commensurate, so are « RM and RN, from which we infer that o RN and N

are commensurate, hence by Lemma 2.1.1 there exists an integer m such that (ma)RN C N.
Hence OS(M) C OS(N), and by symmetry, OS(M) = OS(N). O

Actually, we have proved even more:

LEMMA 2.2.2. Let M and N be commensurate. Then
(2.21) scaly(R) = scalp(R)
for any R € OS(M) = OS(N).

However, the sets Scalp/(R) and Scaly(R) are different in general. By virtue of
Lemma 2.1.1, it is sufficient to consider the more special case that N is a submodule of
M.

THEOREM 2.2.3. Let N be a submodule of M with index m. Then
1
(2.22) m Scalps(R) C Scaly(R) € — Scalpy/(R).
m

ProoF. From aoRM C M we infer «RN C a«RM C M C %N. On the other hand,
aRN C N implies maRM C aRN C N C M. ]

One can reformulate this in terms of denominators, but, in general, this is not very useful
since Scaly (E) need not be a PID if Scal,,;(E) is. But even if both Scaly (F) and Scal,,(E)
are PIDs they need not be equal. However, as Scaly (E) and Scal,,;(E) are commensurate, we
have Scaly (F) = Scal,;(F) whenever Scal,;(E) = Z. In this case, which includes the lattice
case, we have

THEOREM 2.2.4. Let Scaly;(E) = 7Z and let N be a submodule of M with index m. Then

mden,;(R) mdeny (R)
2.2 — MYV eN d ———¢€eN.
(2:23) deny (R) < “ den,,(R) <
If I' C RY is a lattice, its dual lattice is defined as
(2.24) r“:={zxecR| Yerl: (xy) cZ},

where (-, -) denotes the usual inner product in R¢.
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LEMMA 2.2.5. Let I' C R? be a lattice. Then OS(I") = OS(I'™*) and
(2.25) Scalps(R) = Scalp(R™1).
In particular, denp gy, = denp(R71).

PROOF. a(Rz,y) = alx, R~1y) shows aRI™* C I'* if and only if «R~'I" C I', from which
all claims follow immediately. O

2.3. Counting similar sublattices and submodules

It is one of our goals to count the number of similar submodules of a given module M.
As we consider only free Z-modules of finite rank, the number of submodules with a given
index is finite. As any similar submodule is generated by some similarity transformation, we
may count the number of similarity transformation instead. However, this number may be
infinite, so we have to be careful here and find a useful subset of similarity transformations.

Let O(M) be the symmetry group of M, i.e. the subgroup of O(d,R) that leaves M
invariant. In addition, let S(M) be the group of all similarity transformations in R? that
leave M invariant. Clearly, O(M) is a normal subgroup of S(M). If M is some lattice I,
then the discreteness guarantees O(I") = S(I"), which can be also inferred from the fact that
the index of a SSL is given by [I": aRI'] = .

However, S(M) is much larger than O(M) in general. In fact, S(M)/O(M) may be
infinite. This is easily seen if we consider any ring M C R of algebraic integers that has an
infinite group of units. Here, M is a module in R with Scal;;(E) = Z and S(M) is exactly
the group of units of M, whereas the symmetry group O(M) is given by O(M) = {1, —1}.
Clearly, both O(M) and the group of scaling operations corresponding to Scaly;(E) are both
subgroups of S(M), but in general they do not generate S(M). We refer to Example 2.1.1
here. Recall that n = e N 67%3%/; is a similarity transformation leaving M fixed. But
neither is |n| an element of Scal};(F) = Z* = {1, —1} nor is ﬁ contained in O(M).

Note that two similar submodules a RM and B3SM are equal if and only if (aR)™18S €
S(M), i.e. if and only if «R and §S differ only by a similarity transformation contained
in S(M). Hence our task of counting similar submodules is reduced to count all similarity
transformations modulo S(M'). The number of all similar submodules of a given index n shall
henceforward be called b,,(n).

Often it is very useful to restrict considerations to a useful subclass of similar submodules.

DEFINITION 2.3.1. A similar submodule aRM of a free Z-module M of finite rank is
called primitive, if %RM C M implies 8 € Scaly;(E).

In other words, a primitive similar submodule aRM is the largest similar submodule in
the corresponding orientation. Hence any similar submodule of M is a primitive one scaled
by a factor 8 € Scal;;(E). The number of all primitive similar submodules of a given index
n shall be denoted by b, (n).
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If Scal,;(E) is a PID we can establish an easy connection between b,,(n) and b5, (n). Here,
the primitive similar sublattices are precisely those sublattices of the form den,,;(R)RM. Let
b¥ (n) be the number of similar sublattices of M that are just a scaled version of M, i.e. those
sublattices of the form aM with « € Scal,;(E). Then we have the following result.

LEMMA 2.3.1. Let Scaly;(E) be a PID. The arithmetic functions by;(n) and b5, (n) that
count the number of similar and primitive similar submodules of M , respectively, are connected
via the formula

(2.26) bar(m) = 0% (- ) b (m),

mln
where b]\b}(n) is the number of sublattices of M of the form oM.

PROOF. As Scal,,(F) is a PID, any a € Scaly;(R) can be written as den,,;(R)S with
B € Scaly;(F). Hence any similar submodule of M is of the form [den,;(R)RM, whose
index in M is given by [M : den,,;(R)M]|[M : SM]. Since the representation /den,,(R)RM
is essentially unique — 8 and den,;(R) are unique up to units — the index of any similar
submodule factors uniquely into the factor [M : den,,(R)M] originating from a primitive
similar submodule and a second factor [M : SM] due to scaling. A standard combinatorial
argument finishes the proof. O

LEMMA 2.3.2. Let M C R? be a free Z-module of rank k and let Scaly,;(E) be a PID,
whose rank as a Z-module is £. Then b¥ (n) = 0 unless n is of the form n = m*/t with
m € N, in which case

(2.27) bl (n) = a(n'/¥),
where a(m) is the number of ideals of Scaly;(E) of index m.

PRrROOF. This result follows immediately from the fact that M is a free Scal,;(E)-module
of rank %. O

In case of a lattice I" we have k = d and ¢ = 1 since Scal(F) = Z. Thus we have

COROLLARY 2.3.3. Let I’ C R? be a lattice. Then

b?(n):{l, if Ynel

(2.28)
0, otherwise.

COROLLARY 2.3.4. Let I' C R? be a lattice. The arithmetic functions bp(n) and b (n)
that count the number of similar and primitive similar sublattices of I', respectively, are
connected via the formula

(2.29) br(n) = > o (%)

m:md|n
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In many interesting examples the arithmetic functions b,,(n) and b%; (n) are multiplicative.
It is thus natural to consider generating functions of a Dirichlet series type. An advantage of
this approach is that their analytic properties determine the asymptotic growth behaviour of
by, (n) and b, (n). Lemma 2.3.2 can be easily reformulated in terms of the Dirichlet series

(2.30) Op(s) =) bf‘fl(sm

neN
and
. bYy(n)
(2.31) R (s) =Y 1‘28 :
neN

They are connected via the zeta-function of S = Scal,;(F), which is given by

(232 ()= Y 5o

A
where the summation runs over all ideals A of S. In particular, we have

THEOREM 2.3.5. Let M C R? be a free Z-module of rank k and let S = Scaly,(E) be a
PID, whose rank as a Z-module is £. Then we have

(2.33) ) (s) = D (s)Cs (75)
where (g(s) is the C-function of S = Scaly,(E).

In the special case of a lattice I', we have the well-known result [10]

COROLLARY 2.3.6. Let I' C R? be a lattice. Then we have
(2.34) @ (s) = @ (s)¢(ds),
where ((s) is Riemann’s C-function.

The situation is particularly nice if b,,(n) is multiplicative. However, in general b,,(n) is
not multiplicative, see [12] for several examples. Nevertheless, b,,(n) has a weaker property
called supermultiplicativity. An arithmetic function f(n) is called supermultiplicative, if
f(nm) > f(n)f(m) whenever m,n are coprime.

THEOREM 2.3.7. b,,(n) is supermultiplicative.

PRrOOF. Let aRM and BSM be similar submodules of M of index m and n, respectively.
Then aSRSM is a similar submodule of « RM with index n and hence it is a similar submodule
of M of index mn. Obviously M; = aRM has exactly by;(n) similar submodules M;; of
index n, and so has any similar submodule M, of index m. Calling these submodules M;;,
we see that it suffices to show that the submodules M;; are all different. Assume that two
of them are equal, say N = M, = M,;. Then the second isomorphism theorem implies
[My + My : My = [My : My N Ms] =: £, which in turn gives ¢ = 1 as ¢ divides the coprime
integers m and n, as is illustrated in Fig. 2.1. But this is a contradiction, as M; and M, are
different. 0
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FIGURE 2.1. Diagram of submodule relationships to illustrate the proof of
Theorem 2.3.7. The letters beside the lines indicate the corresponding index.

This theorem was initially proved for similar sublattices in [9]. We stress that this theorem
holds for all modules M and does not depend on whether Scal;(E) is a PID or not. The
corresponding question for bY(n) is more difficult. The situation simplifies if Scaly;(E) is a
PID.

COROLLARY 2.3.8. Let Scaly,(E) be a PID. Then b¥,(n) is supermultiplicative.

Proor. We can proceed in the same way as above. There is only one additional thing
to check: We must make sure that for two primitive similar submodules a«RM and SSM
with index m and n, respectively, the similar submodule afRSM is primitive, as long as
m and n are coprime. Assume O‘TﬁRSM is still a submodule of M for some 7 € Scal,;(E).
Then N(v) divides mn. As Scal;(FE) is a PID, v can be written as a product v = £{n with

&,m € Scaly;(E) such that N(§) divides m and N(n) divides n. In addition, Oii—BRSM is a

similar submodule of M of index mn’, where n’ divides n. Similarly, OZ—BRSM is a similar
submodule of M of index m/'n, where m’ is a divisor of m. The diagrams of Fig. 2.2 show
that the indices £ and j both divide m and n, hence j = £ = 1, which implies %SM C M and
%RM C M. As aRM and SSM are primitive by assumption, £ and n and thus v = &n are
units, which proves that aRSM is a primitive submodule. O

Moreover, as the Dirichlet convolution of an arithmetic function f(n) with a multiplicative
function g(n) is multiplicative if and only if f(n) is multiplicative, we get

LEMMA 2.3.9. Let Scaly;(E) be a PID. Then by, (n) is multiplicative if and only if b%,(n)
is multiplicative.

The condition that Scaly,(£) is a PID is necessary in general. For if S is some ring of
algebraic integers with 1 € S, then M = § is a one-dimensional module, which has exactly one
primitive similar submodule, namely M itself. Hence b?\:[ (n) = d,1 is multiplicative, whereas
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FIGURE 2.2. Diagrams of submodule relationships to illustrate the proof of
Corollary 2.3.8. The letters beside the lines indicate the index.

b,,(n) is the number of principal ideals of S with index n. However, this function is in general
not multiplicative, unless S is a PID.
Let us summarise these results for the special case of lattices.

THEOREM 2.3.10. Let I' € R? be a lattice. Then b (n) and bp(n) are supermultiplicative
arithmetic functions. Moreover, by(n) is multiplicative if and only if b (n) is multiplicative.

We conclude this section by a comparison of generating functions for closely related mod-
ules. It follows from the previous sections that modules in the same similarity class possess
the same number of (primitive) submodules and thus have the same generating function.
Moreover, if I" is a lattice, then I" and I'* have the same number of sublattices of a given
index — recall that [I": R[] = [[™* : «R~1T"*]. Hence
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LEMMA 2.3.11. For any lattice ' C R¢
(2.35) Dp.(s) = Pp(s) = D (s)((ds).

More important is the connection between the generating functions of commensurate
modules.

THEOREM 2.3.12. Let M be a module of rank k and let N be a submodule of M with index
m. Then ®,,(s) and ®y(s) have the same abscissa of convergence o < k, and for all real
s > o one has the inequalities

1

mks

PROOF. From Theorem 2.2.3 we know mScaly/(R) C Scaly(R) € X Scalp(R). The
chain of inclusions maRM C aRN C N C M tells us [N : aRN] = m~*[M : maRM] for
any a € Scaly(R) and similarly [M : BRM] = m~*[N : mBRN] for any § € Scaly;(R). Now
we make use of the fact that ®,,(s) can be expressed as a sum over all similar submodules of
M:

(2.37) Cyls)= Y 1L]

LSSMofM[

(2.36) Dys(s) < Dp(s) <mPdy,(s).

For sufficiently large Re(s)s the series converges and if, in addition, s is real, all terms are
positive. Hence

1 1
(2.38) Dy (s) = < mks — = mFD,,(s).
sy I ST 2o BT

A similar calculation gives the other inequality. Together they show that both functions have

the same abscissa of convergence . The bound on ¢ follows from the fact that the Dirichlet
series counting all sublattices of a free Z-module of rank k£ has abscissa of convergence k. [

For lattices, an analogous theorem holds for the generating function counting the primitive
sublattices.

COROLLARY 2.3.13. Let I' C R? be a lattice and let A be a sublattice of I' with index m.
Then ®(s) and ® ,(s) have the same abscissa of convergence o < d and for all real s > o

L b (5) < B, (s5) <m0 (s).

2.39
( ) mds



CHAPTER 3

Coincidence site lattices and modules

3.1. Basic notions and properties

In crystallography, the intersection I' N RI" plays an important role in describing grain
boundaries. If I'N RI" is a lattice of full rank, it is called a coincidence site lattice (CSL). As
we have seen, the intersection I'N R has full rank if and only if I" and RI" are commensurate.
This motivates the following definition.

DEFINITION 3.1.1. Let M C RY be a free Z-module of finite rank, and let R € O(d, R). If
M and RM are commensurate, M (R) := M NRM is called a coincidence site module (CSM).
In this case, R is called a coincidence isometry. The corresponding index ¥,,(R) := [M :
M(R)] is called its coincidence inder.

Here, we follow closely the notation of [4] and adapt it to modules where appropriate. As
commensurateness is an equivalence relation, we find

THEOREM 3.1.1. The set of all coincidence isometries
(3.1) OC(M):={R € O(d,R)| M and RM are commensurate}
forms a group, a subgroup of O(d, R).

Note that OC(M ) contains the symmetry group O(M ) of M as a subgroup. In particular,
O(M) is exactly the group of all coincidence isometries of index X,,(R) = 1. We will also
use the notation

(3.2) SOC(M) := {R € OC(M) | det R = 1}

for the group of all orientation preserving coincidence isometries (coincidence rotations).
As commensurateness is an equivalence relation, we immediately get

LEmMA 3.1.2. The OC-groups are equal for commensurate modules. In particular, all
sublattices of a lattice I' have the same group of coincidence isometries.

We have seen that similar modules have conjugated OS-groups. An analogous result is
valid for coincidence isometries as well.

LEMMA 3.1.3. Similar modules have conjugated OC-groups. In particular,

(3.3) OC(aRM) =R OC(M)R™*.
Moreover,
(3.4) Yarm(S) = 2y (R7'SR).

27
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Unsurprisingly, there is also a close connection between a lattice and its dual lattice.

LEMMA 3.1.4. Let I'* be the dual lattice of a lattice I' C R Then OC(I™*) = OC(I")
and X p.(R) = X (R) for all R € OC(I").

PRrROOF. As two lattices are commensurate if and only if their duals are commensurate,
I'* and RI™ are commensurate if and only if I" and RI" are commensurate. Hence it follows
immediately from its definition that OC(I™) = OC(I"). The equality of indices follows from

(3.5) [[*:I*(R)] = [[*: (I + R[)*| = [+ R[: I'| = [[": [(R)].
O

An interesting observation is that the coincidence indices of a coincidence isometry and
its inverse are the same. For lattices, this fact can be proved by geometric arguments [4],
which we will repeat here.

LEMMA 3.1.5. Let I' C RY be a lattice. For any R € OC(I")
(3.6) Ir(R)=Xp(R).

PROOF. Here, the key is the fact that [I": I'(R)] can be interpreted geometrically, i.e. it
is the ratio of the volume of fundamental cells of I'(R) and I'. As isometries preserve the
volume, we have

(3.7) Zp(R)=[:T(R)]=[R[:T'(R)]=[R[:T'NRI=[":R'I"'nl=XrR™).
O

This idea does not work for the module case due to the lack of a suitable fundamental
domain. Hence we use a more algebraic way to prove the next result.

THEOREM 3.1.6. Let M C R? be a free Z-module of finite rank. For any R € OC(M)
(3.8) Zy(R) = Sy (R

PROOF. Any module M C R? of rank k is isomorphic to some lattice I’ C RF, and R
induces a linear transformation A in R¥. Clearly, ¥, ,(R) = [M : MNRM|] = [I" : 'NATY, and
R~! induces the linear map A~%, so X, (R™Y) = [[': 'NA™'I") = [AT" : 'NAT). However, A
is in general not orthogonal, hence we cannot immediately infer [I": 'NAI'] = [Al" : NAT.
Nevertheless, this equation holds: Let P(A) be the characteristic polynomial of A. As I" and
AT are commensurate, P(A) has rational coefficients. Our aim is to show that the constant
term is +1, as this means det A = +1 and hence [I" : 'NAI'] = [A" : 'N AI']. We do this by
proving that P is either a polynomial with symmetric coefficients, i.e. P(x) = 2*P ((%)), or
satisfies P(z) = —a*P ((%)) Let A be an eigenvalue of R. Then A is a root of P, and hence
the minimal polynomial py of A over @ divides P. As |A\| =1 and p) has real coefficients,
is a root of py and thus py is the minimal polynomial of A\ = % Denoting the degree of p)
by ¢, we see that z'p) (%) = cpy(z) for some ¢ € Q. But ¢ = £1, since ¢! is a root of py for
any root £ of py. Let @ be the product of all different py, so Q(z) = £2™Q (%), where m is
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the degree of Q. Clearly, @ divides P. Moreover, Q(R) = 0, and hence Q(A) = 0. Thus P is
a product of powers of py, whence P(x) = :tka((f) as claimed. O

1
X
We have seen that a module M and a submodule of M have the same group of coincidence
isometries. However, we cannot expect their coincidence indices to be the same. Nevertheless,
their coincidence indices are closely related. In particular, there exist certain upper and lower
bounds. Our first result reads as follows

LEMMA 3.1.7. Let N be a submodule of M of index m. Then X,,(R) divides mXy(R).

PRrROOF. As N(R) € M(R) C M, the coincidence index X, ,(R) divides
[M: N(R)]=[M: NJIN: N(R)]=mXy(R).
O

The reverse inequality is true as well. There is a particularly short proof for the case of
lattices, so we state this case first.

LEMMA 3.1.8. Let A be a sublattice of I' C R of index m. Then X ,(R) divides mX(R)
and X (R) divides mX ((R).

PROOF. It is a well-known property of dual lattices that A C I" implies I™* C A*. Since
Y1(R) = Y. (R) for any lattice I", the result now follows immediately from Lemma 3.1.7. O

For general modules we have to find an alternative proof, since we lack a comparable
notion of dual module. The proof will be of an algebraic nature.

THEOREM 3.1.9. Let N be a submodule of M of index m. Then X),(R) divides mXy(R)
and X (R) divides mX,;(R).

PROOF. It remains to show that X' (R) divides mX,,;(R). To this end we use the coset
decomposition

m
M=|]Jti+N,
i=1
where t1,...,t,, is a set of coset representatives with {1 = 0. Then
m m
(3.9) M(R) =] (t: + N)NR(t; + N).
i=1j=1

Now one can show that (t; + N) N R(t; + N) is either empty or a coset of N(R), which we
write as v;; + N(R), see [49, 50] for details. Clearly, the cosets v;; + N(R) are pairwise
disjoint. Let I be the set of all pairs (4, j) such that (t; + N) N R(t; + N) is non-empty. Now
let (7,7),(k,€) € I and let (p,q) be the index pair defined by

tp+ N=t;+t,+N and t,+ N =t;+t,+ N.

Then (t,+N)NR(t;+N) = vij+vge+ N(R) shows {p, ¢} € I, and in particular, v,,+N(R) =

V;;+ v+ N(R). This shows that J := {(t;+N,t;+N) | (i, j) € I} forms a group, a subgroup
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of (M/N)x (M/N). This means that the order of J divides m?, i.e. |J| = %2 for some integer
n. Now |J| = mTZ is also the number of nonempty intersections (¢;+N)NR(t;+N) in Eq. (3.9),
or in other words, [M(R) : N(R)] = |J| = %2 Now
[M:N|[N:N(R)] m n

[M(R): N(R)] | J] -
shows that X'y (R) divides mX,,(R). O

(3.10) Sy(R) = [M: M(R)] =

An alternative proof of this theorem, which gives a more detailed expression for X, (R)
in terms of X\ (R), can be found in [50]. This proof is closely related to the theory of
colour groups and thus allows an interpretation in terms of coincidences of coloured lattices,
see [50, 51] for more on this topic.

In the previous proof intersections of the form (¢;4+N)NR(t;+N) have occurred. These are
special cases of expression occurring in connection with affine coincidences and coincidences
of multilattices, see [50, 49, 52] for more on these topics.

Theorem 3.1.9 gives us some bounds on the coincidence index of a submodule. In certain
cases we can even get sharper bounds.

THEOREM 3.1.10. Let N be a submodule of M of index m. Let R € OC(M) be such that
NNR({t+ N)=0 forallt € M\ N. Then X\ (R) divides ¥,;(R).

PROOF. Let I and J be as above. Now I contains exactly one pair of the form (1,7),
namely (1,1). The group properties guarantee that I contains at most one pair (i, j) for any
i. Hence J is isomorphic to a subgroup of M /N, which means that |J| divides m in this case,
and an application of Eq. (3.10) yields the result. O

For an interpretation of this result in terms of colourings we refer again to [50, 51]. In
fact, this result corresponds to the notion of “colour coincidence”.

This theorem is only useful in practice, if it is reasonably easy to check the condition
NNR({t+ N)=o for all t € M\ N. This is possible if the points of N and M \ N lie on
different shells, i.e. if the sets {|z| |2 € N} and {|z| |z € M \ N} are disjoint. By this means,
it is possible to show that the three classes of cubic lattices have the same coincidence indices.

Indeed, let I}, = 73, where the index pc indicates that this lattice is a primitive cubic
lattice, and let us consider the body-centred cubic lattice I}, = Z> + (u + Z3), where u =
#(1,1,1). Here, I e C I, is a sublattice of index 2 and one easily verifies that |z|* is an
integer for all z € I, and 4|z|> = 3 (mod 4) for all z € I}, \ I},.. Hence an application of the
theorem shows that X, .(R) divides X
by considering the dual lattice I, , which is a face centred cubic lattice. In particular, ||

(R). The reverse divisibility property can be obtained

bee

is even for all z € Iy, and odd for all z € I, \ I;.. Hence, we have proved the following
result.

THEOREM 3.1.11. Let I, I,
lattices. Then

(311) ZJpc(R) = Zbcc(R) = chc(R)

r fCCIR?’ be primitive, body centred, and face centred cubic
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for all R € OC(I},;) = OC(I},.) = OC(I,,)-

Note that this result was already proved in [39]. For more on cubic lattices see Section 3.5
and the references mentioned there.

3.2. Connection between similar submodules and coincidence site modules

We expect interesting relations between similar submodules and coincidence site submod-
ules, since the notion of commensurateness plays an important role in both cases. Indeed,
there is a close relationship between both types of submodules.

LEMMA 3.2.1. Let M C R? be a finitely generated free Z-module. Then
(1) R e OC(M) if and only if 1 € scalp(R).
(2) Re€ O(M) if and only if 1 € Scaly(R).

PROOF. By definition, R € OC(M) if and only if M and RM are commensurate, which
in turn is equivalent to 1 € scalp/(R). For the second statement, note that R € O(M) is
equivalent to M = RM, which is equivalent to 1 € Scalps(R). O

By virtue of Theorem 2.1.8, the condition 1 € scaly/(R) is equivalent to scaly/(R) =
scalpf(E). This means that OC(M) is the kernel of the homomorphism ¢ mentioned in
Theorem 2.1.13. Thus we have

THEOREM 3.2.2. The kernel of the homomorphism
(3.12) ¢ : OS(M) — R /(scaly, (E) NR™),
R+ scaly (R)NIRT

is the group OC(M). Thus OC(M) is a normal subgroup of OS(M) and OS(M)/OC(M) is
Abelian.

This theorem was first proved for lattices in [34] and later generalised for S-lattices in [33].
If M C R? is a lattice or an S-lattice, all elements of OS(M)/ OC(M) have finite order.
In particular, their order is a divisor of d, see [34, 33|:

THEOREM 3.2.3. Let M C R? be a lattice or an S-lattice. Then the factor group
OS(M)/ OC(M) is the direct sum of cyclic groups of prime power orders that divide d.

This does not hold in general — recall Example 2.1.1. There scal;(E) = Q*, but |n|" ¢ Q
for all n € N.

EXAMPLE 3.2.1. OC(M) may be very small compared to OS(M). Let us consider Ex-
ample 2.1.1 further. Z[n] is the ring of integers of the number field Q(n). It is a Euclidean
domain and hence a PID [21, Table B.3]. Its discriminant is —135, and hence only 3 and 5
are ramifying primes. In particular, we have 3 = n=2(1 — )3 and 5 = = 2(1 + n)(1 — 21)?,
where n71 = 3 4+ n? is a fundamental unit. Hence SOS(Z[n]) is an infinite Abelian group
isomorphic to Cy x C3 x Z®0) where the factor Cy is due to the roots +1 of unity and Cjy
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corresponds to the prime (—1 + 7). Note that the primes over 5 do not give rise to a finite
factor but contribute a factor Z.

On the other hand, SOC(Z[n]) consists of all z € Q(n) such that |z|?> = 1. But as Q(n)
is a cubic field, the only numbers that satisfy |z|> = 1 must be rational, i.e. z = 1. Thus,

SOC(Z[n)) = {£1}, i.e. SOC(Z[n]) contains only the symmetry rotations and there are no
further coincidence rotations. This shows that SOS(Z[n])/SOC(Z[n]) ~ C3 x Z®). Hence
apart from a finite number of exceptions all elements of the factor group have infinite order.

LEMMA 3.2.4. For any R € OC(M)
(3.13) Y(R) € Scalpr(R) N Scalp (R71).
Moreover, Scaly(R) is an ideal of Scaly(E).

ProoOF. As ¥),(R) = [M : M(R)] = [RM : M(R)], we infer

(3.14) Yy (R)RM C M(R) C M,
which proves X,,(R) € Scaly(R). As X,,(R) = X,,(R™!), we obtain X,,(R) € Scaly/(R™1),
and Eq. (3.13) follows. O

If Scaly,;(E) = Z, we can characterise Scal,;(R) by the denominator den,;(R). In fact,
an immediate consequence of Lemma 3.2.4 is

COROLLARY 3.2.5. If Scaly,(F) = Z, then den,,;(R) is a positive integer for any R €
OC(M).

On the other hand, to each R € OC(M) there corresponds another positive integer,
namely X, ,(R). Hence we can expect that there are some connections between X', (R) and
den,,(R). In order to explore this connection, we need a variant of Theorem 2.1.20.

LEMMA 3.2.6. Let M C R? be a free Z-module of rank k such that Scaly,;(E) = Z. For
any R € OC(M), the denominator den,,(R™') divides den,;(R)*~!. If I C R? is a lattice,
then denj(R™1) divides denj(R)?1.

PRrROOF. Since R € OC(M), we have [RM : M(R)] = [M : M(R)] by Theorem 3.1.6.
Thus
[M : deny, (R)M(R)]
[den,;(R)RM : den,,;(R)M(R)]

and now an application of Theorem 2.1.20 gives the result. g

(3.15) [M : den,,;(R)RM] = = den,, (R)",

Note that the requirement R € OC(M) is essential, since Eq. (3.15) does not hold in
general. As a counterexample we recall Example 2.1.1, where [M : nM] =1 # |n3.

THEOREM 3.2.7. If M is a free Z-module of rank k with Scaly;(E) = 7Z, then for any
R e OC(M)
(1) lem (deny, (R), deny, (R™Y)) divides X, (R);

(2) £,,(R) divides ged (deny, (R), deny (R™1))".
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PROOF. Part 1 is an immediate consequence of Lemma 3.2.4. For part 2, we use
(3.16) den,;(R)RM C M N RM = M(R),

where den,;(R)RM C RM is due to the fact that den,,(R) is a positive integer. Calculating
the respective indices shows that X,,(R) divides den,,(R)*. Since X,,(R) = X,;(R71),
Yy (R) divides den,; (R™1)* as well, which yields (2). O

THEOREM 3.2.8. If M is a free Z-module of rank k with Scaly(E) = 7Z, then X,;(R)?
divides lem (den,; (R), denM(R_l))k for any R € OC(M).

PROOF. Let m :=lem (deny;(R),deny;(R™')). Then

(3.17) mM +mRM C MNRMC M
o mk
shows that X, (R) divides [M : mM + mRM] = IR O

Combining Theorem 3.2.7 and 3.2.8 we get
THEOREM 3.2.9. Let I' be a lattice in R%. Then

(3.18) Yr(R) =denp(R).

3.3. Multiple coincidences

So far we only have considered intersections of two commensurate lattices, but there is no
reason to restrict the discussion to this case. In fact, intersections of more than two isometric
commensurate copies of a lattice or a module have been discussed already in [6, 75, 15].
There are various reasons to do so. On the one hand, they naturally occur in the discussion
of the counting functions for CSMs, see Section 3.4 and compare [76]. On the other hand,
they are important in crystallography in connection with multiple junctions [30, 29, 31].
Another interesting application arises in the theory of lattice quantizers where one usually
deals with rather complex lattices. There one hopes to simplify the problem by representing
a complex lattice as the intersection of simpler lattices [24, 65].

DEFINITION 3.3.1. Let M C R¢ be a free Z-module of finite rank and let R;, i € {1,...m}
be coincidence isometries of M. Then the module

(319)  M(Ry,...,Rpn):= MARMO...0RpM = M(R)N...0 M(Rp)
is called a multiple CSM (MCSM). Its index in M is denoted by X (Ry,..., Ry).

In order to distinguish CSMs of the type M (R) = M N RM from multiple CSMs, we will
occasionally use the term simple or ordinary CSM for M (R).

Note that X(Ry,...,Ry,) is finite since M(Ry,...,Ry;,) is a finite intersection of mu-
tually commensurate modules [4]. In particular, an immediate consequence of the second
isomorphism theorem is
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LEMMA 3.3.1.

Y (R1)X(Ry)

Y (Ri,Re)’

where X4 (R1, Ry) is the index of the direct sum My (Ry, Re) = M(R1) + M(Ry) in M.

(3.20) S(Ry, Ry) =

More generally, we have the following relation.

LEMMA 3.3.2.
Y(R1,.. ., Rm—1)X(Rm)
3.21 Y(Ry,...,Ry,) = ,
(3:21) (B, Brm) Yi(Ry,...,Rpu-1;Rp)
where X (Ry, ..., Rm—1; Ry) is the index of My (Ry,...,Rm—1;Rm) = M(Ry,...,Rp—1) +
M(Ry,) in M. In particular, 2(Ry, ..., Ry) divides X(Ry) - ...  X(Ry,).

3.4. Counting coincidence site lattices and modules

We have already considered the problem of counting similar submodules. We have been
able to reduce this problem to the problem of determining a certain factor group of similarity
isometries. This was possible since there was a bijection between similarity isometries (up to
a certain group) and similar submodules. Unfortunately, the same approach does not work
in the case of CSMs, as different coincidence isometries may generate the same CSM.

We first observe that isometries related by a symmetry operation yield the same coinci-
dence site module:

LEMMA 3.4.1. Let R € OC(M), and let S be a symmetry operation, i.e. S € O(M). Then
M(R) = M(RS).

The converse is not true. As an example, we consider the orthorhombic lattice I, which
is spanned by the vectors ey, 2es, 2e3, where ey, ..., e3 is an orthonormal basis of R3. Let
R be the isometry that interchanges e; and ez and leaves e fixed, whereas S shall be the
reflection that interchanges e; and es and leaves e3 fixed. We find I'(R) = I'(S) = (27Z)3,
but R and S are not related by a symmetry operation, as RS™! is a rotation that permutes
all three basis vectors. To make things even worse, consider the dual lattice I'™*, which is
the Z-span of the vectors ey, %62, %63. We know that it has the same OC-group as I', and
the coincidence indices are the same as well. However, in this case, the two CSLs differ. In
particular, I"*(R) is the lattice spanned by ey, %62, es, whereas I'*(5) is a lattice that has the
basis vectors ey, e, %63.

Nevertheless, there are several important lattices and modules for which there is a bijec-
tion between OC(M)/O(M) and the set of coincidence modules. This includes the square
and triangular lattice and several modules with N-fold symmetry in the plane, and the cubic
lattices in three-dimensional space.

Although we do not know, in general, whether two coincidence isometries generate the
same CSM, we can give some necessary conditions. Clearly, a necessary condition for equality
is that the coincidence indices are the same. In the case of lattices, we can formulate another
necessary condition.
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LEMMA 3.4.2. Let I' be a lattice. Assume that the two coincidence isometries R1 and
Ry generate the same CSL, i.e., I'(Ry) = I'(Ry). Then X(R;) = Y(Rz) and den(R;') =
den(Ry ).

PRrooF. The statement about X' is trivial. For the denominator observe that

(3.22) den(R;y")I" C I'(Ry) = I'(Ry) C Rol.
Thus
(3.23) den(RyYH)R,'T C T,

which shows that den(R;!) is a multiple of den(R;'). By symmetry, den(R; ") is a multiple
of den(R; ') as well, and the claim follows. O

We stress that the condition den(R; ') = den(R; ') involves the denominators of R; ! and
R; ! and not R; and Ry themselves. In fact, the corresponding condition den(R;) = den(Rz)
does not hold in general, as is shown by the following example.

Let us consider the lattice I' spanned by the vectors ey, 2es, 4es, 4e4, where the e; form
an orthonormal basis. Then Rp : e; — ;11 (mod 4) and Ry : e; — e3,e3 — e9,€3 — €1,€4 >
e4 generate the same CSL of index 4, spanned by the vectors 4eq, 2es,4es, 4eq, but their
denominators are different: den(R;) =2 # 4 = den(Ry).

As we have seen, we have two distinct counting problems, so we have to introduce two
different counting functions. Let ¢,,(n) be the number of coincidence site modules of index n,
and let c']f/‘[’(n) be the function counting the coincidence isometries up to symmetry operations,
i.e. the number of elements of OC(M)/ O(M) that have index n. For lattices, O(I") is finite,

so the number of coincidence isometries is given by | O(I")|c*°(n) in this case. Likewise, we

use the notation ¢ (n) if we want to count orientation preserving isometries only. Note that

¥ (n) = ¥ (n), whenever O(M) contains an orientation reversing isometry.

Correspondingly, we introduce the generating functions

(3.24) Uy(s) = > cu(n)

neN n
and
. iso
(3.25) wie(s) = 30 B,
nelN n

Obviously, ¢%(n) is an upper bound for ¢,,(n), in other words

(3.26) cpr(n) < d2(n).

We have seen that the counting functions for similar submodules are supermultiplicative,
so we might expect that c,;(n) and c§2(n) are supermultiplicative as well, which they are.
To prove this, we first need a theorem about the coincidence index of a product Ry R,. We

start with a lemma on arbitrary products Rj Ra.

LEMMA 3.4.3. EM(RlRQ) divides EM(Rl)EM(RQ)
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PROOF. The relations between the CSMs M (R;), M (R2) and M(R;R2) are shown in
Fig. 3.1, where we have set m := X,,(R1) and n := ¥,,(R). Clearly, M(R:1) + Ri1M(Rz)

M R\M RiRoM
| \ \
mn/pq m‘/q m m i‘\’ n n n‘/q mn/pq
M(Rl) +M(R1R2) M<R1> +R1M(R2) RlM(RQ) —|—M<R1R2)
n/p X m/p n/p / m/p
M(R1R») M(R)) RiM(Rs) M(R:R»)
q n/p m/p q
MNRMNR R M

FIGURE 3.1. Relations between CSMs and their indices

is a submodule of R; M with index p, say. Likewise, M(R1R2) 2 M N RiM N RyRyM,
with index ¢, say. It follows immediately from the diagram that X, (R R2) divides mn =
2y (R1) X, (Ra). ]

If X¥,,(R1) and X,;(Ry) are coprime, the diagram simplifies and we get the stronger result
THEOREM 3.4.4. If ¥, ,(R1) and X,,(R2) are coprime, then
(3.27) Yy (BiRe) = Xy (R) Xy (Ro).

PRrROOF. It is clear from Fig. 3.1 that p and ¢ divide both m and n. Since m and n are
coprime this implies p = ¢ = 1, and Fig. 3.1 simplifies considerably, the result is shown in
Fig. 3.2. In particular, we read off M (R1R2) = M NR{M N RiRyM and X, ;(R1Ry) = mn =
Ly (R1) 2y (Ra). O

Note that the condition that X,,(R;) and X, (R2) are coprime is essential. In general
we cannot expect equality. A simple counter example is given by Ry = Rl_l, if X,,(R1) > 1,
since X,,(R) = X,,(R™1) holds for any R by Theorem 3.1.6 and X,,(E) = 1.

A byproduct of the previous proof is

M R\M = M(Rl) + RlM(RQ) RiRoM
mn\ M(Ry) R1M(R3)
M(RlRQ) =MNRMNR RyM

FIGURE 3.2. Relations between CSMs with X, ,(R1) and X, (R2) coprime
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COROLLARY 3.4.5. If ¥),(R1) and X,,;(R2) are coprime, then
(3.28) M(Rle) =MNRMNRRyM = M(Rl) N RlM(Rg).

This result is rather technical but plays an important role in the following, since it relates
M (R Ry) with some kind of multiple CSMs and provides the basis for something like a “prime
decomposition” of CSMs. In fact, it is the analogue of the similar submodule a« RGSM that
we have encountered in the proof of Theorem 2.3.7.
ISO

Since the proof of the supermultiplicativity of c}f(n) is simpler than that of c;,(n), we
start with the former.

THEOREM 3.4.6. The arithmetic function ¢52(m) is supermultiplicative, i.e. 59(mn) >

c']f/‘[’(m)c']ff(n) if m and n are coprime.

ProoF. Given isometries R,S with coprime indices m,n, respectively, we know that
Yy (RS) = mn by Theorem 3.4.4. Thus, if R;,5 € {1,...,c52(m)} and Sy, k € {1,...,c%(n)}
are complete sets of not symmetry related coincidence isometries, it suffices to show that
R;Si and R;S, are not symmetry related unless both ¢ = j and k£ = £. l.e., we want to show
that R;S, = R;SQ for some @ € O(M) if and only if both R;'R; = E and S;/'S; = E
(which implies even@) = E). Lemma 3.4.3 guarantees that the indices of R = R;lRi and
S = SeQS, L are divisors of m? and n?, respectively. Hence they are coprime. But this
implies 1 = X,,(E) = £,,(RS) = X,,;(R)X,,(S), which can be only satisfied for X,,(R) =
ZM(S) = 1. Since R; and R; are not symmetry related unless ¢ = j, we obtain R; = R;.
This in turn means S, = SyQ, proving that S; and S, are symmetry related, which implies
k = { as claimed. O

To prepare for the more complicated case of ¢,,;(m), we need the following lemma.

LEMMA 3.4.7. Assume that X,,;(R) =: m and X,;(S) =: n are coprime. Then
(3.29) nM N M(RS)=nM(R) and mRM N M(RS)=mRM(S).

PROOF. We start with the first equality. First note that nM C M (S). Hence using
Corollary 3.4.5, we see

(3.30) nM N M(RS) =nM N MNRMNRSM =nM N RM(S) D nM N nRM = nM(R).

We assume that M is a module of rank k. Since [M : nM] = n* and X,,(RS) = [M
M (RS)] = mn the index [M : nM N M(RS)] must be a multiple of n*m. On the other hand,
[M : nM(R)] = n*m must be a multiple of [M : nM N M (RS)], which shows that both indices
are the same and we must have equality in Eq. (3.30).

The proof of the second equality is similar. First note that ¥,,(R) = X,,(R™}) = m
guarantees mRM C M. Hence another application of Corollary 3.4.5 gives

mRM N M(RS) = mRM N RSM D mRM(S).

Again, index considerations show that equality must hold, which establishes our claim. [
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This lemma does not only tell us that we can recover M (R) and M (S) from M (RS) alone
but it also tells us how to do so: just by taking the intersection of M(RS) with a suitable
similar submodule of M. Now supermultiplicativity of ¢;,(m) is almost immediate.

THEOREM 3.4.8. The arithmetic function c,;(m) is supermultiplicative, i.e. c,;(mn) >
ey (m)ey (n) if m and n are coprime.

PROOF. We proceed as in the proof of Theorem 3.4.6 and replace the considerations on
symmetry related isometries by an application of Lemma 3.4.7. Taking a complete set of
¢y (m) isometries R; that generate all different CSMs of index m and likewise a complete
set of ¢;;(n) isometries S; we only need to show that R;S; and R;Sy generate different
CSMs unless i = j and k = (. Assume M(R;S;) = M(R;S;). Now Lemma 3.4.7 tells us
M(R;) = M(R;) and hence R; = R;. Another application of it gives R;M(Sy) = R;M(Sy),
hence k = ¢, which proves our claim. ]

There are several mechanisms that could destroy multiplicativity. First, there may be
isometries @ of index X,,(RS) = mn that cannot be written as a product = RS with
Yy (R) = m and X,,(S) = n. As an example, we mention I = 27 x 3Z. Here c°(6) =
cRH6) = cp(6) = 1, but ¢°(2) = ¢?%(2) = ¢p(2) = 0 = #°(3) = ¢?%(3) = ¢y(3). Further
examples can be found in [27].

Secondly, two isometries R,R’ that generate the same CSM M (R) = M (R’) may give rise
to different CSMs M (RS) and M (R'S). This is no problem as long as R and R’ are symmetry
related. In this case, the set {M(R'Sk)} is just a permutation of { M (RSy)}, if S runs over a
complete set of S,. However, if R and R’ are not symmetry related, additional CSMs might
occur.

Given the close relationship of similar submodules and coincidence site modules, one might
be tempted to assume that the counting functions b5, (n) and b,,(n) for similar submodules
are multiplicative if and only if the corresponding counting functions c¢,,(n) and c59(n) are
multiplicative. However, this is not true, not even for the special case of lattices. In fact,
similar sublattices seem to be more sensitive to violation of multiplicativity than CSMs. E.g.,
for T' = Z x 57, multiplicativity is violated for b% (n) and by(n) while ¢, (n) and c¥°(n) are
still multiplicative [12, 27].

We now know that c,;(n) and c§9(n) are in general supermultiplicative, and we have seen
examples, where they are not multiplicative. Nevertheless, c,,(n) and c§2(n) are multiplica-
tive for many important examples.

An interesting question is whether there exist some criteria for multiplicativity and the
answer is positive. A first hint is given by known examples in d < 4. For root lattices in d < 4,
the multiplicity functions f(m) and f°(m) are usually multiplicative. The reason is that
these lattices are related to principal ideal domains (and thus unique factorisation domains)
of algebraic integers or quaternions. So we expect that some kind of unique factorisation

property is essential. In fact, we can prove the following criterion.

THEOREM 3.4.9. The following statements are equivalent:
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(1) The arithmetic function cy;(m) is multiplicative.

(2) Every (ordinary) CSM M(R) can be written (uniquely) as M(R) = M(R;)N...N
M(R,,), where the indices X,;(R;) are powers of distinct primes.

(3) Every MCSM M(Ri,...,R,) of order m can be written (uniquely) as
M(Ry,...,R,) = My N ...N My, where the My are MCSMs of order at most n
and whose indices X, are powers of distinct primes.

Note that Lemma 3.4.7 guarantees the uniqueness of the decomposition M(R) = M (R1)N
...NM(R,), if it exists.

PROOF. We prove the equivalence of (1) and (2) first and show the equivalence of (2)
and (3) afterwards.

(1)=(2) Itissufficient to show that every CSM M (Q) with X, ,(Q) = mn for m, n coprime can
be written as M(Q) = M(R) N M(S), where X),(R) = m and X,,;(S) = n. There
are c,,;(m) distinct CSMs M (R;) of index m and correspondingly c¢,,(n) distinct
CSMs M (S;) of index n. We know from the proof of Theorem 3.4.8 that they give
rise to ¢, ;(m)c,,(n) distinct CSMs M (R;S;). Multiplicativity guarantees that M (Q)
is one of them, so there exist R, S’ such that M(Q) = M(RS’) with X,,(R) = m
and X,,;(S") = n. Correspondingly there exist S, R’ with M(Q) = M(SR') and
Yy (R)=m, ¥,,(S) =n. From Corollary3.4.5 we infer M(Q) = M(RS") C M(R)
and M(Q) = M(SR') € M(S), which gives M(Q) C M(R)NM(S). Comparing the
indices shows that equality must hold.

(2)=(1) It is sufficient to prove (a version of) submultiplicativity. Let m = pi* - - - pS* be the
prime decomposition of m. By assumption, every CSM of index m can be written
as intersection M(R) = M(Ry)N...N M(R,) with X),(R;) = p;'. But there are
at most ¢, (pi') - - ¢y (pir) such intersections, hence c¢,,(m) < ¢;,(pi*)--- ¢ (P5).
Together with supermultiplicativity this gives multiplicativity.

(2)=(3) M(Ry,...,Ry) is the intersection of n ordinary CSMs, which can be written as
M(R;) = M(Rl(l))ﬂ. . .OM(REKZ')), where the indices ), (jo)) are powers of distinct
primes for every fixed i. Hence, M (Ry,...,R,) is an intersection of ordinary CSMs
of prime power index, and for every prime p there are at most n CSMs which have
an index a power of p. Thus combining them appropriately gives the result.

(3)=-(2) This is trivial, since (2) is just a special case of (3). O

A corresponding criterion for the coincidence isometries exists as well. The formulation
of it is a bit more intricate, since isometries usually do not commute. For CSMs, the decom-
position into its prime power constituents is unique (up to permutation); for isometries, a
decomposition will depend strongly on how the factors are ordered.

First notice that if the coincidence isometry R with X,,(R) = mn can be factored as
R = RiRy with X),(R1) = m and ¥,;(R2) = n coprime, then R; and Ry are uniquely
determined up to elements of the symmetry group O(M), i.e. all other decompositions are
of the form R = (R1Q)(Q ' Rs) with Q € O(M). This can be proved by the same argument
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we used in the proof of Theorem 3.4.6. Note that Ry and Q' Ry are usually not symmetry
related, whereas R and R1QQ are.

At this point, it is not clear whether the existence of a decomposition R = Ry Ro implies
a decomposition R = RLR), where X, ,(R1) = X,,(R}) = m and X),;(R2) = X),;(R}) = n.
This motivates the following definitions.

We call a bijection @ = {p1,p2...} from the positive integers onto the prime numbers
an ordering of the prime numbers. We call a decomposition of a coincidence isometry R =
Ry --- R, a m—decomposition of R if X;,(R;) is a power of p; for any i (we allow X, (R;) =
pg =1). It is clear that any m—decomposition is unique up to point group elements.

THEOREM 3.4.10. The following statements are equivalent:
(1) The arithmetic function c2(m) is multiplicative.
(2) There exists an ordering m of the prime numbers such that any coincidence isometry
R has a (unique) m—decomposition.
(3) For any ordering m of the prime numbers there exists a m—decomposition of every
coincidence isometry R.

Proovr. It is sufficient to prove the following three implications.

(1)=(3) Let R be a coincidence isometry of index m = pj* - - - p». By assumption, there are
co(m) = ck2(pf') - - - 2(pn) inequivalent coincidence isometries of index m. Here,
we call two isometries R and S inequivalent, if there does not exist an isometry
Q € O(M) such that R = SQ. But there are also ¢?(p]') - - - ¢52(pS") inequivalent
products of the form R; --- R, with X},(R;) = pf’ Hence R must be one of them.
Since the order of the prime factors does not matter, our claim is proved.

(3)=(2) Statement (2) is a trivial logical implication of (3).

(2)=(1) We use again submultiplicativity. It is not difficult to check that there are at most
%o (p3t) -+ - co(psn) inequivalent products Ry --- R, with X,,(R;) = p;* for a given
ordering 7, hence there are at most and hence exactly c2(pj') - - - ¢%¢(psr) inequiva-
lent coincidence isometries of index m = p{* - - - pin. O

Given these two quite similar criteria we may expect that there is some connection between

the multiplicativity of ¢;,(n) and ¢$9(n). In fact, we can prove

THEOREM 3.4.11. The arithmetic function c,;(m) is multiplicative if ¢32(m) is.

PRrOOF. The multiplicativity of c'j}’(m) guarantees a m—decomposition of R for every 7.
In particular, if m = ¢j'---¢S" is the prime decomposition of m, we can find orderings
T = {pgi), pg), ...} such that pgi) = ¢;. Now let R; be the first factor of the m;—decomposition
of R. Then M(R) = M(Ry)N...N M(R,,) by familiar arguments. O

It is worth to comment on the various decompositions that occur here. For simplicity we
assume that only two prime powers are involved, say X(R) = p}'p5*>. Then the multiplicativity
of fiso(m) guarantees the existence of two decompositions R = R1.51 and R = RsS3 with
Y(R1) = pi' = 2(S2) and X(R2) = py* = X(S1). In this case, the unique decomposition of
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M(R) reads M(R) = M(Ry) N M(Rg). So given the decompositions of R we immediately
get the decomposition of M (R). However, it does not work the other way round. So given
a decomposition of M(R) we do not get any information on the decompositions of R, even
if we would know that they exist. It is thus not surprising that it is still an open question
whether the converse of Theorem 3.4.11 is true or not.

Actually, our proofs on the criteria for multiplicativity show a bit more. Even if ¢,,(m)
and c']\s/‘[’(m) are not multiplicative, the multiplicativity property might be satisfied for some
integer combinations. In these situations the following results may be useful. The analogue

of Theorem 3.4.9 reads
LEMMA 3.4.12. Let m and n be coprime. The following are equivalent:

(1) ep(mn) = cpr(m)ey (n).

(2) Every CSM M(R) of index X, ,;(R) = mn can be written as M(R) = M(R1)NM(Rs)
with Xy, (R1) =m, X, (R2) =n.

(3) Every MCSM M (R, ..., Ry) of order ¢ can be written (uniquely) as M (Ry, ..., Ry) =
M1 N My, where the My and My are MCSMs of order at most £ and whose indices
are X, =m and X, = n, respectively.

Similarly, we can generalize Theorem 3.4.10.

LEMMA 3.4.13. Let m and n be coprime. The following are equivalent:
(1) cip(mn) = cigg(m)ce(n).
(2) Every coincidence rotation R of index X,;(R) = mn can be written as R = R Ry
with Xy, (R1) =m, X, (R2) =n.

If multiplicativity is present for some integer combinations, it is quite common that it holds
true for certain primes and all its powers. Thus it makes sense to generalize Lemma 3.4.12
further. In fact, the following lemma is an immediate consequence of Lemma 3.4.12.

LEMMA 3.4.14. Let p and v be coprime. Let (i) be the set of all m that divide some power
of w. Then the following are equivalent:
(1) ¢ps(mn) = ¢y (m)ey,(n) for all m € (u) and n € (v).
(2) Ewvery (ordinary) CSM M(R) of index X,;(R) = k with k € (uv) can be written
(uniquely) as M(R) = M(R1)NM(Rz), such that ¥,;(R1) € (u) and X;(R2) € (v).
(3) Every MCSM M (Ry,...,Ry) of order £ and index k with k € (uv) can be written
(uniquely) as M (R, ..., Ry) = My N Ms, where My and My are MCSMs of order at
most £ and indices X, € (u) and Xy € (v), respectively.

In a similar way we can generalize Lemma 3.4.13.
LEMMA 3.4.15. Let pn and v be coprime. Let (1) be the set of all m that divide some power
of w. The following are equivalent:
(1) c%2(mn) = ¢52(m)c'$e(n) for all m € {u) and n € (V).
(2) Every coincidence rotation R of index Xy, (R) = k with k € (uv) can be written as
R = Ry Ry, where X,,;(R1) € (u), Xy, (R2) € (v).
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3.5. Coincidences of the cubic lattices

The three-dimensional cubic lattices are among the most important lattices in crys-
tallography. Thus their coincidences have been studied for a long time by crystallogra-
phers [58, 36, 39, 17, 37|. Later, they have been studied in a mathematical context [4, 73].
Here, the key tool is the ring of Hurwitz quaternions, since it turns out that any coincidence
rotation of a three-dimensional cubic lattice can be parametrised by Hurwitz quaternions; see
also [10] and references therein for some background.

Traditionally, one starts with primitive cubic lattices, partly due to the fact that these
lattices allow the easiest treatment with elementary methods. We will deviate from this
tradition here, as the body centred lattice allows for the nicest description of its coincidence
site lattices.

We have introduced the cubic lattices at the end of Section 3.1 already. Let us recall
that we have defined I, = Z* and I, = Z* + (u + Z*), where u = (1,1,1). Furthermore,
Iy = Iy is the root lattice Aj.

As the quaternions are pivotal in the following, we want to sum up their most important
properties here. For details we refer to the literature [47, 23, 45, 41].

Let {e,i,j,k} be the standard basis of R* where e = (1,0,0, O)T, i = (0,1,0, O)T,
j=(0,0, 1,0)T, and k = (0,0,0, 1)T. The quaternion algebra over R is the associative divi-
sion algebra H := H(R) = Re + Ri + Rj + Rk = R*, where multiplication is defined by the
relations

i’ =i =k’ =ijk = —e.

Elements of H are called quaternions, and a quaternion ¢ is written as either ¢ = qpe + ¢q1i +
q2j + qsk or ¢ = (qo, q1, G2, q3). Given two quaternions ¢ and p, their inner product is defined
by the standard scalar product of ¢ and p as vectors in R?.

The conjugate of a quaternion ¢ = (qo, q1,92,93) is ¢ = (g0, —q1, —q2, —q3), and its norm
is ]q\Q =qq=q + ¢ + ¢ +q3 € R. It is easy to verify that gp = pg and ]qp]z = ]q\Q\p|2 for
any ¢,p € H. A quaternion whose components are all integers is called a Lipschitz quaternion.
The set I of Lipschitz quaternions shall be denoted by

(3.31) L = {(q0,q1,92,93) € H: qo,q1, 92,93 € Z} .

A primitive Lipschitz quaternion ¢ is a quaternion in I whose components are relatively
prime. On the other hand, a Hurwitz quaternion is a quaternion whose components are all
integers or all half-integers. The set J of Hurwitz quaternions is given by

(3.32)
J= {(QDaQLQQ,(B) S H: q0,491,92, 43 S Z: or 4o, 491,492,493 S %_{—Z} =LU [(%)%a %7 %) +IL]

We call ¢ € J a primitive Hurwitz quaternion (or J-primitive or primitive for short), if %q elJ
with n € N implies n = 1. We note that the norm || of any Hurwitz quaternion is an integer.
If |¢|? is odd, we call ¢ an odd quaternion, otherwise an even one.
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Given a quaternion ¢ = (qo,q1,92,q3), its real part and imaginary part are defined as
Req = qp and Im g = ¢1i + ¢2j + ¢3k, respectively. The imaginary space of H is the three-
dimensional subspace InH = {Imgq:q € H} = R3 of H. For ease of notation, we will
identify Im H and R? and, in addition, also the elements (q1, g2, g3) € Im H with the elements
(0,q1,92,¢3) € H.

Similarly, I, = ImJ and [},. = ImIL, which indicates that I, may be easier to deal
with, since J is a maximal order and a principal ideal ring, whereas IL is not.

Any rotation in IR? can be parametrised by a quaternion ¢ € H with ¢ = (k, A, u, v) via

1 K24+ A2 —p? =02 —2KkV + 2\ 2k + 2\
(3.33) R(q) = e 26V + 2\ K2 = A2 p? =12 —2R\ + 2uv
7 —2Kk4 + 2V 26N 4 2uv P

In particular, we have R(q)x = ﬁqas(j for any x € R3. Clearly, this parametrisation — which
is called Cayley’s parametrisation — is not unique, but one can prove that it is unique up to
a scaling factor.

The first step in determining the CSLs of I" is the determination of OC(I"). Since the
point reflection I : & — —x is a symmetry operation of all three-dimensional lattices, it is
actually sufficient to determine SOC(I").

THEOREM 3.5.1. Let I' be any of the three cubic lattices Lo Lpees L pee- Then

(3.34) 0OC(I') = 0S(I') = 0(3, Q).

PRrROOF. It follows from Theorem 3.2.3 that all elements of OS(I")/ OC(I") have an order
that divides 3. On the other hand, the cubic lattices are rational lattices, which implies that all
elements of OS(I")/ OC(I") have an order at most 2. Thus we have indeed OC(I") = OS(I").
Moreover, as I' is commensurate to Z3, the elements of OC(I") are exactly the rational
orthogonal matrices. O

As any rotation in O(3,Q) can be parametrised by a rational quaternion, we can
parametrise the coincidence rotations by primitive Lipschitz or Hurwitz quaternions. Con-
trary to the traditional approach, we opt for primitive Hurwitz quaternions here; compare [4].
Using Eq. (3.33) we get

LEMMA 3.5.2. For any cubic lattice I', we have denp(R(q)) = g—';, where q is a primitive

Hurwitz quaternion and ¢ is the maximal exponent such that ZEHq]Z.

Note that ¢ is either 0 or 1, depending on whether |q|? is odd or even. If one chooses to
use primitive Lipschitz quaternions, one gets ¢ € {0, 1,2} instead.

THEOREM 3.5.3. For any cubic lattice I', we have

2
(3.35) 1 (R() = denp(R(g) = 0

where q is a primitive Hurwitz quaternion and £ is the mazimal exponent such that 2ZHq|2.
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PRrROOF. From Theorem 3.2.7, we know that X .(R(q)) is a multiple of den(R(q)) = |g—|;
and a divisor of den(R(q))?. As the latter is odd, so is X'(R(q)), and it is therefore sufficient
to show that X'(R(q)) divides |g|?. By Theorem 3.1.11, the coincidence indices are the same
for all cubic lattices. Hence it suffices to prove X, . (R(g)) divides |g|?. Since R(q)Im(zq) =
Im(gx) it follows that Im(qJ) C I, ..(R(q)). Hence I} ..(R(q)) divides [ImJ : Im(qJ)]. The

bee

index [J : ¢J] = |q|* can be easily calculated, as well as [JNReH : (¢J) "Re H] = |¢|?, where
ReH has to be understood as the real axis. Hence [Im.J : Im(qJ)] = % = |q|?, and

thus I..(R(q)) divides |g|%. O

If denp(R(q)) is square-free, then there exists a very simple alternative proof. As
denj(R) = denp(R™1) for the cubic lattices, Theorem 3.2.8 tells us that X (R)? divides
den;(R)3, and as denj(R) is square-free, we infer X (R) = den(R).

The previous proof shows even more. If |g? is odd, then I}, .(R(q)) = |¢|*> = [ImJ :
Im(qJ)] and hence Im(qJ) = I},..(R(q)).

THEOREM 3.5.4. If q is a primitive Hurwitz quaternion with |q|* odd, then
(336) Fbcc(R(Q)) = Im(qJ)

If |¢|? is not odd, then ¢ can be written as ¢ = rs with r, s € J, where |r|? is odd and
we see I (R(q)) = I} ..(R(r)) = Im(rJ).
An analogous result exists for the primitive cubic lattice Z3.

5|2 = 2°. As R(s) is a symmetry operation of I,

cc’

THEOREM 3.5.5. If q is a primitive Lipschitz quaternion with |q|* odd, then

(3.37) I, (R(g)) = Im(qL).

pc

Again, we can find a quaternion r € IL such that I',.(R(q)) = Im(rJ) if |g|* is even.

This shows that any CSL of Z3 is the projection Im(qJ) of an ideal ¢J of J. On the other
hand, whenever ¢ is an odd primitive Lipschitz quaternion, Im(qJ) is a CSL of Z3. If we can
show that there is a bijection between the set of ideals {¢J | ¢ is primitive and odd} and the
set of CSLs, then we can easily count the CSLs of a given index, as the number of ideals of a
fixed index is well-known [66]. The first step into this direction is the following result.

LEMMA 3.5.6. Let q,r € J such that |q|? and |r|? are odd. Then Im(qJ) C Im(rJ) if and
only if ¢ C rJ.
PROOF. Only the “only if” part is non-trivial. Im(qJ) C Im(rJ) implies that |r|? divides
lq|*>. Now
Im(rJ) = Im(rJ) + Im(¢J) = Im(rJ + ¢J) = Im(s.J),
shows that |r|? = |s|?, where s is the greatest common left divisor of r and q. Hence s~!r € J,
but as [s~!r| = 1, it must be a unit. Thus ¢J C sJ = rJ. O

From this we infer

COROLLARY 3.5.7. Let q,7 € J such that |q|* and |r|? are odd. Then Im(qJ) = Im(rJd) if
and only if ¢J = rJ.
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In other words, we have proved

LEMMA 3.5.8. The map qJ — I,..(R(q)), which maps the set of right ideals generated by

primitive quaternions with |q|*> odd onto the set of CSLs of L., is a bijection.

We can now write down the counting function for the number of CSLs explicitly. However,
before doing so let us mention that analogous results can be proved for the other cubic lattices
as well. In case of the primitive cubic lattice we observe that Im(¢lL) = Im(¢J) N Im L for
any primitive Lipschitz quaternion ¢ with |¢|> odd. Using Theorem 3.5.5 the following fact is
an immediate consequence of Lemma 3.5.8:

LEMMA 3.5.9. The map ql. — I,.(R(q)) = Im(qlL), which maps the set of right ideals

generated by primitive Lipschitz quaternions with |q|*> odd onto the set of CSLs of Iy, is a

bijection.

Actually, we can reformulate these results to stress the common features of the three types
of cubic lattices:

THEOREM 3.5.10. Let Iy, be a cubic lattice, a € {bce, pe, fee}. The map qJ — I, (R(q)) =
Im(ql) N I, which maps the set of right ideals generated by primitive quaternions with |q|?
odd onto the set of CSLs of I',, is a bijection.

PROOF. From I',(R(q)) C I', and I,(R(q)) € I}..(R(q)) = Im(qJ) we see I',(R(q)) C

Im(¢J)NI,. Index considerations show that we have even I',(R(q)) = Im(qJ)NI,. Now the
theorem is a consequence of the bijection in Lemma 3.5.8, where index considerations confirm
that Im(qJ) = Im(¢'J) holds if and only if Im(¢J) N I, = Im(¢'J) N I,. O

We return now to the arithmetic functions counting the number of CSLs and coincidence
isometries, where we use ¢;..(n) := cp, (n) for sake of simplicity. Using the bijections from
above between ideals and CSLs we get the following results:

COROLLARY 3.5.11. ¢ (n) = ¢,..(n) = c52(n) = ¢,e(n) = c';gc(n) = Ctee(n).

As J is a principal ideal ring and thus has an essentially unique prime factorisation, ¢, (n)
is multiplicative [66]. In particular, we have

(3.38) er(@) = (p+1)p
if p is prime. Hence, we obtain an explicit expression for the generating function; see also [4].

THEOREM 3.5.12. For any cubic lattice I' C R®, we have V(s) = Uiso(s) = U_(s),
which is given by the equation

s
m=1 PF2

{4+ A6 8 12,12 14 24 18 . 20 4 32 24
_1+35+55+75+95+115+135+155+175+195+215+235+

= cp(n) L+p™ 1 ((s/2) _1-21((s)¢(s — 1)
(3:39)  Weuls) = Z p H L—pl=s  1+4+2-s Jg](2s) 14+275  ((2s)
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Here, we have made use of

(3.40) G@ =35 fﬂs (12172 (25)¢(25 — 1),
ICJT

which is the (-function of the algebra J of Hurwitz quaternions [66, 60|, which counts the
right ideals of J. As two-sided ideals only generate the trivial CSL I'(R) = I', they do not
contribute to W -(s). This is reflected by the factors H% and ﬁ, which correspond to the
two-sided ideals generated by (1,1,0,0) and (n,0,0,0), respectively.

It follows from the properties of the Riemann (-function that ¥ (s) is a meromorphic
function of s. In particular, ¥ is analytic in the half plane Re(s) > 2, and its right-most
pole is located at s = 2. Using the theorem of Delange (see Theorem 7.A.1), we get the
asymptotic growth behaviour

2
(3.41) 3 ep(n) = 37% +o(?).
n<zx
In contrast to the CSLs of the square and triangular lattice in the plane, the CSLs of the
cubic lattice usually are no similar sublattices, and usually have lower symmetries, see [73]
for details.
We finally mention that our discussion of the cubic lattices can be generalised to certain

modules related to cubic lattices [11].



CHAPTER 4

Coincidences of the 4-dimensional hypercubic lattices

So far, we have discussed examples in dimensions 2 and 3 only. In the next chapters we
want to discuss some examples in dimension 4 explicitly, in particular, we want to focus on
the hypercubic lattices, the A4-lattice and some modules including the icosian ring.

The key tool are again quaternions. In contrast to the 3-dimensional case, where a sin-
gle quaternion is sufficient to parametrise a rotation, we need a pair of quaternions in 4
dimensions [47, 25]. Again, we identify vectors in R* and quaternions. Now,

1
(4.1) R(p,q) : R* = RY, =z R(p,q)x = TP

defines a rotation in IR*, whose matrix representation — in abuse of notation it is also noted
as R(p,q) = ﬁM(p, q) — is explicitly given by

(4.2)
() (i,q)  (i,q) (k. q)
_ | ig) (pi,ig) (pi,ig) (pk,iq)
MBD= 050 lie) hig (ki

(p,iq) (pi,kq) (pi,kq) (pk, kq)

ak +bl+cm+dn —al+bk+cn—dm —am—bn+ck+dl —an—+bm —cl+ dk
al —bk+cn—dm ak+bl—cm—dn —an+bm+cl—dk am+bn+ck+dl
am—bn—ck+dl an+bm+cl+dk ak—bl+cm—dn —al —bk+cn+dm
an+bm—cl —dk —am—+bn—ck+dl al+bk+cn+dm  ak—bl —cm+dn

9

where e = (1,0,0,0)7, i = (0,1,0,0)", j = (0,0,1,0)", k = (0,0,0,1)” are the unit quater-
nions introduced in Section 3.5 and, furthermore, p = (k, £, m,n)” and q = (a, b, c,d)”. Here,
(-,-) denotes the standard inner product in R?.

4.1. Centred hypercubic lattice

In 4 dimensions there are only two types of hypercubic lattices, namely Z*, the primitive
hypercubic lattice, and Dy the centred hypercubic lattice [22]. Note that the dual lattice D}
is similar to D4, which is a special feature of d = 4 — in all other dimensions D} and D,, are
not similar and hence there are three types of hypercubic lattices.

We start with the centred hypercubic lattice D4, which we can identify with the Hurwitz
ring J of integer quaternions. The coincidence isometries of hypercubic lattices have already
been discussed in [74] by some explicit calculations with quaternions. Here, we want to use

47
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a different approach. The main idea is to express the CSLs as a sum of certain ideals of .J.
This has two advantages: on the one hand, it gives us an explicit expression for the CSLs,
which makes it easier to determine the number of CSLs, a goal that has not been achieved
in [74], and on the other hand, it yields a method that can be easily adapted for the case of
the A4 lattice and the icosian ring.

As the symmetry group of Dy contains a reflection, the number of coincidence isometries
is twice the number of coincidence rotations of a given index, and all CSLs are generated by
rotations. Hence, we can restrict our discussion to coincidence rotations.

We first observe that R = R(p, q) is a coincidence rotation of J if and only if R € SO(4, Q).
Taking the trace of R(p,q) yields % € @ and similar sums give %, %, % € @, which
proves that p is a multiple of an integral quaternion. As R(p, q) is independent of any scaling
factor of p, we may assume w.l.o.g. that p € J. Similarly, it follows that ¢ may be chosen
as ¢ € J. However, not every pair (p,q) € J x J yields a matrix R(p,q) € SO(4,Q). In
fact, R(p,q) € SO(4,Q) if and only if |pg] € N. A pair (p,q) € J x J with |pg| € N is
called admissible. Thus R(p,q) is a coincidence rotation of J if and only if R(p,q) can be
parametrised by an admissible pair of primitive integral quaternions.

However, it turns out that primitive quaternions are not the optimal choice in this case,
and we prefer a suitably scaled pair. First note that |pg|? is a square in N for an admissible
Ipg]

_ pa®> e
gea(p g2 s the two factors o irrmy

must be squares as well. Hence, we can define the (coprime) integers

lq? Ip|?
43 [ 7% — _— and Ay = —_—.
(4.3) P =\ ged(pl% 1aP) 7=\ ged([plZ, 1aP)

Of course (z,y) = (app, aqq) defines the same rotation as (p,q). However, we can deal more

2
air, and so is and o are coprime, the
parr, ged(Ip|%[q) prime, they

easily with (z,y) since |z|*> = |y[2. Moreover, the octuple (x,y) = (app,a,q) is primitive
for primitive p and ¢, in the sense that %(app, aqq) € J x J if and only if n € {£1}. This
guarantees that there exist quaternions v, w € J such that (x,v) + (y,w) = 1. We shall call
a pair of quaternions with these two properties an extended admissible pair, and denote it by
(Pas 4a) = (P, qq).-

Clearly, scaling quaternions does not change the rotation R(p,q). On the other hand,
there are a lot of rotations that yield the same CSL, namely all rotations that differ by a
symmetry operation of J only. Let us denote the corresponding group by SO(J) := {R €
SO(4,R) | RT = J}, which is of order 242 = 576. Recall that we call two coincidence rotations
R, R’ symmetry related, if there exists an S € SO(J) such that R’ = RS.

Let us have a closer look on which rotations are symmetry related. It follows from
R(p,q)J = %:pJg that R(p,q)J = R(p',¢")T if and only if

= Tpdl
1 _ 1
—pp' T = —-Jqq .
pp/| laq'|
This means that (p, q) and (pr, gr) are symmetry related if and only if 7 is a quaternion such
that rJ is a two-sided ideal. Apart from scaling factors and units, the only such non-trivial
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quaternion is r = (1,1,0,0), see [66, 47, 25, 45]. Thus R(p,q)J = R(pr,qr)J, and as
r = (1,1,0,0) is the only prime quaternion of norm |r|> = 2, we can find for any rotation
R € SOC(J) a pair of quaternions (p,q) with [p|> and |¢|? odd such that R is symmetry
related to R(p,q). Thus we can confine our considerations to latter rotations and we will call
an extended admissible pair (p, ¢) with |p|? and |q|? odd an odd estended admissible pair. In
addition, we will call a quaternion ¢ € J with odd norm |g|? an odd quaternion; compare [45].

In fact, we can express all coincidence cite lattices in terms of odd extended admissible
pairs. Our first step in this direction is the following lemma.

LEMMA 4.1.1. Let (p,q) be an odd extended admissible pair. Then

1
(4.4) pI+Jgcantd

lpq|”

ProoF. Clearly pJ C J and Jg C J, thus giving pJ + Jg C J. On the other hand (recall
Ipl? = la])

Jqq Jq Jq
(15) y—Pad g _plq
lql lal*  lpql
and a similar argument for Jq yields pJ + Jg C %. U

The first step for the converse inclusion is the following result, where we return to the
more general case of extended admissible pairs for a moment.

LEMMA 4.1.2. Let (p,q) be an extended admissible pair. Then

(4.6) 2 <JI N M) C pJ + Iq.
Ipq|

PROOF. Let x € TN %. Then there exists a y € J such that x = fp—?’g. Since (p, q) is an

extended admissible pair there exist quaternions v, w € J such that (p,v) + (¢, w) = 1. Hence
2z = 2((p,v) + (¢, w))x = 2(p, v)x + 2x(q, w) = pvx + VDT + TqW + TW]
= pvx + vyq + pyw + xwq € pJ + Jgq,

where we have made use of the identity (a,b) = 3(ab+ ba). O

Trivially,

(4.7) Ip|? (Jmﬁ) = |pl2T N pJg C pJ + Jq.

If we restrict again to odd extended admissible pairs, we get

g g g
(4.8) Jmpq:2(Jmpq>+|p\2<Jmpq>ng+Jq,
pql |pq] pql

since |p|? is odd. Hence we have proved
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THEOREM 4.1.3. Let (p,q) be an odd extended admissible pair. Then

(4.9) Jn pda_ =pJ + Jq,
Ipq|

i.e. each CSL of the centred hypercubic lattice is of the form pl + Jq for a suitable odd
extended admissible pair.

As we have an explicit expression for our CSLs now, we can explicitly calculate their
indices. So our task is to find the index of pJ + Jg for any odd extended admissible pair

(P, a)-

We start with the following observation.

LEMMA 4.1.4. Let (p,q) be an odd extended admissible pair. Then X (R(p,q))X(R(p,q)) =
Ipl*.

Proor. First note

Ig
(4.10) pICpl+Ig=dn2 .

Ipq|

pJ is a similar sublattice of J with index [J : pJ] = |p|*. On the other hand [J : J N %ﬁ] =
Y(R(p,q)) is the coincidence index of R(p,q). Moreover

J J
(4.11) [pJ + 3G : pJ] = [J+pq J] [J] J]ﬂpq] S(R(p, q)).
|pq] [pq]
where we have used the well known trick of applying the second isomorphism theorem. Thus
(4.12) S(R(p,9))2(R(p,q)) = Ipl*.

O

Our next aim is to prove Y(R(p,q)) = X(R(p,q)), which gives us the explicit value of
Y(R(p,q)). Note that it is sufficient to prove that X(R(p, q)) divides |p|?, as the result then
follows from the lemma.

LEMMA 4.1.5. Let (p,q) be a primitive admissible pair of odd quaternions and (pa, qo) its
extension. Then [I : poJ + Jq,] divides |pa|*.

PROOF. We start with the case o, = oy = 1, i.e., [pal? = [p|? = ¢? = |qu|?>. As the
result is trivial if p and ¢ are units, we may assume |p|2 lq|? > 1.

Since [J : pJ] = [J : Jg] we cannot have pJ O Jg unless pJ = Jg. But the latter
would imply that pJ is a two-sided ideal, which is ruled out by the requirement that p is
primitive and odd (and not a unit). Thus there exists a minimal integer 1 < m € N such
that mJq C pJ. As |p|?Jg = p(pJq) C pJ, the integer m must divide |p|?. Our aim is to show
m = |p|?. Let g = gcld(m,p) be the greatest common left divisor of m and p. Clearly, gcld
is defined only up to units, but this does not matter. We can write p = gh, where h € J is
primitive since p is primitive. Note that m = |g|? and hence h is a unit if and only if m = |p|?.
Now, mJgq C pJ implies gJg C hJ and hence gJg+ hJg C hJ. As h and g have no common
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left divisor — otherwise p would not be primitive — we infer AhJ 2 gJgqg + hJg = Jg. Right
multiplication by J yields hJ O JgJ. Since the latter is a two-sided ideal, and ¢ is primitive
and odd, we must have JgJ = J. But this implies J C AJ, form which we infer that h must
be a unit and hence m = [p|? as claimed.

Now, m = |p|? is the smallest integer such that mJg C pJ. This means that there exists
a quaternion x € Jg such that kx ¢ pJ for any 0 < k < m. Hence the index [pJ + Jg : pJ] is
a multiple of m = |p|?, which in turn yields that [J : pJ + Jq] must be a divisor of |p|?. This
settles the case o, = ay = 1.

Let us turn to the general case. The idea is to reduce the problem to the case a;, = oy = 1.
First we define the greatest common left divisor g, = gcld(p, ay) = geld(pa, og), where the
last equation holds because oy, and ay are coprime. Similarly, we define the greatest common
left divisor g, = geld(q, o) = geld(ga, @) and use the decompositions p = gph, and g = gghy.
As p and ¢ are primitive, so are g, and g,. Together with o, being a divisor of | p|? this implies

|gp|? = o, and analogously we get |gy|? = a,. Hence
(4.13) Pad + JGa = pad + padq+ pIGa + JGa = p(Jayp + JGa) + (gd + pad)q

= pJgq + 9pI7 = gp(hpJ + Th)Gq.
Thus
(4.14) [J: (pad + Jqa)] = 20T : (hpd + Jhy)].
Note that |hy|? = % # |hg|* = %, so we cannot apply our known result yet. To
circumvent this problem, we define the greatest common divisors k, := gcld(hy, |he|?) =
geld(hy, |hpl?, |hel?) = geld(hy, ged(|p)?, |q|?) and k, := gcld(hy, |hp|?). Now we can write
(4.15) hpd + Jhy = hpd + |hy 2T + J|hg|? + Thy =

= (hpd + |hg[2T) + (Thy + J|hp|?) = kpT + Tk,

Note that both £, and k; have the same norm, in particular,

p? g
(4.16) ol = ol? = ged (I 2, [gf?) = 2 = 110 = (o2, laP).
q P

Thus we can apply the results of part 1 and obtain that

(72 (pad + JGa)] = 2] T : (kpd + Jky)]

2
is a divisor of agag% = |pa|?, which proves the theorem also for the general case. U

Q1|

Combining the last two lemmas we have proved:
THEOREM 4.1.6. Let (p,q) be an odd extended admissible pair. Then X(R(p,q)) = |p|?.

REMARK 4.1.1. It may be useful to formulate the index in terms of primitive admissible
pairs. Let p, ¢ be primitive odd quaternions with extended pair (pa,ga) = (opp, aqq). Then

(4.17)  Z(R(p,q)) = aplpl’ = o} lq|* = apaylpq| = lem(|p|?, |¢|*) = aa? ged(|p|?, |q|*).
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Note that |pg| is the denominator of R(p,q). This shows that in general den(R) and X'(R) do
not coincide for the lattice D4, which is in contrast to the three-dimensional cubic latices. In
fact, den(R) = X(R) holds if and only if a;, = oy = 1.

Our next task is to count the number of coincidence isometries of Dy. Since the point
group of Dy contains 242 = 576 rotations, the number of coincidence rotations of a given index
n can be written as 576 cmt( ). As mentioned above, the number of coincidence isometries is

twice this number, i.e. 1152 cmt(

By the previous theorem, counting the number of coincidence rotations is equivalent to
counting the number of odd extended admissible pairs. We first observe that cmt( ) is a
multiplicative function, which follows from the essentially unique prime decomposition in .J.
Indeed, if (p,q) and (r, s) are odd extended admissible pairs with |p|?> = m and |r|? = n and
m, n coprime, then (pr,¢s) is an odd extended admissible pair with |pr|?> = mn. On the other
hand, any odd extended admissible pair (p,q) with |p|*> = mn can be decomposed into odd
extended admissible pairs with index m and n, respectively. As this decomposition is unique
up to units, multiplicativity follows.

Thus we need to compute cmt( ) only for prime powers n". As odd extended admissible
pairs consist of odd quaternions only, mt(27") = 0. It is now a purely combinatorial task
to determine ¢75(7"). The number of primitive quaternions p with norm Ip|? = 7" is given
by 24f(x") with f(z") = (7 + 1)7"~! for » > 1, compare Eq.(3.38). Any odd extended

admissible pair (p,q) with |p|> = 7" can be obtained from a primitive admissible pair (p1,q1)

with [p1|2 = 7", |q1|? = 7", r = max (¢, "), ' — r" even. Hence
L m+1
(4.18) ci(n") = 249 Z F(@) f(x"72) = ] 17#“*1(7#"“ + a7t —2).

We can summarise this as follows:

THEOREM 4.1.7. The number of coincidence rotations of Dy of a given index n is given
by 576 cmt( ), where c}"ﬁ(n) is a multiplicative arithmetic function, which is completely de-
termined by ci5'(2") = 0 for r > 1 and

1
(4.19) CTDOI(PT) = pEe 1pr_1(pr+1 -HUT_I —2) ifpis an odd prime, r > 1.
p —
The multiplicativity of cmt( ) guarantees that the corresponding Dirichlet series generat-

ing function can be written as an Euler product:

o0 rot 1-s

CD 1+p )

(4.20) UE(s) = § L = | | — )
n=1 p;é2

_1+E+§+%+168+144+196+576+324+400+1024
35 5% T8 9s 115 135 158 178 193 21s
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It is remarkable that W7 (s) can be expressed in terms of the cubic generating function ¥ (s)
from Eq.(3.39) and thus in terms of Riemann (-functions:

__ol—sq1 _ 92—s _1)\2 _
(4.21) U35 (5) = Wy (8) U (5 — 1) = 11 +22_s h;—s C(Sé(zi)ggz)sg—(sm ”

This explicit expression shows that \IJ"D":(S) is a meromorphic function in the complex plane.
Its rightmost pole is at s = 3 with residue %0 (3). Using the theorem of Delange 7.A.1 we
obtain the asymptotic behaviour

rot 210 3 3
(4.22) D in) ~ =5¢(3) 2® ~ 0.26257

6
n<x

as x goes to infinity.

Next, we want to calculate the number cp, (n) of different CSLs of a given index n.
In contrast to the three-dimensional cubic lattices, where we have found ¢**°(n) = ¢(n), it
turns out that cp, (n) and cigg(n) are in general different. Clearly, we have the upper bound
cp,(n) < cFt(n). To determine ¢ (n) we must find out which coincidence rotations generate
the same CSL.

We start with finding necessary conditions. We know from Lemma 3.4.2 that two CSLs
can be the same only if the corresponding coincidence indices are the same. In addition, the
denominators of the inverses must be equal, but as den(R) = den(R~!), we infer that the
denominators must be the same as well. We want to formulate these conditions in terms of
quaternions. Recall from Eq. (4.17) that X (R(p, q)) = lem(|p|?, |¢|?) and den(R(p, q)) = |pq|,

if (p, q) is a primitive admissible pair of odd quaternions. Thus, we have the following result.

LEMMA 4.1.8. Let (q1,p1) and (g2, p2) be two primitive admissible pairs of odd quaternions.
Then,

(4.23) 7N nldq 7N p2Jq2

Ip1a1| |p2g2]

holds only if |p1q1| = |p2ge| and lem(|p1|?, |q1|?) = lem(|p2|?, |g2|?).

Although equal coincidence indices and denominators are necessary for two CSLs to be
equal, these conditions are not sufficient. In fact, we have additional necessary conditions,

which are a bit technical. We have seen above that [pg|J C J N %, which implies
pdg _ _ _ _
(4.24) In oal Pal + JGo + |pg|T = prJ + Jg,
where
— _ lpal) _
(4.25) pr = geld(pa, pal) = ap geld { p, == | = ap geld(p, [pq])
P

Pq
(4.26) ¢r := gcld(qa, |pg|) = o geld <q, ’a|> = aggcld(q, |pql).

q
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2 2
Note that | gcld(p, %)P = % = %, which means that m = oy is coprime to ap.
I’ ap

This explains the last equation in Eq. (4.25). A simple consequence is
20,2
_loal _ I o3l

4.27 1d 2 = d 2 = =
(4.27) | geld(p, [pgl)| 0 o O Ipr|® = aplpgl P

which we mention for later reference here.

Using the notation we have introduced in the proof of lemma 4.1.5 this means
geld(p, |pg|) = gpk,. These equations suggest that geld(p, [pg|) and geld(q, |pg|) play an im-
portant role in deciding whether two CSLs are equal. In fact we have the following result:

LEMMA 4.1.9. Let (q1,p1) and (g2, p2) be two primitive admissible pairs of odd quaternions
with [p1gi| = |paga| and lem(|p1[?, |q1]*) = lem(|p2|?, |g2|*). Then,

(4.28) IR ACUT Py il

Ip1a1] |p2g2]

holds only if geld(p1, |p1g1]) = geld(pe, [p2qge|) and geld(qi, |p1gi]) = geld(qe, [p2ga|) (up to
units).

The idea of the proof is to show that p1,.J+ Jq1, = porJ+ JGor is only possible if p1,. = po,
and ¢1, = gor (up to units). This involves sets of the form rJ + Js, with r = gcld(p1r, p2r)
and s = gcld(qir, g2r). This requires some knowledge on the index of rJ + J5. As we cannot
guarantee that r and s form an odd extended admissible pair, we cannot apply Lemma 4.1.5.
Instead, we need some generalisations of it. For simplicity, we start with two primitive odd
quaternions r and s.

LEMMA 4.1.10. Ifr, s € T are primitive and odd, then [ : (rJ+J5)] divides ged(|r|?, |s]?).

PRrROOF. The proof is similar to the first part of the proof of Lemma 4.1.5, so we can keep
the proof short and omit the details, which can be looked up above. First note that the index
[J: (rJ + J5)] certainly divides |r|*, since (rJ 4 J5) D rJ. Next we determine the minimal m
such that rJ D mJs5 is satisfied. As above, we find that this minimal m is given by m = |r|2.
Note that in this step it is crucial that r and s are primitive and odd. Hence there is an
element x € J5 of order |r|? in J5/(rJ N J5). This implies that [(rJ + J3) : J] is at least

m = |r|? ie. [J: (rJ + J5)] must divide [JII;“T;N = |r|?. Similarly, [J : (rJ + J5)] must divide
5|2, and hence [T : (71 + J5)] divides ged(|r|?, |s|?), as claimed. O

As geld(p1r, p2r) and geld(qyr, gor) are not primitive in general, we need the following more
general lemma.

LEMMA 4.1.11. Let r,s € J be primitive and odd. Furthermore, let 8, € Z be coprime.

2 2
Then [J : (Brd + Jv3)] divides B2~2 ged (‘;—L,%), where Bs := |gcld(B,s)|? and v, =
| geld(y, 7).
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PROOF. Let us define g, := gcld(y,r) = geld(y, Br) and gs := geld(B,s) = geld(B,7ys)
and decompose r = gk, s = gsks. Then

(4.29) Brd 4+ Jvs = rJ(B +v3) + (v + pr)I5 = rIg, + ¢.05 = g, (k. T+ Tks)7s
Hence
(4.30) (32 (BrD + 378)] = |grl*gs*[T : (krd + Tks)] = B2Y2D : (kpd + Tks)]

divides 82~2 ged(|k.|?, |ks|?) by the previous lemma, as K — r and ks are primitive and odd.
2
Observing |k,|? = |TL and |ks|? = |S —) proves the claim. O

We are ready to prove Lemma 4.1.9 now.

PROOF OF LEMMA 4.1.9. As mentioned above, the idea is to show p1, = po, and ¢, =
g2r (up to units), where p;, = oy, geld(ps, [p1¢1|) and ¢ == ag, geld(gi, [p1ga]). This proves
even more, as this yields oy, = o, and o4, = o, in addition.

By assumption, we have

(4.31) pird + JG1r = porJ + Igor = p'J + I7,

where p’ = geld(pyy, p2r) and ¢’ = geld(qiy, gor)- As p’ and ¢’ are in general not primitive, we
write them as p’ = 8r and ¢/ = ~s, where r and s are primitive. This fixes r and s up to a sign,
which can be chosen such that 3,7 € N. Note that § = ged(ay,, op,) and v = ged(oy, , og,)
are coprime, as oy, and oy, are. Thus we can apply Lemma 4.1.11 to see that the index

J: (p'J + Jg)] divides 5242 ged ﬁ, 1) and hence divides B242 ged (|r]2,15|%). Actually,
sTr Yr ' Bs s Ir

we know the index [J : (p'J+ J7')] explicitly, as this is the coincidence index X (p1, p2), a fact
that we will exploit later. For the moment, we just use the upper bound given above.

By Eq. (4.27), |pir|> = ap, |Pigi| = ap;|p1g1|, hence |p'|? divides ged(ap, [p1ai], ap, [p1a1]) =
B|p1gi|, which in turn shows that |r|? divides lpran], Similarly, we see that |s|? divides lpran],

B v

Thus ged (|r[?,]s[*) divides ged <|p1q1| |p1’yq1|) = |pégl‘ since 8 and « are coprime. As [
divides § and ~, divides -, this shows that [J: (p'J + Jg')] divides Bsyr|p1¢1].

On the other hand, [J : (p'J + J7')] is just the the coincidence index X(R(p1,q1)), which,

according to Eq (4.17), is given by

Y(R(p1,q1)) = ap,ag |p1a1| = ap,ag, [p1a1]

— note that gcd(|p1\2, |q1]2) = gcd(|p2|2, ]q2|2) follows from |p1qi| = |p2g2| and
lcm(|p1\2,|q1]2) = lcm(|p2|2,]q2|2). Hence a0, |p1gi| must divide Bsyr|pigi]|. But g di-
vides 8 = ged(oy, , oy, ) and v, divides v = ged (o, , g, ). Hence we infer s = = ap, =
and 7, = v = g, = gy

Inserting these equations into the arguments above, we see that %

p; %,
ged ('T : %) and hence ‘ | . As |r|? divides |p1q1| this yields |r|? = |p1q1| = | gcld(p;, |p1g1])|?

by Eq. (4.27). As ap, = all22 we see 1 = gcld (gcld(pl, Ip1g1]), geld(pe, \plql |)) and as the norms

must divide

are equal we must have r = gcld(p1, |p1g1|) = geld(pe, [p2ge|) (up to units), as claimed. An
analogous argument for s = geld(qy, [p1g1]) = geld(ga, |p2g2]) finishes the proof. O
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REMARK 4.1.2. The previous proof shows that «,, = o, and oy, = oy, are necessary
conditions for the equality of CSLs as well. We have not included these conditions in the
lemma as they follow from the other conditions. We will prove this claim in the proof of
Theorem 4.1.12 below.

In fact, the necessary conditions we have found so far are also sufficient. We summarise
this as follows; compare [16].

THEOREM 4.1.12. Let (q1,p1) and (q2,p2) be two primitive admissible pairs of odd quater-

nions. Then,

Jq Jg
p1daq1 —Jmp2 q2

(4.32) 7N =
Ip1ai1] |p2g2]

holds if and only if |prq1| = |pagel, lem(|p1]?, |q1|*) = lem(|p2|?, |g2l?), geld(p1, Iprai]) =
geld(pe, [p2qe|) and geld(qa, [p1gi|) = geld(qe, [p2gel|) (up to units) hold.

PRrOOF. Of course, the greatest common left divisors are only defined up to multiplication
by a unit from the right. W.l.o.g. we will assume throughout the proof that we have chosen
the units appropriately so that all equations hold exactly.

We know from Theorem 4.1.3 and the proof of Lemma 4.1.5 that the CSLs can be written
as

(]]* _
(4.33) TN = poT + 340 = gp(kp + Tkg) g,

Ipq|

where we have used the notation from Lemma 4.1.5.

As we have shown that the conditions are necessary in Lemma 4.1.8 and Lemma 4.1.9,
it remains to show that the conditions are sufficient. We will do this by checking that they
imply gp, = Gpss 91 = 9go and ky, = kp,, kg, = kg,, which will prove our claim via Eq. (4.33).

By definition, we have g, = gcld(p, ay) and k, = gcld(hy, ged(|p|?, |g|?), which can be
used to verify geld(p, |pq|) = geld(p, apaqy ged(|pl?,|q)?)) = gpkyp, and likewise geld(q, [pg|) =
gqkq. By assumption, geld(pi, |p1qi1]) = geld(pa, |p2ge|), which yields g, kp, = gp,kp,, and
similarly geld(qr, [p1g1]) = geld(ge, [p2q2]) gives gq kg, = 9gokqo- These equations will give
Ip1 = 9p2s 9q1 = Gg, a0d k,, = kp,, kg, = kg, via the unique prime factorisation in J, if we can
prove |kp, |2 = |kp,|? and |ky, |? = |kg,|? (vecall that we have the freedom to choose the units
appropriately).

So it remains to prove |kp, | = |kp,|* and |kq|* = |kg|>.  We know |k |*? =
kg, |? = ged(|pil?,]¢il?) from Eq. (4.16). Hence it is sufficient to show ged(|p1]?, |q1]?) =
ged(pal?, aof?). By assumption, lem(lpr[2, a1f?) = lem(lpaf?, g2?) and [pras| = [pael. By
Eq. (4.17) we have lem(|p;|?, |¢:|?) = ap,q|pigi|, which gives ap,aq = ap,aq,. Now, we
can invoke lem(|pi|?, |¢i|*) = oz, a2 ged(|pil?, i) to prove ged(|p1|?, |g1[*) = ged(|pa/?, lg2|?),
which concludes this part of the proof.

Let us remark here that g,, = gp,, 94, = 94, implies o, = o, and oy, = og,, which gives
o

Ip1 Ip2|? and |q1]? = |g2|? in addition. 0
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REMARK 4.1.3. A more technical but equivalent set of conditions for two CSLs to be

? = Ip2, |oa]* = la2l*, geld(py, [pras]) = geld(pa, [p2ga|) and geld(qu, [p1aa]) =
gcld(ga, [p2g2]). Tt is obvious that the two conditions |p;|? 2 = |g2|? imply that

equal is [p;
= |p2|* and |q1|* = |2
the denominators |p1qi| = |p2ge| and coincidence indices lem(|p1|?, |q1]?) = lem(|p2|?, |g2|?)
are the same. The reverse direction is more complicated as the two conditions |pi1qi| =
[p2g2| and lem(|p1 [, |q1]?) = lem(|p2|?, |g2|?) alone only yield ged(|pi|?, [a1]?) = ged(Ip2?, |g2]?)
but not [p1|?> = [p2|> and |q1|> = |go|® directly. In fact we need the other two conditions
geld(pr, [pra1]) = geld(pa, [p2ga|) and geld(qu, [p1a1]) = geld(ga, [p2ga|) to establish [p1[* = |po|?
and |q1|? = |g2|? as well, as we have seen in the proof above.

We are ready to count the number cp (n) of CSLs now. It follows from Theorem 3.4.11
that cp, (n) is multiplicative, since c¢j37(n) is multiplicative. As there are no CSLs of even
index, cp, (n) is completely determined by cp, (7") for rational primes 7. The latter can be
calculated by counting the number of odd primitive admissible pairs satisfying the conditions

in Theorem 4.1.12 or in Remark 4.1.3. Thus

[r/2]
(4.34) cp, () = f(& )42 f(rTE) (),
s=1

where f(7") = (7 + 1)7"~! for r > 1, as above. Note that this expression is very similar to
Eq. (4.18), the only difference is that a factor f(7") is replaced by f(7"~%), where the latter
r—2s

counts the number of different gcld(p, |pq|) with [p|?> = 7" and |¢|?> = 7
Evaluating the sum yields the following result:

THEOREM 4.1.13. The number of different CSLs of D4 of a given index n is given by
cp,(n), where cp (n) is a multiplicative arithmetic function, which is completely determined
by cp,(2") =0 forr > 1 and

(p+1)? (2r41 | 2r—2 (r—1)/2 ‘ :
M + -2 , if r > 1 is odd,
(135)  ep,0) = { A AN P

+1)2 - —114p2
(23 ) (P21 4 p?r 2 gpr/2-1 :@)

— , if r > 2 is even,

for odd primes p. The corresponding Dirichlet series reads

o
CD (n) 1 _i_pfs +2p178 4 2p72s +p172s +p173s
(4.36) Wp,(s) = Z s = H 2= 12
o (I=p**)(1 = p'=>)
_1+16+36+64+152+144+196+576+324+400+1024
N 35 55 75 95 115 135 155 175 195 218

Unfortunately, there is no nice representation of ¥p,(s) as a product of Riemann (-

functions. Nevertheless, we can use Delange’s theorem 7.A.1 to calculate the asymptotic
behaviour.

Note that W, (s) is quite similar to W*(s), see Eq. (4.21). In fact, differences between
them occur only for those integers that are divisible by the square of an odd prime. Thus
the rightmost pole of Wp, (s) is at s = 3, which is the same as for W}5(s). This implies the
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3

asymptotic behaviour Engx p, (n) ~ cx® as z goes to infinity for some positive constant c.

To be more specific, we consider the ratio

Wp,(5) _ (0 — Uy~
37 w1 (-2t )

where the right hand side is an analytic function in the half plane {Re(s) > 3} with

Up,(s) (p* —1)p~°
4.38 = lim 4 = 1-2 ~ 0.976966 < 1.
(4.38) T wiet(s) }g( (1+p2)(1+p3)(1 —p—5))

Hence Y, ., cp,(n) grows by a factor v slower than ) ¢f5'(n). In particular, we obtain

4.39 epr (1) ~ e (3)yad ~ 0256524,

(139) > ey () ~ 54

as x goes to infinity. This shows that Y- _ cj5i(n) and 3, _ cp, (n) differ by less than 2.5%
asymptotically, which means that it is quite rare that two coincidence rotations that are not
symmetry related generate the same CSL.

As we have determined the number of different CSLs, we might ask the question how
many non-equivalent CSLs there are, where we call two CSLs A; and As equivalent if there
is an R € O(J) such that Ay = RA;. This question is not completely answered yet, but some
partial answers can be found in [74].

4.2. Primitive hypercubic lattice

Let us consider the primitive hypercubic lattice now, which we will identify with Z*, or
in terms of quaternions, with the ring of Lipschitz quaternions L. As Z* and D, are com-
mensurate, they have the same group of coincidence rotations, i.e. SOC(Z%*) = SOC(Dy) =
SO(4, Q).

Moreover, we have D} C 7Z* C Dy, where Z* is a sublattice of Dy of index 2. Thus the
coincidence indices of the two lattices can differ at most by a factor 2 by Theorem 3.1.9. This
means that we have either X1 = ¥p,(R) or Xya = 2Xp,(R) for a given coincidence rotation
R. Actually, both cases do occur.

This becomes clear immediately, if we recall that the primitive hypercubic lattice Z*, has a
smaller symmetry group than Dy, containing only 192 rotations, so that [SO(D,) : SO(Z*)] =
[O(Dy) : O(Z*)] = 3. As a consequence, every class of symmetry related coincidence rotations
of Dy splits into three classes of Z*. In particular, all rotations in SO(Dy4) \ SO(Z*) are
coincidence rotations of Z* of index 2, so we have one class with coincidence index 1 and two
classes with index 2.

The same pattern emerges for all the other coincidence rotations — and more generally,
for coincidence isometries as well. In particular, every class of symmetry related coincidence
rotations of Dy splits into three classes, one of which has the same coincidence index as before,
Yya(R) = Yp,(R), while the other two classes have index X4 (R) = 2Xp,(R). To see this,
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we recall that dengs(R) divides Y4 (R) and Xy4(R) divides denga(R)* by Theorem 3.2.7. So
Y74(R) is even if and only if denza(R) is, or in other words,

(4.40) Y7a(R) =lem (Xp,(R),denza(R)),
compare [4]. If (p,q) is an odd primitive admissible pair, then we have

lpgl  if (p,q) € Z
2pq| if (p,q) ¢ Z,

and if (p,q) is an even primitive admissible pair, then

(4.41) dengs(R(p,q)) = {

%—q‘ if (p, q) is even

4.42 denya (R(p, =
(4.42) 74 (R(p, ) {pq| it (p. ) is odd.
Checking for all possible combinations of units, we see that indeed every class of symmetry
related coincidence rotations of Dy splits into three classes, one of which has odd denominator
and coincidence index Y71 (R) = X'p,(R), while the other two classes have even denominator
and coincidence index X4 (R) = 2Xp, (R).

In order to get an explicit expression for the CSLs we consider the following chain of
inclusions

(4.43) DiNRD; CZ*NRZ*C DyNRD,NZ* C DyN RDy

for any R € SOC(Dy4). As Yp:(R) = Xp,(R) by Lemma 3.1.4 and [Dy : Dj] = 4, we
conclude that [(Dy N RDy) : (D N RD})] = 4. Moreover, as [Dy : Z* = 2, this shows
[(DyNRDyNZY) : (D N RD)] =2, as Y¥p,(R) is always odd. Thus, we are left with two
possibilities, Z*NRZ* = DyNRD4NZ* = Z*NRDy, in which case we have X4 (R) = Xp,(R),
or Z* N RZ* = D} N RD}, where we have X4 (R) = 2Xp,(R) instead.

Let us summarise these results as follows:

PROPOSITION 4.2.1. For any coincidence rotation R € SOC(Z*) the coincidence index is
given by

(4.44) Y7za(R) =lem (Xp, (R),denza(R)),
which is even if and only if denga(R) is even. The corresponding CSL is given by

(DyNRD)NZ*=7Z*NRDy  if Xya(R) is even,

(4.45) 7' N RZ* =
D; N RDj if Xya(R) is odd.

This allows us to determine the number of coincidence rotations, which is given by
192¢7%(n), as the symmetry group SO(Z*) has order 192. By the considerations above, each
class of symmetry related coincidence rotations splits into three classes, one with coincidence
index Yz4(R) = Y'p,(R), and two with index Y71 (R) = 2Xp,(R). This gives

ch%(n if n is odd,
(4.46) cot(n) = 5, ()
2050 (%) if n is even.



60 4. COINCIDENCES OF THE 4-DIMENSIONAL HYPERCUBIC LATTICES

As ¢f5!(n) is multiplicative, so is ¢} (n), and the corresponding Dirichlet series admits again

an Euler product. In particular, we have the following result (compare also [4, 74]):

THEOREM 4.2.2. The generating function for the number c’i‘if(n) of coincidence rotations
of Z* is given by

o Oz (1) - - (1+p ) +p'7%)
V) = 3L = 2w = (12 [T e e
n=1 PpF#£2
2 16 36 32 64 168 72 144 196 128 576 324
=1+ = + =+

e T e e TR TR TV T ORI F O VERS EO T
It is a meromorphic function in the complex plane, whose rightmost pole is located at s = 3
with residue %C(S) Consequently, we have the asymptotic behaviour

525
rot 3~ 3
(4.47) g cri(n) ~ —2W6§(3) x° ~ 0.32821 z°,

n<x

as x goes to infinity.

PRrOOF. Tt follows from Eq. (4.46) that W% (s) is obtained from W5!(s) by adding a
factor 1 + 2175, As the latter is analytic, the analytic behaviour of \Il’i?f(s) is the same as
that of Wi5!(s) (see Theorem 4.1.7 and the comments thereafter), except for some poles on
the line Re(s) = 1 which are cancelled by the factor 1 + 2'~%. An application of Delange’s
theorem 7.A.1 finally yields the asymptotic behaviour. U

In a similar way we can determine the number of CSLs. It follows from Proposition 4.2.1
that each CSL of D4 corresponds to exactly one pair of CSLs of Z*, one of which has odd
index and the other one has even index. Note that the explicit expressions for the CSLs in
Proposition 4.2.1 guarantee that two CSLs of Z* are only equal if the corresponding CSLs of
D, are equal. This implies that the number of CSLs is given by

if n is odd
(4.48) ega(n) = {Cm ) s odd
¢p, (5) if n is even.

This yields the following result:

THEOREM 4.2.3. The generating function for the number c,4(n) of CSLs of 74 is given
by

B B 1 _|_p—s + 2p1—s 4 2p—28 +p1—28 _|_p1—3s
Uya(s) = (1+27°)Up,(s) = (1 +27°) 1;12 (1 —p2=)(1 — pl=29)
p
1 16 36 16 64 152 36 144 196 64 576 324

T T T Mt i
+23+33+5s+63+73+93+105+115+133+145+153+175

It is a meromorphic function in the half plane {Re(s) > %, whose rightmost pole is located at

2835

s = 3 with residue %
7y

(3), where v is the constant given in Eq. (4.38). Consequently, we
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have the asymptotic behaviour

945
(4.49) > egaln) ~ 5B 2% ~ 0.28859 23,

n<zx

as T goes to infinity.
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CHAPTER 5

Coincidences of the lattice A, and the icosian ring

Our next aim is to discuss the coincidence problem of the Ay-lattice, which is another
root lattice in R*. It plays an important role in the theory of quasicrystals, as it is used to
construct the well-known Penrose patterns [7]. Throughout this chapter, we shall denote it
by L. As the Ay-lattice is closely related to the icosian ring I, we will discuss I as well. In
fact, as I is a ring but L is not, some results are more easily obtained for I than for L. Thus
it makes sense to derive some results for the CSLs of L from the corresponding results for
I. Nevertheless, we will treat the Ay-lattice first and defer some proofs to the discussion of I
wherever it is appropriate.

Usually, the A4 lattice — we will denote it by L in the following — is embedded in R as a
lattice plane. However, this is inconvenient for our purposes and we prefer to look at it in R?,
since we want to exploit the useful parametrisation by quaternions, which we do not have at
hand in 5 dimensions. A possible basis for L consists of the 4 vectors (compare [9])

1 1
(51) (1307070)7 5(_1717171)7 (05_17070)7 5(07177_ - la_T)7

where 7 = 1+—2‘/5 is the golden mean whose algebraic conjugate 7/ can be written as 7/ = —% =
1 — 7. The lattice L cannot be identified with a ring of quaternions. However, if we interpret
the basis vectors as quaternions, they relate to the icosian ring I, which is the Z[r]-span of

the 4 quaternions
1 1
(5.2) (1,0,0,0), (0,1,0,0), 5(1,1,1,1), 5(1 —7,7,0,1).

In addition to I, we will frequently use the Z[r]-span of the vectors in (5.1), which we call
L[r]. Algebraically, it is the tensor product Z[7] ®7 L and can be written as the direct sum
L + 7L, compare [9]. We have L[7] C I with index [I: L[7]] = 5.

We know from Section 3.2 that there are close connections between the SSLs and CSLs.
In particular, OC(L) is a normal subgroup of OS(L). Thus, it is useful to recall the basic
results for the SSLs of A4, which have been discussed in [9] by M. Baake and M. Heuer. We
will closely follow their notation here.

5.1. Similar sublattices of A,

Let us discuss some properties of the Ay lattice first. Both L and T are invariant under
conjugation, i.e., L = L and I = I, but neither of them is invariant under algebraic conjugation
7 +— 7/. Combining the algebraic conjugation with a permutation of the last two components
yields an involution of the second kind & := (zf, ], x4, 25), which was called twist map

63
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in [9, 8]. Note that L = L is invariant under the twist map, which, in addition, is an
antiautomorphism of I. It is worth to recall the following properties [9, Lemma 1] for any
z,y € Land a € Q(7)

(1) 2+y =i+ jand az = /7,

(2) Ty = ¢ and & = ,

(3) Z=17 and, for x #0, ()t =2 L.

The twist map is the key to our analysis as it gives us a convenient parametrisation of the

similarity rotations — and thus the coincidence rotations. Furthermore, it provides us with
the following characterisation of the lattice L (see [9, Proposition 1])

(5.3) L={zel|z=2}

By Cayley’s parametrisation (4.1), we know that any rotation in 4 dimensions can be written
s Ry e =
from above, we immediately see that qL§ C L is a similar sublattice of L for any ¢ € I. In
fact, any SSL of L is of the form agLq C L, with ¢ € T and a € Q(7)*, see [9, Corollary 1]).

In order to fully characterise the SSLs, it is convenient to introduce the notion of an

pxrq. Using the properties of the twist map and the characterisation of L

I-primitive quaternion, which is the complete analogue of primitive quaternions we have used
in the discussion of the 3-dimensional cubic and 4-dimensional hypercubic lattices. We call a
quaternion g € I I-primitive (or primitive for short) if ag € I with o € Q(7) implies « € Z[7].
Equivalently, g € I is I-primitive if the I-content of g,

(5.4) conty(q) := lem{a € Z[7] \ {0} | ¢ € o}

is a unit in Z[7]. Note that the definition of lem makes sense as Z[7] is a Euclidean domain.
Of course, conty(q) is defined only up to a unit in Z[7]. We can now fully characterise the
SSLs [9, Corollary 2].

LEMMA 5.1.1. The primitive SSLs of L are precisely the the sublattices of the form qLq,
where q € T is T-primitive.

More generally, the SSLs of L are precisely those lattices of the form ngLg§ with n € N
and g € I primitive.

As we want to determine the number of different SSLs, we must make sure that we do not
count the same SSL twice. In general, different quaternions may generate the same SSL, so
we need a criterion, when two SSLs ¢L§ and pLp are equal. One first observes that L = ¢L§
for an I-primitive quaternion ¢ if and only if ¢ € I*, where I* is the group of unit quaternions
in I. From this, one can infer the following result [9, Lemma 5.

LEMMA 5.1.2. For l-primitive quaternions p,q € 1 one has qL§ = pLp if and only if
qll = pll.

This lemma reduces the problem of counting SSLs of L to the problem of counting prim-
itive right ideals of . Here, we call a right ideal gl primitive, if ¢ is I-primitive.
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The index of a primitive SSL can be determined by explicit calculations. We mention
that |§|? = (|¢|?)" holds for any ¢ € I. Recall that the norm in @Q(7) is defined as

(5.5) Nr(a) = aa/

for any a € Q(7). Therefore, the index of a primitive SSL ¢Lg is given by [L : ¢Lg] = Nr(|q|?).
As ¢l has index Nr(|g|*) in I as well, we have established the following result [9, Proposition 4].

LEMMA 5.1.3. There is a bijective correspondence between the primitive right ideals of 1
and the primitive SSLs of L, defined by qll — qLq. This bijection preserves the indices, i.e.,
we have

(5.6) [T: qT) = Ne(lgl*) = [L : L.

As a consequence, all possible indices are squares of integers of the form k? + kl — (% =
Nr(k+¢7). In fact, all of those indices are realised, compare [9, 46]. As the numbers of right
ideals T of a given index are well known, we can deduce the numbers b4, (m) and bEL (m) of
SSLs and primitive SSLs of index m, respectively. This can be done most efficiently by using
the corresponding Dirichlet series generating functions. To explicitly state them, we need to
introduce some notation. We first define the Dirichlet character

0, ifn=0 (mod5)
(5.7) X5(n) =41, if n=41 (mod 5)

-1, ifn=42 (mod5).
Its corresponding L-series L(s,x5) = Y o X5(n)n~° can be analytically continued to the
complete complex plane and thus defines an entire function. The Dedekind zeta function of
K = Q(r) is given by (5 (s) = ((s)L(s, x5), which is a meromorphic function. Likewise, the

zeta function (; of the icosian ring counting the right (or left) ideals of I is meromorphic in
the entire complex plane and reads

(5.8) Ci(s) = Cr(28)Cpe (25 — 1).

As the Dirichlet series of the two-sided ideals is given by (,(4s), we obtain the zeta function
P" of the primitive ideals as

Ck(28)Cr(2s = 1)
Cc(4s) '

This leads to the following result [9, Theorem 1].

(5.9) T (s)=

THEOREM 5.1.4. The Dirichlet series generating functions for the numbers b, (n) and
b2{4 (n) of SSLs and primitive SSLs of the Ay-lattice read as follows

(5.10) (I)A4(5) — Z M = ((4s) Guls) _ (e (28)(x (25 — 1)

= ns (i (4s) L(4s,x5)
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and
% (n s s —
o

neN

As the Euler products of these functions are known, we get the following Euler products
for ® 4 and ®% , compare [9]

(5.12)
1 1 _‘_prs 1 +p74s

Py, (s) = 25 1-2s H 25 1-25)2 H “4s 2 4s

(-soi-5=) L -pmu-pep  a=mma—me
and

, 1 4 5—25 (1 +p—2s)2 1 +p—4s
(5.13) el (s) = 1 _pl-2s 11 (1 pl=2)2 I1 1— p2—is
p=%1(5) p==£2(5)

From these formulas we get the following explicit values for b4, (n) and b% (n), which are both
multiplicative functions. Thus they are both determined by there values for prime powers.
As by, (p?rtl) = prr4 (p?"*1) = 0, we only need to state their values for even prime powers
2r > 2. They read [9]

(501 —
20— DA=PP"  f = 41 (mod 5
(514) bA4 (p2r) = 2 (s r+(21_p)2 ’ p ( )’
% if p=+42 (mod 5) and r even,
0, if p=+2 (mod 5) and r odd,
and
.
6-5"1, ifp=>5,
1)p" + 2rp"—1 —1)p"2%, ifp=+1 d5
(515) bEX (p2r) — (r + )p + Tp + (T )p ’ 1 p (mO )7
* P’ +pi 2, if p=+2 (mod 5) and r even,
0, if p=+2 (mod 5) and r odd.

It follows from these formulas that all possible indices are not only realised for some SSL, but
even realised for some primitive SSL. In fact, most SSLs of a given index are primitive. This
can be illustrated by mentioning the first few terms of ¢, and <I>pAr4, respectively

6 6 11 24 26 40 36 31 60

(5.16) (I)A4(S) =1+ 425 + 52s + 92s + 112s + 1625 + 192s + 2025 + 2525 + 202s +o
and
5 6 10 24 20 40 30 30 60
Proo) —
(5.17) q)A4(S) =1+ 425 + 52s + 02s + 112s + 1625 + 192s + 2028 + 9525 + 202s o

As all these Dirichlet series are meromorphic functions, we can apply Delange’s theorem 7.A.1
to obtain the asymptotic behaviour of b, (n) and b% (n). In particular, we get the following
result [9].
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COROLLARY 5.1.5. The asymptotic behaviour of the summatory functions of by, (n) is as
follows

(5.18) ZbA4(m) ~ pT, as T — 00,
m<x

where p is given by

@)L x)
L(4, XS)

The asymptotic behaviour for b';{4 (n) is analogous with

pr_ CK(Z)L(]'ﬂ X5)
C(4)L(4,x5)

5.2. Coincidence site lattices of Ay

1
(5.19) = 5\/Slog(r) ~ 0.538011.

45
(5.20) = ﬁﬁ log(7) ~ 0.497089.

Let us discuss the CSLs of the Ay-lattice now. We first recall that L = L, i.e., L is
invariant under conjugation, which is an orientation reversing symmetry operation. Hence, it
is sufficient to restrict our analysis to coincidence rotations, as they generate all CSLs already.

We know from Section 3.2 that any coincidence rotation is a similarity rotation as well. In
fact, a similarity rotation is a coincidence rotation of a lattice if and only if its denominator
is an integer.

Now, it follows from the previous section that every similarity rotation can be
parametrised by a primitive quaternion ¢ € I. In particular, every similarity rotation is
of the form =z — ‘q—lﬂqﬂj From Lemma 5.1.1 we infer that its denominator is |¢g|. Hence,
T ﬁqxq is a coincidence rotation if and only if |¢G| € N. Therefore, we are only interested
in those primitive quaternions ¢ € I which satisfy |¢g| € N or, equivalently, |¢g|?> = Nr(|q|?)
is a square in IN. Paralleling our approach to the discussion of the hypercubic lattices in the
previous chapter, we call such a quaternion a primitive admissible quaternion. More gener-
ally, we call a (not necessarily primitive) quaternion ¢ € I admissible, if |qG|* = Nr(|q|?) is a
square in N.

In the case of the hypercubic lattices it turned out that it is useful to deal with an extended
pair of primitive quaternions instead of primitive ones. The same is valid here as well, and
we first define the notion of an extended primitive admissible quaternion.
la

ik . .
W 1S a square 1n Z[T]

Here, gcd means the greatest common divisor in Z[7], which is well defined up to a unit as

To this end, let ¢ € T be primitive and admissible. Then

: : : la? lg|> :
Z|7] is a Euclidean domain. Now (P e D € Z[t] and (a2 € Z|t] are relatively
prime in Z[r]. Since their product is a square, they must be squares (up to units) in Z[7],
too (we have unique prime factorisation). Hence, if the units have been chosen appropriately,
lq|* la|*
gz € 2] and o
may take the root (we may choose the positive one) and define

(521) Qg 1= %, Qg = Oé; = %,
ged(lgl?,141%) ged(lgl?,141%)

we may assume that € Z|r] are squares in Z[7]. Hence we
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which are unique up to a unit. Note that the last equation only holds up to a unit.

DEFINITION 5.2.1. Let ¢ € I be a primitive admissible quaternion. Then ayq is called
extended admissible quaternion (corresponding to q).

Of course, this definition is unique only up to a unit in Z[7], but this does not matter as
units of Z[7] cancel out in the definition of the coincidence rotations.

Clearly, we have agq = a3 and |azq|? = |agqd|* € N, ie. ayq and agq have the same
norm, which makes calculations easier. Although «gq is not primitive in general, the pair
(0qq, 03q) is primitive in the following sense: Let (x,y) € I x T and define its content

(5.22) conty(z,y) := lem{a € Z[7] \ {0} | (z,y) € (al) x (al)}.

Now (z,y) is called primitive if its content conty(z,y) is a unit in Z[7].

Recall that the twist map provided us with the characterisation of L in terms of I as
L ={x € 1|z =2}, which was very useful in the determination of the SSLs. Here, we need
another formula.

LEMMA 5.2.1. L ={z+ Z|z € I} = {z + Z|z € L[]}

PROOF. Clearly, for any « € T we have  + & € L. On the other hand, for any z € L we
have 7o + 72 =10 +7'% = (1 + 7))z = z. O

The key for characterising the CSLs will be the lattice L, := {gz + 2|z € I} for g € L.
Clearly, L, is a sublattice of L and it is invariant under the twist map L, = ITq. Our aim is
to prove that each CSL is of the form L, for a suitable quaternion g. The first step in this
direction is the following result.

LEMMA 5.2.2. Let q € T be a primitive admissible quaternion and q. its extension. Then

.
(5.23) Ly, CLn &4
lqq]

PROOF. As mentioned above, L,, € L. On the other hand, if z € Ly, thereisay €l

such that © = ¢y + ¥qa. Recall |¢|? = |dal? = |¢ada| We obtain
_ dodo | 9ol . - 1 = o Galqda ~ Galda _ qLqG
T = (oY +Yqa = 9oy = 3+ < (;yQOz:an(yQa“‘QOcy)QOze T datE O B = )
|QO4| |QCz| |QQQO¢’ |QO¢C]a| |QQQO¢’ ‘QQ|
which finishes the proof. ]

The converse statement requires some preparation. Although we will be mostly interested
in L, for extended admissible quaternions, we start with some properties for arbitrary quater-
nions in I. Let (x,y) denote the standard inner product in R* or H. This can be expressed
as 2(x,y) = tr(zy), where tr(z) = z + Z is the reduced trace.

Note that I is a 4-dimensional Z[r]-lattice. Thus, it is possible to define its dual. To
expand on that, we need to introduce the quaternion algebra H(K) := Ke + Ki+ Kj+ KKk,
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where K = QQ(7). This is a 4-dimensional K-vector space. We define the dual of a Z[7]-lattice
A as

(5.24) AN ={y e H(K) | 2(z,y) € Z[r] for all z € A}.

Clearly, A* is again a 4-dimensional Z[7]-lattice. For us, the important fact is that I is
self-dual, i.e., T = I*, compare [63, 54, 20].

LEMMA 5.2.3. Let ¢ € 1. Then {2(q,z) | = € LI} is an ideal of Z[7]. It is generated by
conty(q).

PROOF. Let A= {2(¢q,x) | z € T}. As 2(y,x) € Z[r] for all z,y € I, A is a subset of Z[r].
As I is a Z[r]-lattice and (y,z) is Z[r]-linear, A is closed under addition and multiplication
by elements of Z[r], hence it is an ideal. Let a be a generator of A. As conty(q) divides
2(q,x) for all z € I, conty(q) divides a. Conversely, a dividing 2(g, z) for all x € I implies
q € (LI)* = alI* = al because of self-duality, whence a divides conty(q). O

An immediate consequence is the following criterion.

COROLLARY 5.2.4. Let g € I. Then q is primitive if and only if {2(¢q,z) | x € I} = Z[7].
Equivalently, q is primitive, if and only if there exists an x € I such that 2(q, x) = tr(qz) = 1.

For our purposes, the existence of an x € T with 2(¢,xz) = tr(¢z) = 1 is the important
result. For primitive admissible quaternions there exists the following generalisation.

LEMMA 5.2.5. Let ¢ € T be primitive and admissible and let q, be the corresponding
extended quaternion. Then there exists a quaternion z € I such that 2(qa, 2) + 2(Ga, 2) = 1.

PROOF. By the previous corollary there exists a z € I such that 2(g,z) = 1, hence
2(qa, z) = aq. As (4,0) = (u,v)’ for all u,v € I (or, more generally, for all u,v € H(K)) we
conclude 2(Ga, 2) = ag.

But since a4 and ozf] are relatively prime, there exist 8,y € Z[r] such that o,0 + ozfﬂ =1,
hence 2(qa,2) + 2(qa,VvZ) = 1, i.e. to each extended primitive pair (qq, o) there exists a
pair (z,y) € I x I such that 2(qqa, z) + 2(q¢a, J) = 1.

Finally, we define z = 72 + (1 — 7)y = 7@ + 7. Making use of (@, 0) = (u,v)’ again, we
get by recalling 2(qq, ) + 2(qa, ) =1

2(da> 2) + 2(Gar 2) = 27((qa T) + (Ga, §)) +2(1 = 7) ({0, Y) + (G, T)) =7+ (1 —7) = 1.
U

We are now prepared to prove that every CSL of L is of the form L.

THEOREM 5.2.6. Let g € I be a primitive admissible quaternion and q, its extension.
Then

(5.25) LN =L, = (gl + 1) N L.
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Proor. The inclusion Ly, € LN L9 \as proved in Lemma 5.2.2. To prove the converse

lqq]
. . Li . . .
inclusion, we assume x € L N 'lquc‘l. As mentioned above there exists a quaternion z € I such

that 2(qa, 2) + 2(¢a, Z2) = 1. Thus

T = 2((qas 2) + (das 2))2 = 2(qa, 2)T + 22{qa, Z)
= (qaZ + 2Ga)T + T(Zq0 + Gu?)
Since z € LN % there is a y € L such that « = %ﬁ. Hence
T = (o2 + 2YGa + T2Ga + qaPZ = qa(Zx + §Z) + (22 + 2y)Ga € Lq, .

It remains to prove the second equality. Clearly L,, C g¢ol + lgy and Ly, C L, i.e.
Ly, € (gal+1gy) N L. On the other hand, if ¢ox +ygs € L, then ¢ox + ygo = 7(qax + yda) +
(1 = 7)(ga¥ + TGa) = gaz + Z4a € Ly, , where z = 7z + (1 — 7)7. O

The next step is to calculate the coincidence indices. As one can infer them from the
corresponding coincidence indices for the Z[7]-lattices L[r| and I, we state just the result
here and defer the proof to later sections — it follows from Lemma 5.3.6 and Theorem 5.4.4.

THEOREM 5.2.7. Let ¢ € 1 be a primitive admissible quaternion and q. its extension.
Then the coincidence index 2A4(q) of the corresponding coincidence rotation is given by

ga? o .
aed(lq21ap) = |dloq0a = lem(lal” |a).

Our main goal is the counting of the CSLs. It follows from Lemma 5.1.2 that two primitive

(5.26) Sa,(@) = gal* = dal* =

admissible quaternions r, s € I generate the same CSL, compare [8, Lemma 5]. However, the
converse is not true, and additional properties are needed to characterise those r,s € I that
generate the same CSLs. We will deal with this problem in later sections.

For the moment, we just count the number of coincidence rotations. This amounts to
counting the right ideals generated by primitive admissible quaternions. Observe that two
primitive admissible quaternions 7, s € I generate the same rotation if and only if they differ
only by a unit in Z[7|, whereas r, s € I with r = se generate different coincidence rotations,
whenever ¢ is a unit in I that is not in Z[7].

Recall that the rotation symmetry group of A4 has 120 elements [22]. Hence the number
of coincidence rotations of a given index m is given by 120¢’¢"(m), and 7§ (m) is the number
of right ideals generated by primitive admissible quaternions ¢ with m = X4 (q). The (essen-

tially) unique prime factorisation in I guarantees that c;ﬂ(m) is a multiplicative arithmetic

function. Hence, it is sufficient to calculate ¢t (m) for prime powers.

The values of c'{*(m) are related to the values bf4r4 (m) counting the number of primitive
sublattices, but they are not identical for two reasons. First, we do not count all primitive
right ideals, but only admissible ones, and secondly, the indices of the respective sublattices
differ.

Let us start with p = 5, which is a ramifying prime in Z[7], i.e. p = 5 = (v/5)2. Primitive
quaternions ¢ with |q|? = V5 85, with € a unit in Z[r], are admissible if and only if s = 2r
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is even. In this case, X, (¢) = 5", and we get c%'(5") = bz4(547"). As the primes p = +2
(mod 5) are inert in Z7], similar arguments show ¢§*(p") = b% (p*").

The case p = +1 (mod 5) is more difficult as p splits in Z[7]| as p = 77, with 7 a prime
in Z[7]. Here, a primitive quaternion q with |¢|? = 7" (7)¢ is admissible if and only if r + s is
even. In this case X4, (q) = p(r+5)/2 This situation reminds us of the hypercubic case, where
we have had a similar condition. The unique factorisation guarantees that ¢ can be written
as ¢ = qugz with |q1|?
|q|> = 7"¢ is given by f(p) = (p+ 1)p"~!, which can be read off from the corresponding Euler

= 7"¢1 and |g2|* = (7/)%c5. The number of primitive ideals ¢l with

factor

1+p2 1

p reN

of ¢(f"(s), see Egs. 5.11 and 5.13 and compare [8]. In analogy with Eq. 4.18 we can calculate
(see [42] for a detailed calculation)

[r/2]

_ p+1 . _
(5.28) ) =FON) 2 FONFT) = p—td Yprtt +pt —2).
s=1
Hence, c%:(p") is given by
6‘52T_1, lfp:5,
(5.29) ) = Byt -l 9), =41 (mod 5),
p?r + p?r 2, if p=42 (mod 5).

This allows us to write down the generating function for the number of coincidence rota-
tions.

THEOREM 5.2.8. Let 120c’t(m) be the number of coincidence rotations of the lattice Ay.

Then the Dirichlet series generating function for c;ﬂ(m) reads a follows

e = 30 S0 _ Gelsm 1) Gl =2)

= 14575 ((28)¢(25 —2)

_ 145 H (14+p*)(1+p'9) H 1+p~®
T 1 _E2—s _ l—s _ 2—s _ 2—s

1 5 p==£1(5) (1 p )(1 p ) p=12(5) 1 p
—1+3+E+@+@+@+@+@+%+150+144+200+ 170
N 25 35 45 55 65 7S 8 95 105 115 128 13s

This shows that any positive integer occurs as a coincidence index. In other words, the

coincidence spectrum, i.e., the set of all possible coincidence indices, is IN.
\Ifiﬂ is a meromorphic function in the entire complex plane, and its rightmost pole is a
simple pole located at s = 3, with residue

125, (2)¢(3) 45075
126 ((6)¢(4) A

(5.30) 5t = Resy_g UF(s) ((3) ~ 1258124,
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where the last equation follows from inserting the special values

™ ™ 7T4 og\T
G31) =" —om K@= L) = 2

and Apéry’s constant ((3) = 1.2020569; compare [10, 8] and references therein. A familiar

argument based on Delange’s theorem 7.A.1 gives us the asymptotic growth rate of cffﬁ(m)

COROLLARY 5.2.9. With the residue p;ﬁ from above, the asymptotic behaviour of cﬁ’: (m)

s given by
3
(5.32) 3 9t (m) ~ p;ﬂ% ~0.4193752%, as a — oco.
m<x

Note that the number of coincidence rotations and the number of CSLs (as we shall see
later in Corollary 5.5.7) grows much faster than the number of SSLs. This is due to the fact
that the index of a primitive SSL is dena, (¢)*, whereas the coincidence index X 1,(¢) is much
smaller and satisfies the condition deny,(¢q) < X'y, (¢) < dena, (q)2.

5.3. Some coincidences of L[r| and I

We have mentioned the formula for the coincidence index in the previous section, but we
still have to prove it. The aim of this section is to find a relationship between the coincidence
indices of L and the corresponding coincidence indices of L[7] and I. In this way, we will
be able to express X A4(q) in terms of the corresponding coincidence index for I. The final
calculation of this coincidence index will then be left to yet another section.

Clearly, the coincidence rotations of L are also coincidence rotations of L[r] and I. The
group of coincidence rotations for these groups is, of course, much bigger, but we restrict
our discussion to these special coincidence rotations for the moment. Since these coincidence
rotations do not mix vectors of L and 7L we immediately get the following result.

LEMMA 5.3.1. Let q € I be a primitive admissible quaternion and q, its extension. Then

we have
IiG
(5.33) L) 4ET Lg, + 7L,
|44
Thus the index for L[7] is just the square of the corresponding index for L, in other words
Iia
(5.34) Lir] - o] n 2R Sa,(0)%
|44
LEMMA 5.3.2. Let q € I be a primitive admissible quaternion and q, its extension. Then
i
(5.35) 1N L~ 0 1+ 14,
lqq]

PRrROOF. Clearly, g, + Iq, C I. Similarly, g,I+ Ig, C T and hence, we have

qa]I+]Iq~ _ QQ(QQ]I +~Hqu)qO¢ g qaﬂ?a _ @
|QaQa| |qaqa] |qq|
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Thus we obtain the first inclusion
1q -
(5.36) g e S N
lqq]
To prove the converse inclusion, we make again use of the existence of a z € I such that

2(qa, 2) + 2(qu, Z) = 1, compare 5.2.5. Now, for any x € TN 949 there is a y € I such that

s ’ ]
qyg Q(x?ﬂza
lqq] |ga Gl

q
(5.37) T = (qaZ + 230)7 + 2(Zqa + Ga?) = qa(Zz + yZ) + (2y + 22)Ga € gl + Ida.
Thus,

T = and hence, we see

I i
(5.38) TN ’qq (jq' C ol + I

and the result follows. OJ

The next aim is to compare the indices. Denote the coincidence indices of L[r] and I by
Y17 and Xy, respectively. Since [I: L[r]] = 5 Lemma 3.1.9 tells us that there are only finitely

b
many possibilities for X}, namely ¥ € {%, X Lir) 5 L[T]}. We want to show X = EL[T].

First, we want to characterise L[r] in a similar way we have characterised L in
Lemma 5.2.1.

LEMMA 5.3.3. L[r] = {z € I|]z — & € (27 — 1)L}

PROOF. Recall L[r] = L+ 7L, i.e. every quaternion ¢ € L[7]| can be written as ¢ = x + 7y
with x,y € L. Hence, using z = &,y = y we see that
(5.39) ¢g—G=1y—(1-1)j=2r—1)y=Vsyec (2r—1)L C (21 — I
for all ¢ € L[r]. On the other hand, any quaternion r € I can be written as r = ¢+ ku, where
g€ L[r],u=3(1-7,7,0,1) and k € {0,...,4}. Now
1

(5.40) u—u= 5(1—27‘, 2r —1,1,1) & (27 — 1)L,

which gives the result. O

A simple consequence of this characterisation is the following well-known result (see [9]),
which will prove useful throughout the next sections.

COROLLARY 5.3.4. v/51 = (27 — 1) C LI7].

Since 2(x,y) € Z[7] for all x,y € T and |u — @|? = 3 is not divisible by 5, an alternative
characterisation is the following

LEMMA 5.3.5. L[] = {z € I such that 5||z — Z|?}.

Since any rotation leaves the norm unchanged, this implies that % NI = % N L[],

L)
5

i.e., the conditions of lemma 3.1.9 are satisfied and hence the case X = is ruled out,

i.e., there remain only two possible values for X;, namely X} € {¥ L 9% L[T]}.
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Now assume X} = 5% Ll This is equivalent to

L{7§ I
L) BT gy g
|qq]| lqq|

Hence L[r] 2 goI. Furthermore L[r] 2 v/5I = (27 — 1)I (recall Corollary 5.3.4). Hence
L[] D gI, where g is the greatest common left divisor of ¢, and 2r — 1 = /5. Since ¢4 is

(5.41)

the extension of a primitive admissible quaternion, g, cannot be contained in (27 — 1)I, as
(21 — 1) = —(27 — 1)’ cannot be a divisor of ay. This implies g # 27 — 1. Obviously, g =1 is
absurd, since this would imply L[7] D I. Thus, we have |g|?Z[r] = (27 —1)Z[r], which implies
that ¢ is a prime quaternion and, hence, g is not a central element of I. Now, L[r] D ¢l
implies gr — 7§ € (27 — 1)I by Lemma 5.3.3. From this we infer that g divides 7§ for all r,
or in other words, gl O Ig. As both ideals have the same index in I, they must be equal.
Hence, gl = 1g is a two-sided ideal, which implies that g is a central element; compare [10].
But this gives a contradiction, which rules out the case X} = 5% Lir] 88 well. Hence we have
proved the following result.

LEMMA 5.3.6. For all R € SOC(L) we have Zy(R) = X, 1(R) = ¥, (R)?.

Now, it remains to calculate X to prove Theorem 5.2.7. This will be done in the next
section.

5.4. Coincidences of 1

There are at least two reasons to consider the CSMs of the icosian ring I. First, they will
provide us with a formula for the coincidence index of the Ay-lattice and they will give us
the necessary tools to decide under which conditions two CSLs of the Ay-lattice are equal.
Secondly, the CSMs of I are also interesting in their own right, as we can exploit the algebraic
properties of I to completely solve the coincidence problems. It is one of the few examples of
a Z-module in 4 dimensions where this is possible.

The methods we use are generalisations of the tools we have used for the Ay-lattice and
for the hypercubic lattices in Chapter 4, so we will keep the presentation short and skip some
details.

It follows from [10] that every similarity rotation of I can be parametrised by a pair of
I-primitive quaternions (p,q) € I x I as R(q,p)x = qzp/|pq|. Moreover, we have scalj(FE) =
Q(7)*, which means that R(q,p) is a coincidence rotation if and only if scalf(R(p, q)) = Q(7)*
by Lemma 3.2.1. Thus, R(p,q)) is a coincidence rotation if and only if |pq| € Z[7].

This motivates us to call a pair (p,q) € I x I primitive admissible if p, q are primitive and
Ipq| € Z]r]. Along the same lines as before we can define

(5.42) g = %, ay = %
ged(|q]?, [p|?) ged([ql?, [p|?)

for any primitive admissible pair (¢,p), where o, and «; are again defined up to a unit.
Similarly, we can define the extension of a primitive admissible pair (ga,pa) = (aqq, app).
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This guarantees
(5.43) ‘QOL‘Z = |pa‘2 = |¢apal-
It is straightforward to generalise Lemma 5.2.5.

LEMMA 5.4.1. Let (qa,pa) be an extension of a primitive admissible pair. Then there exist
quaternions u,v € I such that 2{qqa,u) + 2(pa,v) = 1.

We apply this result to obtain the following representation of the CSMs of T.

THEOREM 5.4.2. Let (qa,pa) be an extension of a primitive admissible pair. Then

I
(5.44) 1N — g 1+ Ip,.

lqp|

PRrROOF. Clearly, ¢,I + Ip, C I. Similarly, g,I + Ip, C I and, hence, applying Eq. (5.43)
we get

QOc((ia]I'i‘Hﬁa)pa c Golpa o qllp

QOCH + Hpa = = PNE
|q0ép04‘ |Qapo¢| ‘qp|
which gives us the first inclusion
I
(5.45) In % > ol + Ipa.

To prove the converse inclusion, we make use of Lemma 5.4.1 and choose u,v such that

2(qa, u) + 2(pa,v) = 1. Now, for any z € TN %I)l there is a y € I such that z = % = f;ayfa"'

and hence
(5.46) T = (qotl + uGa)T + T(Vpa + Pav) = qo(tz + yv) + (uy + 20)pa € qol + Ipa.
Thus

i
(5.47) 1N L2 ¢ g1+ Ip,

lap|

and the claim follows. ([l

Our next aim is the calculation of the coincidence index. The first step in this direction
is the following lemma, which gives us the product of two coincidence indices.

LEMMA 5.4.3. Let (q,p) be a primitive admissible pair and (o, pa) its extension. Then
(5.48) Si(R(g, ) Z1(R(7,p)) = Nr(|gal*).

PROOF. From the inclusions
qllp

(5.49) ¢l C gl +1Ip, =IN— CL
7
we infer
q q _
(5.50) [(qall + Tpa) : qol] = [(T+ ‘qO]QHpa) I =[T: (N " ; |]Ipa)] = Y1 (R(q,p))
(e} ara

and the assertion follows. O
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If we can prove X (R(q,p)) = X1(R(q,p)), taking the square root of Eq. 5.48 will give us
a formula for the coincidence index. This is possible, indeed.

THEOREM 5.4.4. Let (q,p) be a primitive admissible pair and (qu, pa) its extension. Then

(5.51) S1(R(g,p)) = Nr(lem(lg[?, [p|*)) = Nr(|gal*) = Nr(|pal?).

PROOF. We have to show [I : (go1 + Ips)] = Nr(|ga|?). Due to the previous lemma it is
sufficient to show that [I : (g, + Ip,)] divides Nr(|gq|?). If p and ¢ are units, the result is
trivial. So assume that at least one of p, ¢ is not a unit.

Assume, first, that a, = a, = 1, i.e., p, = p and g, = ¢, which implies |g|? = |p|?>. Thus,
neither p nor ¢ is a unit. Clearly, [I : ¢I] = Nr(|g|*). Of course, ¢l 2 Ip, since, otherwise,
qll = Ip would be a two-sided ideal, which is impossible, because ¢ is not a unit and primitive
by assumption. We consider the set {u € Z[7] | g1 D plp}, which is an ideal in Z[7]. Let m
be a generator of it. Clearly, m divides |¢|?>. We want to show m = |¢|? (up to a unit).

Assume, on the contrary, that m were a proper divisor of |g|?. Then g = gcld(m, q) is a
proper left divisor of ¢ = gh, where h is not a unit. Hence, hI O gllp, and hll D (hlp+ glp) =
Ip, since h and g have common divisor 1 (otherwise ¢ would not be primitive). Multiplying
by I from the right gives hl D Ipl. The latter is a two-sided ideal containing the primitive
icosian p, hence we have Ipll = I. This gives the contradiction Al D T. This proves m = |q|?
(up to a unit).

This means that there is an icosian z € Ip of Z[r]-order |q|? in T/qI. The latter is a
generalisation of the usual notion of the order of an element in a group. It is defined as
follows: Let A be a Z[r]-submodule of T and z € I. Any element that generates the ideal
{u € Z[7] | px € A} is called a Z[r]-order of z in I/A. Now, x having Z[r]-order |¢|? in
I/qI means that there are Nr(|q|?) different cosets of ¢l of the form Az + ¢I, A € Z[r] in
ql + Ip. Hence, [I : (qI + Ip)] is a divisor of [I : ql]/ Nr(|q|?) = Nr(|g|?). But this implies
[I: (gl + Ip)] = Nr(|q|?), as mentioned above.

For the general case the idea is to reduce the problem to the case ay = o, = 1. First,
define the greatest left and common right divisors g, = gcld(q, o) = geld(ga, o) and g, =
|2

gerd(p, ag) = gerd(pa, o) with decompositions ¢ = g4hq and p = hygp. Note that |g,]° = oy

and |gp|2 = ay. Hence, we have
Gol + Ipa = qoll + qlipa + qolp + Ipo = q]I(qu + pa) + (ap + QOa)I[p
= qllgp + g4llp = gq(hel + Thy)gp.
This gives us the following formula for the index

(5.52) [I: (gl +1Ipy)| = Nr(aiaﬁ)[ﬂ : (hgll 4 Thy)].

2 2
Note that |h,[* = % # |hp|? = %, so we cannot apply our known result yet. To circumvent
this problem, we rewrite h,I + Ih), as follows

holl + Thy, = hol + |he|*T + I|hy|* + Th, =
(5.53) = (hq + |h]a|2)]I + I(hp + |hq|2) = kol + Iky,
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where we have introduced the greatest common divisors k, := gcld(hy, |hp|?) and k, =
gerd(hy, |hg|?), respectively. Both have the norm

a” _ |pl?
(5.54) kgl = Ikl = ged (||, |hp]?) = ‘ﬁ = 7‘2 = ged(|pl? [af*).

A Qg
Now, we can apply the results of part 1 and obtain

2 2 2 olq? 2
(5.55) [T (gal + Ipa)] = Nr(ayag)[I : (keI + Tky)] = Nr(a, qﬁ) = Nr(|gal?).
p

This finishes the proof. ([l

We are ready now to calculate the number of coincidence rotations. Note that the order
of the rotation symmetry group of I is 7200, whence the number of coincidence rotations is

given by 7200c[°*(m), where ¢[°*(m) is an integral arithmetic function. To determine cJ**(

m)
we need the number of primitive icosians q of a given norm |q|?> = u € Z[7] (up to a unit),
which is given by 240 f (1), where 240 is the number of unit icosians and () is a multiplicative

function, which is determined by its values for prime powers r > 1 in Z][7]

6-51 if =5,
(5.56) f(r") =< (p+1)p—1 if ' =p=41 (mod 5),

P+ 1)p*=2 ifr=p=42 (mod 5).
The multiplicativity of f(yx) is inherited by ¢f'(m), so it is sufficient to calculate ¢}’ (m) for
prime powers.

We start with 7 = /5. A primitive pair (¢,p) with |g]> = V5 &1, |p|*> = V5 ez is
admissible if and only if r + s is even. From this, we infer that ¢}’ (5") is given by

[r/2]
(557) C]rlot(5r) — f(57')2 +92 Z f(5r)f(5r—2$) =3. 5r—1(13 . 5T—1 _ 1)
s=1

2 = pler, |g2* = pey is

admissible, if and only if, » + s is even. The corresponding coincidence index is given by

Similarly, if p = £+2 (mod 5), a primitive pair (q1,q2) with |q

p2max(rs)  Thyg ot (p?>—1) = 0. For even powers a similar calculation as above gives

[r/2]

2
(5.58) W) =S H2) FNfT) = iz - i PR (PR P - 2).
s=1

The case p = £1 (mod 5) is again more complicated, as p splits as p = w7n’. Just as

before, a primitive pair (qi,¢2) with |q1|> = 7”1, |q2|? = 7%¢2 is admissible, if and only if,
r + s even. Thus, there are

[r/2] 1
(659 ) = f) 42y f) ) = Py )

s=1 p_l
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primitive admissible pairs to be considered. In addition, we get a contribution of those
primitive admissible pairs with |q1|? = (7/)"e1, |g2|? = (7')%c2. In total, this leads to

(5.60)
c]rlot(pr) _ Z grot(,ﬂr—s)grot((,ﬁ/)s)
s=0

_ prl—1 12 8
=p+1pr2<2p’“p+1—2<6+ +
(1) (pt1) p—1 p—1 (p—1)?

_ 20 8 4p+1)
+r1p”(p3+3p2+7p+13+ + >+r1 :

r=1 p—1 (p—1)° ( )(p—1)2
Actually, we do not need this explicit expression for ¢[°*(p”). Since c[°*(p") is a Dirichlet
convolution of ¢g™*(7") with itself, its corresponding Euler product is just the square of the

Euler product corresponding to ¢g"™(7").
Putting everything together we get the following result.

THEOREM 5.4.5. Let 7200 (m) be the number of coincidence rotations of the icosian

ring I. Then the Dirichlet series generating function for ¢°*(m) reads a follows

o — 1) (g (8 = 1) (g (s — 2)
\I,rot s) = C]I (n) —_ <K(S)CK(S K K — pr S pr s—1

I ( ) HEZN ns CK(2S) CK(25—2) I ( ) I ( )
_ (1457%)(145'9) I < (1+p %) (1 +p'%) >2 I (14+p )1 +p* )
- _rl—s _ F2—s _ ml—s _ 2—s _ 2—2s _ 4—2s
(L=5) (A =5%7) iy \A =P =p7%) ) oy )L = pt)

_ +§+§+100+288+440+400+900+960+1800+2048

B 45 s 95 115 165 195 205 255 295 31

This shows that the possible coincidence indices are exactly those numbers that can be
represented as k2 + kf — 2 = Nr(k + (7).

Ui°t(s) is a meromorphic function in the entire complex plane, whose rightmost pole is a
simple pole at s = 3 with residue

(5.61)
Ce226(3) 35T TE

rot = R o \I,rot — SK\"/ MK\ 1’ - v V¥
P1 €8s=3 ¥ (5) CK(4)CK(6) ( X5) 268712

log(7)(x(3) ~ 0.593177.

Here, we have inserted the explicit formulas for (;(2) and L(1, x5) as given in Eq. 5.31. In
addition, we have used the numerical value ((3) ~ 1.027548 as well as the formulas

An® 536712
T e—— and 6 = )
16875v/5 6 (6) 34.58. 75

which can be derived from [70, Proposition 1, Theorem 4.2] as outlined in the appendix
of [10].
Using Delange’s theorem 7.A.1 we get the asymptotic behaviour of ¢[°*(n).

(5.62) (ke (4)
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COROLLARY 5.4.6. The asymptotic behaviour of the summatory functions of ¢°*(n) reads
as follows

3
(5.63) 3" det(m) ~ p{ft% ~ 0.197726 2%, as = — oo,

m<x

with p°* as given above.

The proof of Theorem 5.4.4 provides us with the tools to determine which CSMs are
equal. In particular, Eq. (5.53) shows that

(5.64) qoll + Ipo = gq(kqﬂ + Hkp)gp

depends only on g4, gp, kg and k,. Recalling the definitions of g, and k, we see immediately
that gk, divides g and g4|hy|?. Since g, divides y, we infer that g,k, divides ap|h,|? =
%Z\p|2 = |pq|. Thus g.k, divides gcld(q, |pg|). We claim that even g4k, = gcld(q, |pq|).
Indeed, | gcld(q, |pgl)|* = | geld(g, apaq ged(Ipl?, [a*)* = aq ged(|pl? [a*) = 194/*[kql*, Which
is only possible if gk, = geld(g, |pg|) up to units. Thus, we get the following alternative
representation of the CSMs of T.

THEOREM 5.4.7. Let (q,p) be a primitive admissible pair. Decompose q = gqkqrq and

p = rpkpap such that |gq 2= ’rq|2 = Qp, ’9p|2 = ’%’2 = ag, and ’kq|2 = |kp|2 = ng(’CIP, |p\2).
Then

I
(5.65) In % = gg(kgl + Tky)g,.

An immediate consequence is a sufficient condition for two CSMs to be equal.

COROLLARY 5.4.8. Let (q1,p1) and (q2,p2) be two primitive admissible pairs such that
\q1p1| = |q2pe| and Qg = Qg, and ap, = ap,. Then

I I
q1lip1 _I[HQQ P2

(5.66) N —
lq1p1] |g2p2]

holds if geld(qi, [p1g1]) = geld(ge, [p2q2|) and gerd(p1, [p1g1]) = gerd(pe, |p2g2l)-

PROOF. Since oy, = oy, divides |qip1| = |gep2|, the condition gcld(qi, |p1gi|) =
geld(ge, [p2g2|) gives g4 = geld(qr,0p,) = geld(ge, ap,) = ¢g,, Where we can guaran-
tee by an appropriate choice of units that the equation holds exactly. Together with
geld(qr, [p1gi|) = geld(ge, [p2gz|) this implies kg, = kg, (up to units). Similarly, we can show
9p1 = 9p, and kp, = ky,, and an application of the theorem gives the result. 0

If two coincidence rotations have the same denominator and the same coincidence in-
dex, their a’s need not be the same, only their product is fixed. However, the conditions

geld(qr, [p1g1]) = geld(qe, |p2gz]) and gerd(pi, [p1gi]) = gerd(pe, |p2ga|) guarantee that we
have indeed oy, = ap, and oy, = ag,. Thus, we can reformulate the corollary as follows.
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COROLLARY 5.4.9. Let (q1,p1) and (q2,p2) be two primitive admissible pairs such that
lip1|l = |gep2| and lem(|qif*,|p1]?) = lem(|g2f?, |p2l®).  Suppose that gcld(qu, [prar|) =
gcld(qe, [p2ge]) and gerd(py, |p1qi|) = gerd(pe, [p2qz|) hold. Then

i i
(5.67) [ 8P g 272

lq1p1] lqopa|

Our aim is to prove the converse statement. To achieve this, we need some further lemmas.
But first, we want to understand the theorem and its corollaries a bit better. In fact, it is
not really necessary, but it improves the understanding of what is going on. Note that the
denominator of our rotation is just |pq|, as well as for the inverse rotation. Hence, we have

Ipg|l C I%ﬁ and thus, |pglI C 1IN %. In particular,
1 1
(5.68) In % =1n % + pall = gaI + Ipa + [pall = ¢,1 + Ip,,

where ¢, = gcld(qa, |pg|) = a4gcld(q, |pqg|) and p, = gerd(pa, [pg|) = apgeld(p, [pg|). Ob-
serving g, = gcld(gr, o) and g, = gerd(py, o) we could extend these considerations to an
alternative proof of theorem 5.4.7.

As a first step in proving the converse of Corollary 5.4.9 we note that there is an analogue
of Lemma 3.4.2 for 1.

LEmMmA 5.4.10. If

I I
(5.69) In nipr _ a2 p2.
q1p1 |g2p2|
then |q1p1| = |q2p2| and lem(|q1]?, [p1]?) = lem(|q2|?, [p2|?) (up to Z[r]-units), i.e. denomina-

tor and coincidence index must be the same.

Here, lem(|q1)?, [p1|?) can be interpreted as the Q(7)-index of TN % in I. Without
going into details, we mention that one can define a so-called Q(7)-index for a Z[7]-sublattice
L in a Z[r]-lattice G, compare [11, 42]. Just as the ordinary index [I" : A] equals |det(¢)],
where ¢ is a linear mapping which maps a basis of I' onto a basis of A, one can define the
Q(7)-index [G : L]g(r) as the determinant of a linear mapping ¢ which maps a Z[7]-basis of
G onto a Z[r]-basis of £. This index is well-defined up to a unit in Z[r]. The connection
between the ordinary index [G : £] and [G : L] is given by [G : L] = [N1([G : L]g(r))|- In
fact, one can prove that lem(|q1|?, [p1]|?) is the Q(7)-index of TN f’qlll—ﬁl' in I by adapting the

proof of Theorem 5.4.4 to the Q(7)-index.

PROOF OF LEMMA 5.4.10. The statement lem(|q1|?, |p1]?) = lem(|ga|?, [p2|?) just says

that the Q(7)-indices of TN |q(111prll| and TN |q;2];p22| in T must be the same, which is trivial.

So it remains to show the claim for the denominator. We proceed as in the case of lattices.

First, we see

I
(5.70) lgip1 I € IN P2

\qap2|’
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ie. |qipi| is a Z[r]-multiple of the denominator of the rotation R(g2,p2), i.e. |qip1]| is a

IV Z[7]-unit. O
lq2p2]

Z|t]-multiple of |gap2| and vice versa, so

We need some additional information on the index [I : (rI 4 Is)]. Theorem 5.4.4 only
covers the case that (7, s) is the extension of an admissible pair, which is too restrictive here.
We first consider the case that r and s are both primitive.

LEMMA 5.4.11. If r,s € I are primitive, then [I: (rll + Is)] divides Nr(gcd(|r|?, |s|?)).

PRrOOF. The proof is similar to the first part of the proof of Theorem 5.4.4, so we just
mention the main steps here. The details can be looked up above. First, note that the
Q(7)-index [I : (rI + Is)]q,) certainly divides |r|*, since (rI 4 Is) 2 rI. Next we determine
a generator m of the ideal {y € Z[r] | I D puls}. It turns out that m = |r|?> (up to
units). Hence, we have an element 2 € Is of Z[r]-order |r|2. But this implies that the
Q(7)-index [(rI + Ls) : rI]g, is a multiple of m = |r[?, i.e. [I: (rI+ Is)]g(,) must divide
[I: rTgery/|r? = |r|*. Similarly, [T : (rI+Is)]q ) must divide |s|?, and hence [T : (rI+Is)]g
divides ged(|r|?, |s|?). Taking the norm finishes the proof. O

Primitive quaternions are not enough, since g, and p, are in general not primitive. How-
ever, ag and « are relatively prime, so the following lemma is sufficient.

LEMMA 5.4.12. If r;s € I are primitive quaternions and (3, € Z[r] are relatively prime,
> IsP?

then [L: (Brl+ Ivs)| divides Nr(ﬁ?ﬁgcd(%,%—s)), where Bs = |gerd(B,s)]? and v, =
| geld(y, )]

In case of an admissible extension pair 8r = g, = ayq, Vs = pa = app, we have B, = B =
ag, Vr =7 = a, and hence, [I: (g I + Ip, )] divides

2 2
q” |p
e (e ged (12220 ) — e (a3 el ) = Neta3la?) = Nlaa

Qp Qg
in agreement with theorem 5.4.4.

PrROOF. We define g, := gcld(v,r) and g5 := gerd(B,s) and use the decompositions
r = gk, s = ksgs. This gives

(5.71) Bri+Iys =rl(B +s) + (v +7)Is = rllgs + grLs = gr (keI + 1ks)gs.

Hence, we see that

(5:72)  [L: (Bri+ Tys)] = Nr(|g, ") Ne(|gs DL : (T + Ths)] = Ne(B57) [T+ (ke T+ Tks)]
divides Nr(82+2) Nr(ged(|k,|?, |ks|?)) by the previous lemma. Observing |k.|? = |;—‘j and

2
|ks|? = %—L proves the assertion. O

Now we have everything at hand to prove the following criterion for two CSMs to be
equal.
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THEOREM 5.4.13. Let (q1,p1) and (g2, p2) be two primitive admissible pairs. Then

I I
q1ip1 —Hﬂq2 P2

(5.73) N -
lq1p1] |g2p2]

holds if and only if |gip1| = |g2pe|, lem(|@1|?, [p1]?) = lem(|g2|?, |p2]?), geld(q, [pig1]) =
geld(qz, [p2qz]) and gerd(py, [p1ai]) = gerd(ps, [p2ge|) hold (up to units).

ProoF. Corollary 5.4.9 proves the if-statement, Lemma 5.4.10 guarantees that the de-
nominator and the coincidence index (and its Q(7)-variant) are equal. Hence it remains to
show that two CSMs are only equal if gcld(qq, [p1¢1|) = geld(qe, [p2¢2|) and gerd(p1, [p1gi|) =
gerd(pa, |p2gz|) hold. That means, we have to show that

(574) @1al + Ip1a = @21 + Ipa

implies gcld(q1, [p1g1]) = geld(ga, [p2q2|) and gerd(p1, [p1g1]) = gerd(pe, [p2ga]). We make use
of Eq. (5.68) and assume that

(575) q1r 1+ Ip1r = qor 1+ Tpoy

holds, where g;r = geld(gia, [P1a1]) = og, geld(gi; [p1g1|) and pir = gerd(pia, [p1an|) =
ap, geld(pi, [p1gi]). This equation can be used to rewrite g, 1 + Ipy, as

(576) q1rL + Ipy = (q1r + q2r)]1 + H(plr + p?r) = /BT]I +Ivs

where fr := gecld(qir, g2r) and s := gerd(pir, p2r), with r and s primitive. Note that § =
ged(ag, , gy ) and v = ged(oy, , oy, ) are relatively prime, since oy, and «,, are relatively prime.
By definition, |r|? divides p 15‘11‘ and |s|? divides @. Since 8 and v are relatively prime,
ged(|r|?, |s]?) divides gcd(lplql‘ ‘plvql‘) = lpéflyl‘. Applying Lemma 5.4.12 and noting that [
and -y, divide 8 and ~, respectlvely, we infer that [I: (8rI+ Ivs)] must divide Nr(S5sv,|p1g1])-
From [T : (Brl 4+ Ivs)] = [I : (qiall + Ipia)] = Nr(ag op, P11
divides Nr(8s7,) and hence s = = aq, = a4, and 3 = 7 = oy, = p,. Using this new
il — ged(gr 2, pi?)

as stated above, we must have

) we infer that Nr(ag, ayp,)

information we can apply Lemma 5.4.12 again and we infer that

Irl Isl*
) Oé a1

= | gCld(qh Ip1q1])
5= gcrd(pl, Ip1q1|) = gerd(p2, [p2g2|), which finishes the proof. O

). But since |r|? divides

must divide ged( - \P16q1| _ lmail

Qgq

rf? = aatl = [ and hence r = geld(q1, [p1a1]) = geld(gz, [p2aa]). Analogously

REMARK 5.4.1. As in the case of the centred hypercubic lattice we may reformulate the
conditions for equivalence, compare 4.1.3. In particular, (¢q1,p1) and (g2,p2) generate the
same CSM, if and only if |q1|? = |g2|?, |p1? = |p2|?, gcld(q1, |prq1|) = geld(go, |p2ge]) and
gerd(p1, [p1q1|) = gerd(pe, [p2ge|) (up to units) are satisfied.

It is now a purely combinatorial task to calculate c¢j(m) and the corresponding Dirichlet
series. Again, we can restrict our calculations to the cases that m is a prime power. As an
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example, we consider the case p = £2 (mod 5). Here, we have to evaluate the sum

[r/2]
(5.77) ep(m) = f@)? +2) ) f( ) f(rT).
s=1

Note that the only difference between this sum and Eq. (5.58) is that a factor f(7") has been
replaced by a factor f(#"~*), which reflects the condition gcld(qi, [p1¢g1]) = geld(qe, [p2g2]|) or
gerd(pi, [p1gi|) = gerd(pe, |p2ga|), respectively.

For prime powers m = p”, the multiplicative function ¢j(m) can be expressed in terms of
the function

1 if r=0,
(5.78) h(z,r) = % (22t 4 222 — 2x(’"*1)/2) , if > 1 is odd,
%(JGQT‘H + 2?2 — 295”2_11;;—’”;), if r > 2 is even.

¢y(p") for r > 1 reads explicitly

h(5,7) if p=25,
> h(p,7 —s)h(p,s) ifp==41 (mod5).
(5.79) cp(p”) = < s=0
h(p?, 5) if p=+2 (mod 5) and r even,
0 if p=+42 (mod 5) and r odd,

Finally, by constructing the corresponding Euler factors we get the generating function
for cp(m).

THEOREM 5.4.14. Let c;(m) be the number of CSMs of the icosian ring I. Then the
Dirichlet series generating function for cy(m) reads as follows

Tp(s) = > aln)

nS

neN
1411-57547.5725 4 5135

(1 _ 5275)(1 _ 51725)

14+p=s+ 2p1—s + 2p—23 _|_p1—2s +p1—33 2
X H (1 _ 275)(1 _ 1723)

p==+1(5) p p

p1205) (1 —p*2)(1 —p*=*)

25 36 100 288 410 400 900 912 1800 2048

:1 —_— —_—
+45+55+ 9s +113+165+195+205+255+ 29s * 318
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We are not aware of a representation of Uy(s) in terms of (-functions. Nevertheless, we
can specify its analytic properties. We note that the Euler product

o Ug(s) 48 - 572
(5.80) Yi(s) = \I/]r;t(s) - < - (1+5-5)(1+5-5)(1 — 51—25))
- 200" - p* i
’ pg(s) <1 (I+p=s)A+p )1 - p1‘25)>
2(p" — p~*
<A (= it )
3

converges for Re(s) > which implies that Wg(s) is meromorphic in the half plane

2
{Re(s) > 3}. Moreover, the rightmost pole of Wy(s) is a simple pole located at s = 3 with

residue
(5.81) pr := Ress—3 Up(s) = ¢y(3)pt ~ 0.587063,

Here, 9;(3) ~ 0.9896918 < 1 had to be calculated numerically. Finally, we apply Delange’s
theorem 7.A.1 to obtain the asymptotic behaviour of ¢;(n).

COROLLARY 5.4.15. The asymptotic behaviour of the summatory functions of cy(n) reads
as follows

3
(5.82) Y ey(m) ~ pﬂ% ~ 0.195688 23, as x — oo,

m<x

with py as giwven above.

Note that p; and p[°* differ by just about 1%. Thus, in most cases, two coincidence
rotations that are not symmetry related generate different CSMs.

5.5. Equal CSLs for L

It remains to discuss when two CSLs of L are equal. We first reformulate Lemma 3.4.2
for L, which reads as follows, since den,(R) = dena,(R™1).

LEMMA 5.5.1. Let L be the Aq—lattice. Then L(R1) = L(R2) implies X (R1) = X(R2) and
den(R;) = den(R3).

For the following, it is convenient to introduce the Q-linear maps ¢4 : H(K) —
H(K),¢+(q) = g £ ¢, compare [9]. They map H(K) onto two disjoint 4-dimensional Q-
subspaces Vi = ¢4 (H(K)). In particular, we have H(K) =V, @ V_, if we view H(K) as an
8-dimensional vector space over Q.

In this setting, L and L, can be viewed as images of ideals of I. In particular, we have
L =¢.(I) and

(5'83) L(R(Q)) = an = ¢+(Qaﬂ) = ¢+(Qa]l + I[QZX) = (QQH + Hﬂfa) NL,
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compare Theorem 5.2.6. Thus two CSLs are certainly equal, if the corresponding CSMs
of T are equal. Applying Theorem 5.4.13 to our situation and observing gerd(qgi, |q1G1|) =
geld(qi, |q1d1]) gives the following result.

|2

LEMMA 5.5.2. Assume that q1 and qa are admissible. Assume that |q1|*> = |q2|?> and

geld(qu, |q1q1|) = geld(qz, |g2Ga]). Then L(R(q1)) = L(R(q2))-

It turns out that the converse is not true. However, we have the following statement:

THEOREM 5.5.3. Assume that q1 and g are admissible. Assume that one of |q1|* and
lq2|? is not divisible by 5. Then L(R(q1)) = L(R(q2)) if and only if |q1|*> = |q2|® and
geld(qu, |q1q1|) = geld(gz, [g2gal)-

PROOF. We need to prove only the “only if”-statement. Assume L(R(q1)) = L(R(q2)),

ie.,
(5.84) ¢4 (q1al +1G1a) = ¢+ (@201 + 1G2a) = ¢+ (g1l + LG1a + g201 + 1G2a) = ¢4 (g1 + 1g),

where we have used the Q-linearity of ¢4 and applied the definition g = gcld(qia, g2q). If
g is the extension of an admissible primitive quaternion, we can apply Lemma 5.5.1 and
gl = 1o = g2o1 and ¢1I = ¢l follows. However, in general, g is not the extension of a
primitive admissible quaternion. So we have to argue differently. First, we observe that we
can apply Lemma 5.5.1 to show |g1a|? = |g2a|?, i.e. none of them is divisible by 5. Next, we
consider the following chain of inclusions

¢+(QIQH + ]Iq~1a) + 7—¢+ (q1a]I + Hlea) =
= ¢4 (qral + 1G1a) N G4 (q20]l + 1G20) + T(¢+(Q1aﬂ + 1G1a) N ¢+ (g0l + Mza))
- (QIaH + ]I(jla) N (Q2aH + ]I(j2a) C (QIaH + ]Iq~1a) CIL

We know [I : (¢4 (q1all + 1d1a) + 70+ (g1l + 1d14))] = 5lem(]q1]?, |G1]?) by Lemma 5.3.6 and
[T (g1l + IG1a)] = lem(|q1]?, |G1|?) = [I : (g2l + Igaq)]- Since the latter indices are not
divisible by 5 by assumption, this implies

(5.85) [I: (g1l + Ig1a) N (el + 1G24)] = [I: (q1al + LG1a)]-

As a consequence, we have
(5-86) (QIaH + ]Igla) N (QQaH + ]Iq~2a)] = 1ol + IG10 = @201 + 1G24

and an application of Theorem 5.4.13 yields |q1G1| = |q2dz2|, lem(|q1|?, |G1|?) = lem(|g2|?, |G2|?),
and geld(q, [1G1]) = geld(gz, |g2G2|). Recalling 1221 = |geld(g;, |gidi]) 2
2 lem(lg;|?,1gi]*) 0
a2 :

we see that ag = ag,

and, hence, oy, = avg,, which gives |q1]? = |g2|* via |g;|? =

Next, we consider the case where X is a power of 5. The general case will follow from a
combination of these two special cases.
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LEMMA 5.5.4. Assume that q1 and qo are admissible. Assume that one of |q1|? and |q2|? i
a power of 5. Then L(R(q1)) = L(R(q2)) if and only if |q1)? = |q2|? and gcld(q1, |q1d1]/V/5) =

geld(qz, |g2G2|/V/5).

PROOF. First, let us assume L(R(q1)) = L(R(q2)). If |q1|? is a power of 5, then |q|> =
|g1)> = % 1,(R(q1)) and ¢1 = q1a, i-e., we may drop the subscript a everywhere. Hence, lg2|?

~
V)

is a power of 5 as well and |q1|? = |q2]2, since the coincidence indices must be the same. We
proceed now as above and find that either
(5.87) [L: (I +1g1) N (g2l +1G2)] = [I: (11 + LG1)]

— in this case we argue as above and conclude that gcld(qi, |g1¢1]) = geld(ge, |g2G2|) and, a
fortiori, geld(q1, |q1G1]/v/5) = geld(qa, |q2G2|/v/5) — or

(5.88) [L: (@1l +1g1) N (gel + 1g2)] = 5[L : (quI + Lg1)].
In this case, (¢1I + 1g;) has index 5 in
(5.89) (1T +1q1) + (gl + 1g2) = ¢TI + 1g,

where g = gcld(q1, g2) need not be an admissible quaternion, since |g|> may be an odd power
of v/5 (up to units, of course). However, |g|?> and hence |gg| are still in Z[7], thus (g, §) is an
admissible pair for I. Since g = g, we see that gl +1Ig is the CSM generated by the pair (g, §)
and, hence, its coincidence index Xy is given by Nr(|g|?), i.e., Nr(|q1|?) = 5Nr(|g|?). This is
equivalent to |q1|?> = v/5|g|?. As g is a left divisor of ¢; and |g[2 we infer g = geld(qi, |g]?) =
gcld(q1, |q1]?/v/5) and, by symmetry, g = geld(ge, |g2|?/V/5) as well.

Conversely, let us assume |q1|? = |g2|? and gcld(q1, |q1d1]/V/5) = geld(go, |g2G2|/v/5). Then
either q; = go (up to units) and we are done, or g = gcld(q1, q2) = geld(qu, |q1G1]/V5). In
this case g is not admissible for L since |g|> = |q1]?/v/5 is no integer. We define g; =
geld(qi, |q1d1]/5), which is the greatest admissible divisor of g. We have |g1]? = |q1|*/5 and

(5.90) ¢4 (1) € oy (1) + ¢4 (g2ll) = ¢4 (gI) C ¢4 (g11)

with [¢4(g1]) : ¢4+ (q1I)] = 5. Hence, either ¢4 (q1l) = ¢4 (q1l) + ¢+ (gol) — in this case we
are done — or ¢4 (gI) = ¢4 (g1I). We want to rule out the latter by contradiction. So assume
the latter. Then ¢4(qiI) has index 5 in ¢4(gI). Moreover, ¢4(gl) + 7¢4(gl) has index
lg1]* = |q1]*/25 in L[r] and index 5|g1|* = |¢1]*/5 in I. Furthermore,

(5.91) ¢+(9) + 7o (gI) € gI + Ig,
where the latter has index |g|* = |¢1|*/5 in I. Hence,
(5.92) gL+ 1§ = ¢4 (gI) + 74+ (gI) C L[7].

Now, Corollary 5.3.4 tells us v/5I C L[7], i.e., with m = gcld(g, v/5), we have mI + 1 C L[7].
Since the left hand side has index Nr(|m|?) = 5 in I, this would imply mI + Irih = L[r].
But this is impassible: as m is a prime quaternion of norm |m|? = V/5, this would imply
ml = ml + Im = Im. But ml cannot be a two-sided ideal, as m is not central (compare the
proof of Lemma 5.3.6). This gives a contradiction and finishes the proof. ]
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Next, we combine Theorem 5.5.3 and Lemma 5.5.4 to obtain the corresponding statement
for general indices that are divisible by 5.

THEOREM 5.5.5. Assume that q1 and qo are admissible. Assume that one of |q1|?
and |qa|? is divisible by 5. Then L(R(q1)) = L(R(q2)) if and only if |q1|* = |q2|* and
geld(q, [q1q11/v/5) = geld(ga, [a2d21/V5).-

ProoOF. Using the same arguments as in the preceding proof, we can show that the
conditions |q1]? = |g2|? and gcld(q1, |q141|/Vv/5) = gcld(qe, |g2G2|/V/5) are sufficient.

To show the converse, we note that the unique prime factorisation in I guarantees that
every coincidence rotation R can be written as R = R; Ro, where X A4(R1) is not divisible by
5and Xy, (R2) is a power of 5. Thus, with m := X' (R1) and n := X, (R2) all conditions of
Lemma 3.4.7 are met. Now, (nL) N L(R1R2) = nL(R;) and (mRL) N L(R;R) = nR1L(Rx2).
This allows us to determine L(R;) and L(R2) from the knowledge of L(R;R2) alone. Thus,
two coincidence rotations R and R’ can generate the same CSL only if L(R;) = L(R)) as
well as L(R2) = L(R)). We can now apply Theorem 5.5.3 and Lemma 5.5.4 to obtain the
result. O

We can calculate ¢4, (m) now. As c,, (m) is multiplicative, we only need to determine it for
prime powers. Actually, we do not need Theorem 5.5.5, but Lemma 5.5.4 and Theorem 5.5.3
are sufficient. If |g|? = V5 ¢, then the lemma tells us that the last prime quaternion in the
prime factorisation does not matter, which gives ¢4, (5") = : cR(5"). If p= =42 (mod 5), the
conditions of the theorem reduce to ¢11 = ¢oll, and, hence, ¢ Ay (p") = c;‘ft (p") in this case.

The case p = +1 (mod 5) is again more complicated. But similar arguments as in the

previous sections finally yield the following explicit formula

(5.93)
6522, if p =5,
, (;é;ri_l)f (p*tt +p*—2 - 2p(’"*1)/2) if p=+41 (mod 5) and r is odd,
“au) = (1;;7_112(192”1 4 p¥2 —2pr/21 HZ; ), ifp=+41 (mod5) and r is even,
[ if p=+2 (mod 5).

This enables us to write down the generating function.

THEOREM 5.5.6. Let ¢, (m) be the number of CSLs of the lattice Ay. Then the Dirichlet
series generating function for c,, (m) reads a follows

Wy, = 30 Al

nS
nelN

—5 —5 —5 1-s —2s 1-2s 1-3s
~(eotes) T s T St
p==£2(5) p==£1(5)
—1—!—3-1-&-1-%-1-2—&-@%—@—!-@4—@—# 50 + 144+200+ 170
3% 5% 6% 7 8 95 108 118 1285 13%
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In order to compare W 4,(s) and W' (s) we consider the function

(5.94) Y, (s) = i}ig
_ 24 -57% 2(p — 1)p=2
- (-1 Al (- arm )

It is analytic in the open half plane {Re(s) > 3}, as the Euler product converges there.
This proves that W, (s) is a meromorphic function in the open half plane {Re(s) > 3} Its
rightmost pole is a simple pole at s = 3 with residue

(5.95) pa, = Ressmg Uy (s) = 14, (3)p'5" ~ 1025695,

where 1,4, (3) ~ 0.8152576 < 1 has been calculated numerically. Finally, we apply Delange’s
theorem 7.A.1, which gives us the asymptotic growth rate of c,, (m).

COROLLARY 5.5.7. With the residue p 4, from above, the asymptotic behaviour of c 4, (m)
s given by

3
(5.96) 3 eq,(m) ~ pA4% ~ 0.341898 23, as 2 — oo.

m<z
Comparing the growth rates of the number of CSLs and coincidence rotations, we see that
the former is approximately 20% lower than the latter. This difference is much bigger than
in the case of the icosian ring. Nevertheless, it is still more an exception than a rule that two
coincidence rotations that are not symmetry related generate the same CSL.



CHAPTER 6

Multiple CSLs of the cubic lattices

So far, we have considered ordinary CSLs and CSMs. The problem of finding all multiple
CSLs (MCSLs) is, in general, more difficult than determining all CSLs. There are only few
cases, where the problem of multiple coincidences has been solved so far. These include
some 2-dimensional lattices and modules of n-fold symmetry [6] and the 3-dimensional cubic
lattices, which we want to discuss in this chapter. Some of the present results can be found
in [75].

6.1. Basic results

Let us recall from Section 3.5 that any coincidence rotation R of the cubic lattices can
be parametrised by primitive quaternions. Moreover, there is a bijection between the CSLs
of the body-centred cubic lattice and the ideals ¢J generated by odd primitive quaternions.
(R(q)) = Im(qJ) with 2(R(q)) = |¢|* if ¢ is a

2
primitive odd quaternion. If ¢ is an even primitive quaternion, then X'(R(q)) = %. In this

In particular, we have I, = Im(J) and I},
case, ¢ can be written as a product r(1,1,0,0) of an odd primitive quaternion with an even
one, and the corresponding CSL can be written as I',..(R(q)) = Im(rJ).

Thus, it is sufficient to consider CSLs generated by primitive odd quaternions. Just as in
the case of ordinary CSLs, we start with the analysis of the body-centred cubic lattice and
derive from it the MCSLs of the other cubic lattices.

Let us discuss the spectrum of possible coincidence indices first. We know that the
possible indices for ordinary CSLs for all three types of cubic lattices are the positive odd
integers, and, indeed, all of them occur as indices. Moreover, we have seen in Section 3.3 that
Y(Ry,...,Ry,) divides X¥(Ry)-...- X¥(Ry,). Thus, the spectrum of indices of MCSLs is again
the set of positive odd integers.

PropPOSITION 6.1.1. Let I' be any cubic lattice. The possible values for the coincidence
indices X(Ry, ..., Ry) are exactly the positive odd integers, and all of those values do occur.

Hence, no new indices occur. Nevertheless, additional lattices emerge and the multiplicity
of a given index will increase. We have seen that c¢,(m) is a multiplicative function, and
by Theorem 3.4.9 this implies that any ordinary CSL can be written as the intersection
I'(R) = I'(R1)N...NI'(R,), where the indices X'-(R;) are powers of distinct primes. In this
case, the MCSL I'(Ry) N ... N I'(R,) is equal to an ordinary CSL. However, if the indices
of the I'(R;) are not relatively prime, the corresponding MCSL I'(Ry) N ... N I'(R,) is, in
general, not equal to an ordinary CSL.

89
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More generally, the multiplicativity of ¢;-(m) guarantees by Theorem 3.4.9 that any MCSL
I'(Ry,...,Ry,) can be written as the intersection of MCSLs [y, of prime power index. Further-
more, the Iy can be chosen in such a way that they are intersections of at most n ordinary
CSLs. Thus, we may restrict our analysis of MCSLs to those MCSLs, whose index is a prime
power.

To become more concrete, we mention that the decomposition of CSLs into CSLs of prime
power index corresponds to the prime factorisation in J. In particular, if |¢|> = it
me* is the prime factorisation of lg|? in N and p; := geld(g, 7)), then the aforementioned
decomposition is given by I'(R(q)) = I'(R(p1)) N ... N I'(R(pk)). Note that ¢ is a common
right multiple of all p;. Conversely, if p; are primitive odd quaternions such that all |p;|? are
relatively prime, then any least common right multiple ¢ is primitive and odd, and we have
I'(R(q)) = T'(R(p1)) N ... N I'(R(p)). Likewise, if we define p;; = geld(gi, 7; "), where the
aij are the exponents in the prime factorisation |g;|? = #{" -. .. ~71ij , then the corresponding
decomposition of the MCSL reads I'(R(q1),...,R(¢,)) = [1N...NITy with I} = I'(R(p1)) N
. N T(R(pne))-

Moreover, this guarantees the multiplicativity of the corresponding counting functions
) (m) and ¢®(m), where ¢ (m) is the number of all MCSLs of a given index m and
c®)(m) the corresponding number of all MCSLs that can be written as the intersection of at
most k ordinary CSLs.

As we want to count all different MCSLs, an essential question is under which condition
two MCSLs are equal. A preliminary result is the following one, which generalises Lemma 3.4.2

for the present situation.

LEMMA 6.1.2. Let I' be any cubic lattice and assume I'(R(q1),...,R(qn)) =
I'(R(q1), -, R(ay,)), where q; and ¢} are primitive odd quaternions. Then

EF (R(QI)a ceey R(Qn)) = ZF (R(qll)v oo 7R(Q;n))

and
lem (lg1/%, .., [gal?) = lem (lg11%, - - lgn %) -
PROOF. The proof is similar to the proof of Lemma 3.4.2. Note that lem(|q1|?, ..., |gn|?)
is the least common multiple of all denominators denj(R(g;)) = denp(R(q)™%) = |q¢l*

Let 8 be the smallest positive integer such that I" C I'(R(q1),...,R(gn)). Since pI" C
T'(R(g;)) € R(g;)I for all 4, 8 must be a multiple of den(R(q;)~!) = |¢;|? for all 3. Hence,
by definition, 8 = lem(|q1/?, ..., |qn|?), and from I'(R(q1), ..., R(gn)) = ['(R(¢}), ..., R(q,))
we infer lem (Jq1[%,. .., |gn]?) = lem (|g{[%, - - ., g, ]?). O

The conditions of the lemma are necessary, but by no means sufficient. For ordinary
CSLs we have the much stronger condition ¢J = ¢’J, and we expect additional conditions for
MCSLs. Let us start with the case n = 2 first.
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6.2. Intersection of two CSLs of the body-centred cubic lattice

As the body-centred cubic lattice I' = I, . = Im(J) has the most convenient representa-
tion in terms of quaternions, we start with this lattice. The first step to determine all possible
MCSLs I'(R1, R2) that can be written as the intersection of at most two ordinary CSLs is the
calculation of their indices. We note that Iy (Ry, Re) := I'(R1) + I'(R2) = Im(q1.J + ¢2J) =
Im(qJ), where ¢ is the greatest common left divisor of ¢; and ¢o2. Hence, we have — recall that
we may assume that |g;|? is odd —

6.1 ¥ _ ’q1|2’C.I2|2 . _
(6.1) (R1, Rg) = TaE with ¢ = geld(q1, g2).

In case that |g1|? and |g2|? are relatively prime, this reduces to X (R1, R2) = |q1|?|¢2|?. This
is the aforementioned case when the MCSL is equal to an ordinary CSL. Another special
case is the case that ¢ is a left divisor of ¢2. Here, we have I'(R2) C I'(R;) and the MCSL
I'(Ry, R2) = I'(Rp) is again an ordinary CSL. In order to understand the general situation,

we start with the case that both |g;|? are powers of the same prime p € N.

6.2.1. Intersection of two CSLs of prime power index. Actually, confining our
consideration to MCSLs of prime power index is no real restriction, as we can recover the
general case from this one, as we have mentioned before. We are mainly interested in the
case of two different CSLs, where none of them is a sublattice of the other one, i.e. neither
q1 nor ¢z is a right multiple of the other one. But we do not need to exclude the latter case
explicitly, as all formulas include the case of ordinary CSLs implicitly.

Our first aim is to find an explicit expression for the MCSLs. We note that there is always
a quaternion r € J such that ¢i7g. is a primitive quaternion, if ¢; and ¢ are primitive odd
quaternions. This follows from the unique prime factorisation in J. In fact, we can even
choose r to be a unit quaternion u — we just have to choose r such that ¢; and ¢o7 have no
common right divisor.

LEMMA 6.2.1. Let q;, i = 1,2, be primitive quaternions such that |¢|*> = p™, where p is
an odd prime. Choose r such that qirqs is a primitive quaternion and let q be a least common
right multiple of g1 and q2. Then I'(R1, R2) = I'(R(q1)) N I'(R(q2)) = Im(qJ + q17qZ).

Proor. Without loss of generality, we may assume a7 > as. Let d denote a greatest
common left divisor of q; and ¢o. If |d|> =: p® = p®2, we can choose d = ¢ and ¢ = ¢1.
Then, I'(R(q1)) C I'(R(q2)) and hence, I'(R1, R2) = I'(R(¢q1)) = Im(q1J) = Im(qJ + q17q2Z).
Assume |d|?> = p® < p® now, ie. d # ¢;. Thus, ¥(Ry, Ry) = p* T2~ > p*1. Clearly, d
divides ¢, moreover, ¢ can be chosen such that ¢ = p®?~#dq’ where |¢|> = p** =2 and dq’ is a
primitive quaternion. Now ¢J C ¢;J implies Im(¢J) C Im(¢1J) NIm(qoJ) = I'(R1, R2), where
Im(¢J) has index p® 222726 in " and index p®2~” in I'(Ry, Ry). We choose r such that
¢17G2 is a primitive quaternion. Then, Im(q17q2) = —Im(g27q1) € I'(R1, R2) is not divisible
by p — otherwise Re(q;7rg2) would be divisible by p as well and ¢;7g2 would not be primitive.
Hence, the p®2=8 cosets kIm(qir@) + Im(qJ), k = 0,...,p*?~? — 1 are all disjoint. Thus,
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Im(qJ + qirq2Z) C I'(Ry, R2), and since both lattices have the same index in I, they must
be equal. 0

The r in the previous lemma is by no means unique. This means that we can represent
I'(Ry, Ro) in different ways. Alternatively, we may write I'(R1, R2) as follows:
|2

LEMMA 6.2.2. Let g;, i = 1,2, be primitive quaternions such that |g;|* = p*, where p

is an odd prime, and let q be a least common right multiple of q1 and q2. Then we have
I'(Ry, R) = Im(qJ + q10g2) = Im(qJ + q20q1).

PROOF. From the previous lemma we conclude I'(Ry, R2) = Im(qJ + ¢17¢2Z) C Im(qJ +
¢1JG2). The converse inclusion Im(qJ + ¢1Jg2) C I'(Ry1, R2) follows from Im(qJ + ¢1Jg2) C
Im(qu) = F(Ri), 1= 1,2. ]

Alternatively, we can prove this result without reference to Lemma 6.2.1 as follows.

ProoOF No. 2. We prove Im(¢J + ¢1Jg2) C I'(Ry, R2) as above. Hence, it remains to
prove that every vector of I'(R;, Rg) indeed can be written as Im(gm + ¢1ngz) for appropriate
integer quaternions m and n. If x € I'(R;, Ry) there exist integer quaternions a, b such that
r = Im(q1a) = Im(gob), i.e. there exist integers c,d such that gia = qob + ce = —bgo + de,
where e = (1,0,0,0). Since ¢y is primitive, there exists an integer quaternion r such that
1= (r,q) = %(T‘(jg + go7). Thus, we have 2¢q1a = q1args + q1ager. But the second term

qrageT = (—bGs + de)gaT = —|p|*b + dgoT

is a right multiple of ¢; and g2, and, hence, a multiple of g, i.e. giage7 = gm for a suitable
integer quaternion m. With n := ar this proves the representation 2z = Im(gm + ¢1ng2),
i.e. 22 € Im(¢J + ¢1J@). In addition, |q|?z € Im(¢J + ¢1J), and since |¢|? is odd we have
x € Im(qJ + 1 J@2) for all z € I'(R1, R2) and our claim follows. O

Note that ¢J + ¢1Jg is, in general, no ideal and, hence, I'( Ry, R2) is neither an ordinary

CSL nor a multiple of an ordinary CSL. Further, note that Im(qJ + ¢1Jg2)/ Im(qJ) is a cyclic

la|?
max(|q1]?,]qz2]?)
primitive here). The next lemma tells us under which conditions different pairs of CSLs give

rise to different MCSLs:

group of order and that Im(qJ) is a multiple of an ordinary CSL (q is not

THEOREM 6.2.3. Let g; be primitive quaternions with |q;|?> = p®, where p is a prime and
a1 > an > ayg,03 > ay. Let g with \qijIQ = p%i be the greatest common left divisor of q; and
gj- If a1 = o let a1z > 3. If ag = ay let aq3 > aa. Then I'(R1)NI'(Ry) = I'(R3)NI'(Ry)
if and only if 1 = az, a0 — a2 = ay — agq, a1 — a3 < min(ay — agq, azq) and oy — agy <
min(oy — asg, a3q) are satisfied.

Note that the ordering conditions on the «a’s do not put any restrictions on the validity
of the theorem, since we can always interchange the role of the ¢; such that these conditions
are met.
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REMARK 6.2.1. The two conditions a; = a3 and as — a9 = a4 — aq correspond to
the two conditions in Lemma 6.1.2. The first one means that the least common multiples of
the denominators must be the same, and the second follows from the equality of the indices,
which gives a1 + ag — @19 = ag + a4 — ag4. Furthermore, the condition oy — a3 < ay — asq
can be easily understood by considering

F(Rl) N F(Rg) 2 F(Rl) N F(Rg) ﬂF(RQ,) ﬂF(R4) = F(Rg) ﬂF(R4).

Comparing the indices of the two sublattices gives a1 + ag — a3 < ag + aq4 — agyq. Similarly,
we get the condition ay — aoq < ay — g4, where we have to apply as < a1 = a3 in addition.

PrOOF. We have already proven part of the necessary conditions in the remark above.
Nevertheless, we will prove them in a different way here, as they follow from a set of inequalities
that we need anyway.

Recall that the content cont(q) of a quaternion ¢ € J is defined as the largest integer ¢
such that lq € J. Now, let ¢ be a greatest common right multiple of ¢; and ¢o. We may choose

q9=q gdd <Q1, ||;12||2

Likewise, if ¢’ is a greatest common right multiple of ¢; and g2, then cont(q’) = p®3~34.
A vector Im(x) is in I'(R;) N I'(R;) if and only if Im(x) € I'(Ry) for k = 4,j. This is
equivalent to

) by our assumption a; > «ag. From this, we conclude cont(q) = p®*2~*12,

R, ' Im(z) = Im (i’;ﬁg) el
for all & = 4,j. Now, R,;l Im(x) € I' if and only if |g|? divides cont (Grzqs). Next, by
applying I'(R1) N I'(R2) = Im(qJ + ¢1J@2), we see that I'(Ry) N I'(Ry) C I'(R3) N I'(Ry) if
and only if |¢;|? divides cont(g;q) and cont(g;q1) cont(g;qz) for i = 3,4. Analogous results hold
forI'(R3) NI'(R4) € I'(R1) N I'(R2). If we calculate the contents and take logarithms, we see

that I'(R1) N I'(R2) = I'(R3) N I'(Ry) is equivalent to the following set of inequalities

6.2) @13 + a3 > a3 < g — a1 + min(a3, a1 — ag + a12)

6.3) Q14 + o4 > aq < g — a1z + min(ayg, a1 — ag + a12)

6.4) 13+ a1y > o1 < ag — a4 + min(aiz, az — g + az4)

6.5) @23 + 24 > ap < g — azq + min(agsz, a3 — g + azy).

As the «;; correspond to the greatest common left divisors g;;, they are not independent. In
particular, a;; > g implies oy, = i, whereas a;; = g implies o, > ;5 = ;. Under

these restrictions and our assumptions on the «;, the inequalities from above can be shown
to be equivalent to the following set

(6.6) a1 = a3

(6.7) Q2 — Q12 = Q4 — O34

(6.8) a1 — a1z < min(ay — azq, @34)
(6.9) oy — agq < min(oy — asg, a34),
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which finishes the proof. ([l

We know now, in principle, under which conditions two MCSLs are equal. However,
the theorem is not very intuitive and we should try to find a more accessible approach to
understand it. It first tells us that ¢ and g3 must have the same norm if I'(Ry, Ra) =
I'(R3, R4), but g2 and g4 may have different norm. However, write g2 = q12¢5, i.e. decompose
g2 into a “common part” and a “different part”, and do the analogous thing for ¢4 = ¢34q}.
Then we see that the different parts ¢5 and ¢}, respectively, must have the same norm. At last
the theorem tells us something about the difference of ¢; and g3 and the difference between ¢
and g4 (or ¢4 and ¢}). In fact, they must not differ too much, i.e. the prime decompositions
of ¢1 and g3 may differ only in the last min(ay — 34, ag4) prime factors (read from the left).
This guarantees that the least common right multiples lerm(q1, ¢2) and lerm(gs, g4) are the
same.

For ¢» and g4, the situation is a bit more involved, due to the fact that they do not need
to have the same norm. To understand their situation better, we need some information on
the greatest common divisors g;;. We first observe ags < agq due to oy — g < min(oy —
34, 34) < aq — agq. Similarly we see aizg < a3, where the equality sign holds if and only
if @1 = ag = ay4. That means that ¢34 is a left divisor of both ¢; and ¢o and thus of g9,
resulting in asy < aq19. Here, the equality sign holds if and only if ag = 4. Thus, ¢34 is a
left divisor of all ¢; and, hence, it is the greatest common left divisor of the ¢;, which implies
a4 = min(age, @13, q). But this is only possible, if aog = agq or ae = ay.

Now, we have everything at hand to understand the relationship of ¢2 and ¢4 in more
detail. Let us consider the case ay — aizq4 > agq first. Then ay — oy < azq < ag — g4 gives
a3q < o4, which means that as = ay, i.e. g2 and g4 have the same norm and differ only in
the last a4 prime factors (viewed from the left). If ay — aisg < g4 we have two possibilities:
Either as = a4, i.e. g2 and g4 have again the same norm and differ only in the last ay — a4
prime factors, or aig > a4 and hence gy = azq, 12 > a3q and a3 > @sy.

The latter case is of particular interest. Let (q1,¢2) be any pair with ag > as. We
construct a pair (g3, q4) as follows: we set g3 = g1 and choose g4 such that its norm is equal
to p2(@2—12) and that the greatest common divisor of ¢4 and g3 = ¢; has norm p®2 12 (such
a choice is always possible). Then (g3, q4) generates the same MCSL as (q1,g2). Moreover,
oy = 2ai34 = 2(2 — a12), which implies that g4 has a certain minimality property: there is
no pair (g3, qq) with ay < 2(ag — a12) that generates the same MCSL as (g1, q2).

Now, we can proceed to the calculation of the number ¢(? (X)) of different MCSLs with
coincidence index X which are intersections of at most two ordinary CSLs. This task is
equivalent to counting all pairs (g1, ¢2) that generate different MCSLs. From the previous
paragraph, it is evident that we need to consider only pairs such that as — a3 > a12. Now,
we take into account that the MCSLs do not depend on the last aqs prime factors of ¢; and
that the first a0 prime factors of ¢ are the same as those of ¢;. If we use the notation
a = ai, B := as, v := aiz and define ¢ (p, v, B,7) as the number of different MCSLs for
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given a, 3,7 we obtain (recall that we assume a > 3)

(p+1p*7—t ifB—y=7v>0
(P? = Dp*tF=3172  ifa>B8-y>y>1
L2 _ 1\petB-37-2 ifo = s>
610)  @(pasy =2 fa=pp—7>72
(p+1)27a+571 fa>8>v=0
%(p+1)Pa+B_1 ifoz:ﬁ>'y:()

(p+Dp*t=fp*) ifa>B=v=0.

Note that the factor % for « = B is due to the fact that interchanging the role of ¢; and
g2 does not give new MCSLs. The last equation just tells us that the MCSL reduces to an
ordinary CSL in case of 8 = 0. If we sum all these values for fixed a + 5 — v we get

THEOREM 6.2.4. Let p be an odd prime number. Then the number 6(2)(]9’”) of different
MCSLs of index p" that are an intersection of at most two ordinary CSLs is given by

2 ") _r +1 (p+ 1)pr—1 I (f _ 1) pr—2 _ <[ _ [ED])’”_‘L

2 2 2 2
611 pr—l _ pr—2[r/3]—1 p4[r/3}—r+2 _ p4[r/2]—'r—2
(6.11) " p?—1 i 2(p* - 1) ’
where [x] is Gauss’ symbol denoting the largest integer n such that n < x. ([l
Using the sums
= 1
(6.12) (IR R S—)
; (1 _ pl 5)2
= /r r pl=s
6.13 (5-[5]) v = st
(6.13) ; 57 |3)) PP 20— )
e 1—s 2—2s 1-3s
- - p +p +p
(6.14) Zpr 2Ar/3lp=rs = e
r=1
00 —1—s —2—2s 1-3s
—r - p +p +p
(6.15) > pttlrpTrs = i
r=1
e —1—s 2—2s
—r p +p
(6.16) > Pl ATy =
r=1

we get the corresponding Euler factor for our generating function

oo 0(2) r
617)  valp.s) = >

r=1

B (p+1) 1 B (p+1)p=3 1—pl=2s
=1+ % <(1 —plos)? 1> +5 1= pi=5) <(1 )2 + 1>
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_ A+ +p7¥)
(1= p'=*)(1 = p'=59)
. <1 T )i —p)  (+p)d-pa +p‘35)>

6.2.2. Intersection of two general CSLs. As we have seen in the beginning, ¢
is a multiplicative function. Thus, our results from above can be combined to give us the
generating function for all MCSLs of the type I'(R1) N I'(Rz2).

THEOREM 6.2.5. Let ¢(?) (m) be the number of different MCSLs of index m that are an in-
tersection of at most two ordinary CSLs. Then 0(2)(2) is a multiplicative arithmetic function
whose Dirichlet series is given by

@ (n 1—21735¢(3s — 1)((3s)
(@) (g) := = @) (s s
v ( ) — pelPH\{Q} ¢2 b,s 1+2-3s C(6S) ( )‘Ilcub( )
(1 —21=8)(1 — 21739 ¢(s — 1)¢(s)¢(35 — 1)((33)¢(2)(8)
(14 2-5)(1+2739) ((25)¢(6s)

1+4+6+8+18+12+14+24+18+20+32+24+45+
N 35 7s 0 9s 115 135 155 175 0 195 215 235 258 ’

where Pa(p, s) is given by Eq. (6.17) and

_ p~2(p? + p) p(p+1)
o1 = peIFH\{Q} <1 Tl L) po) +p‘38)> '

The explicit knowledge of 111(2)(3) allows us to find its analytic properties. We know
from Section 3.5 that ¥ _ ,(s) is meromorphic function of s, whose right-most pole is located
at s = 2. Furthermore, ¢(?)(s) converges absolutely in the half plane {Re(s) > 3}, which
guarantees its analyticity there.

Thus, ¥(?)(s) is a meromorphic function in the half plane {Re(s) > 3}. Its rightmost
pole is a simple located at s = 2 with residue

where we have used the explicit expressions

C(5)p(2) ~ 0.712983,

2 7t 76 691712

(6.20) ¢2) =+ C4) = — ¢(6) = — C(12) = cocriogrr

and the numerical values
(6.21) ¢(5) ~ 1.036928 and ©?(2) ~ 1.165843.

This gives us to the following asymptotic behaviour of ¢ (m).
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COROLLARY 6.2.6. The asymptotic behaviour of the summatory function of ¢(? (m) reads

as follows
2 pt? 2 2
(6.22) Z 2 (m) ~ A 0.356491 2° as z — co.
m<x

If we compare the asymptotic growth rates for ordinary CSLs and MCSLs, we see that
the latter is not much bigger than the former. This shows that most MCSLs are ordinary
CSLs. This behaviour is not surprising, since ¢(?)(m) = ¢(m) for square free indices m. Thus,

S

all terms n~° with n square free are missing in the expansion of ¥(?)(s) — W(s), whose first

terms are given by
(6.23)

W@ gy 615 40 36 28 48 60 174 T2 84
() = W) =5 o5 T o T a5 Tags o3 T 7ee 8D T 00r T 1w

For the determination of the counting function it was sufficient to have an explicit expression

for I'(Ry, R2) for prime power indices. Nevertheless, we can give an explicit expression for
MCSLs with general index as well, which generalises Lemma 6.2.2

THEOREM 6.2.7. Let q;, i = 1,2 be primitive odd quaternions and let q be their least
common right multiple. Then I'(R(q1), R(q2)) = Im(q¢J + ¢1J32) = Im(qJ + ¢2Tq1).

PROOF. We can show the inclusion I'(R(q1), R(g2)) 2 Im(¢J + q1Jg2) with the same
arguments as in the proof of Lemma 6.2.2. The equality will follow if we show that both
lattices have the same index in I'. If d denotes the greatest common right divisor of ¢;
and g2, then I'(R(q1), R(g2)) has index lalPleol 3y p by Eq. (6.1). Since Im(¢J) has index

|d]?
lem(|q1 %, \qﬂ%(%ﬁ;‘qﬁf it suffices to show that the order of Im(qJ + ¢1.Jg2)/ Im(qJ) is
a multiple of %W. Note that ¢ is a multiple of %W, too, where the latter
ld| |d|
ged(lq1*la2*) _ 61

shall have the prime decomposition T -pi’i. Now, for each prime p; there is
a quaternion r; such that ¢7;G2 and hence Im(q17;G2) is not divisible by p;. But that implies
that the cosets n; Im(q17;g2) + Im(q;J) are all distinct for 0 < n; < pfi i.e. the order of
Im(qJ + ¢1JG2)/ Im(qJ) is a multiple of pfi for all 4, from which the claim follows. O

6.3. Intersection of three CSLs of the body-centred cubic lattice

6.3.1. Intersection of three CSLs of prime power index. Our next step is to
analyse MCSLs which are the intersection of three ordinary CSLs. It will turn out that any
MCSL can be obtained by the intersection of at most three ordinary MCSLs. Again, it is
sufficient to consider only MCSLs of prime power index.

First, we note that any MCSL I'(Rj, Ra, R3) can be written as I'(Ry, Ry) N I'(R1, R3),
where we may assume, without loss of generality, X(Ry) > X(R;),i = 2,3. If we denote
the least common right multiple of ¢;,q; by m;j, then I'(R1, R, R3) = Im(mi2J + ¢1Jg2) N
Im(my3J + ¢1Jg3). In fact, we can show that taking the imaginary part Im commutes with



98 6. MULTIPLE CSLS OF THE CUBIC LATTICES

the intersection, whence the analysis of the MCSLs can be reduced to the analysis of the
corresponding quaternion modules.

&%}

2 = p*,

LEMMA 6.3.1. Let g; be odd primitive quaternions with prime power norm |g;
such that |q1|> > |gi|>. Let m;j be the least common right multiple of q;,q;. Then

(6.24) I'(R(q1), R(q2), R(g3)) = Im ((ma2d + ¢1.0g2) N (masd + q1.043)) -
Proor. The inclusion

I'(R(q1), R(q2), R(g3)) 2 Im ((m12J + ¢10G2) N (ma13d + q10g3))

is immediate, so it remains to check the converse inclusion. Let z € I'(R(q1), R(q2), R(qs3))-
Then there exist quaternions y € mioJ + ¢1JG2 and z € m13J + ¢1 IG5 such that x = Im(x) =
Im(y) and hence x — y = ne for some integer n. Now, ¢; divides both = and y and thus n
2. |2 is a multiple of my3, it is contained in mi3J + q1 I,

must be a multiple of |¢;]°. Since |¢;

hence, so is x = y + ne, and the claim follows. O

Note that my;J 4+ ¢1Jg; can be written as gi(r;J + Jg;), where 7; is a right divisor of ¢;
and satisfies m1; = qir;. Thus the task of determining the MCSLs is reduced to analysing
intersections of Z-modules which are the sums of left and right ideals in J. Hence, it is
worthwhile to study these objects in more detail. We first consider their index in J:

LEMMA 6.3.2. If a,b are primitive quaternions whose norm is a power of the same odd
prime p, then the index of al + Jb in J is given by [J : (al + Ib)] = ged(|al?,|b]?) =
min(|af?, [b[?).

PRrROOF. Without loss of generality, we may assume that |a|?> divides |b]?2. Let ¢ be a
greatest common right divisor of |a|? and b. Then |¢|> = |a|?>. Then aJ+Jb = aJ+Jb+J|al? =
aJ+Jc Thus, (a, ¢) is a primitive admissible pair in the sense of Chapter 4, and, hence, aJ+J¢
is a CSL of J. This means that its index is given by |a|? = ged(|a/?, |b]?) by Theorem 4.1.6 [

Actually, the proof shows even more. It gives us a sufficient condition for modules of the
form aJ + Jb to be equal, which we will need later on.

COROLLARY 6.3.3. Let a,b,b be primitive quaternions whose norm is a power of the
same odd prime p and assume that the greatest common right divisor ¢ of b and b satisfies
lc|?2 > |a|?>. Then al + Jb = al + JV' = aJ + Je. In particular, this holds true if |b|?> > |a|?
and V' is the greatest common right divisor of b and |a|?.

We will also need the following generalisation:

LEMMA 6.3.4. If a,b are primitive quaternions whose norm is a power of the same odd
prime p with |a|*> < p¥b]?, a € Ny, then the index of al + p*Jb in T is given by [J :
(aJ + Ib)] = |a|? min(|al?, p®).

It follows immediately from the following more general version:
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LEMMA 6.3.5. Let a and b be primitive quaternions whose norm is a power of the same
odd prime p and let ¢ be an arbitrary integer quaternion. Then al + ¢Jb = al 4+ dJb and its
2
index in J is given by [J : (al + cIb)] = |d|* min(%, b|?), where d is the greatest common
left divisor of a and c.
PRrROOF. Let us write a = da’ and ¢ = dc’. Then,
(6.25) al + cIb = d(a'J + ¢ Ib) = d(a'T + a'Tb + ¢ Tb) = d(a’ T + Ib) = aJ + dJIb,

since a’ and ¢ have no common divisor. The statement about the index follows by applying
Lemma 6.3.2 to the last expression but one in Eq. (6.25). O

Our next task is to determine intersections of modules aJ + Jb. For our purposes it is
sufficient to consider the following special case:

LEMMA 6.3.6. Let a;, b; be primitive quaternions whose norm is a power of the same odd
prime p such that |a;|?> < |b;|? and assume that as is a left divisor of ai. Let c be the greatest
common right divisor of by and by. Then

2
a
(6.26) (a1J + Jb1) N (agd + Jbo) = a1J + ||C2||2 Jby
if |¢)? < |az|* and
(6.27) (CL1J -+ Jbl) N ((IQJ + Jbg) =a1J + Jb;

if ef? > |az]?.
PROOF. If |c|? > |az|?, then applying Corollary 6.3.3 gives
(6.28) asd + Jby = asJ + Iby O a1 J + Jby

and the claim follows.
2
Let us assume |c|?> < |az|? now. Clearly, a1J + Jb; D a1J + %Jbl. If we denote the

greatest common right divisor of by and |az|? by d, then, by Corollary 6.3.3,
|az|? |az|?

(6.29) asd + Jby = aoJ + Jd D aoJ + WJbl DaJ+ Wth

since d is a right divisor of |ﬁ:2||22 b1. Thus, (a1 J+Jb1)N(aeJ+Tbe) D a1 T+ |‘a§|22 Jb; and we are
done, if we can show that both expressions have the same index in J. By Lemma 6.3.4, the
index of the right hand side in J is given by % The index of the left hand side can be
calculated by means of the second isomorphism theorem. Since (a1J + Jby) + (agd + Jby) =
asJ + Je has index |¢|? in J, the left hand side has index M, too. O

Ek

We are now ready to formulate the solution of the coincidence problem:
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THEOREM 6.3.7. Let q; be odd primitive quaternions with prime power norm |g;|* = p,
such that |q1|? > |qi|?. Let my; be the least common right multiple of ¢;,q; and let g;; be their
greatest common left divisor. Let |ms|? > |mis|?. Then

(630) F(R(ql), R(QQ), R((B)) =1Im (mngI + HQ1JQQ) ,
2
where n = max <7|913||‘]23||g23|2, 1) )
PrOOF. Lemma 6.3.1 allows us to write

(6.31) I'(R(q1), R(q2), R(gs)) = Im (q1 [(r2T + Jg2) N (137 + Jg3)]) ,

where the primitive quaternions 7; are defined by my; = qir;. Now, |mia|? > |my3]? implies
that r3 is a left divisor of ro (note that ro and rs both are left divisors of ;). Moreover,
73] < |qi|?, so we can apply Lemma 6.3.6:

I'(R(q1), R(q2), R(gs)) = Im (q1 [(r2J + Jg2) N (3] + Jg3)])
)

(6.32) = Im (q1(r2d + nJg2)) = Im (m12J + nq1 Jg2) ,
where n = max < |T3|22 ) 1) = max (%7 1). O
l923] l913%[g23]

Note that the expression for the triple CSL is very similar to the expression for the double
CSL. In fact, the only difference is that an additional factor n occurs. If n = 1 the triple CSL
is just the intersection of two ordinary CSLs, since I'(R(q1), R(q2)) C I'(R(q1), R(g3)) in this
case. But even if n > 1, the triple CSL is just a multiple of a double CSL, as we have the
following result.

THEOREM 6.3.8. Let I be a sublattice of I' of prime power index p® in I'. Then I
can be represented as the intersection of three ordinary CSLs I = I'(Ry) N I'(Ry) N I'(R3)
if and only if there exists a B € Ny and two coincidence rotations R} and Rl such that
I'" = pP(I(RY) N I'(RY)). The integer B is determined uniquely by I".

ProOOF. Without loss of generality, we may assume that R; = R(q;), where ¢;, i = 1,2,3
are odd primitive quaternions with prime power norm |g;|> = p®. Furthermore, we may

assume |q1|> > |¢;|? and, using the notation of the previous theorem, |mya|? > |my3|?. If n :=
2
|2,1> = 1 then I'(R(q1), R(q2), R(gs)) = I'(R(q1), R(q2)). Assume n = p” > 1

lgs]
l913%]g23
now. Then p? divides |r3|?, which, in turn, is a divisor of |ra|2. As 7o is a left divisor of gy,

max (

this means that m1o is divisible by p® and, hence, miy = pPmiy is in J. Define q¢; as the
greatest common left divisor of ¢; and m/,. Then m/, is the least common right multiple of
¢y and ¢. Using Corollary 6.3.3 and Lemma 6.3.5, we infer

(6.33) m1od + 0P 136 = p° (MoT + 1 I%) = p° (M, T + ¢ 13 .
This shows

I'(R(q1), R(g2), R(g3)) = p” Tm (m2d + ¢1333) = p’T'(R(1), R(gh)),
which proves the first part of the theorem.
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Conversely, we assume that I = p?(I'(R(q}))NIT'(R(q})) is given. We choose ¢; i = 1,2,3
such that |¢;|? = p®|q|? and geld(g;, q;) = geld(g;, ¢;), where g5 = 1 (we note that such a choice
is always possible, since we have p + 1 > 2 non-associate prime quaternions with norm p).
Then I'" = I'(R(q1)) N I'(R(g2)) N I'(R(g3)) as claimed. At last, the uniqueness of 3 is a
consequence of the fact that no intersection of two ordinary CSLs is a sublattice of pI, i.e.,
B is the largest integer a such that p=*I"" C I'. O

Thus, we have established a one-to-one correspondence between intersections of three
ordinary CSLs and multiples of intersections of two ordinary CSLs. We can now easily
express ¢® (p") in terms of ¢(?)(p"). We note that the index of p*I'(Ry, Ry) in I is just p3®
times the index of I'(Ry, R2) in I'.

COROLLARY 6.3.9. Let p be an odd prime number. Then

(6.34) B pr) = Z @ (pr=3m),

0<n<r/3

where ¢ (m) and ¢?(m) denote the number of MCSLs of index m that can be written as

intersection of (up to) three and two ordinary CSLs, respectively.

6.3.2. General intersections of three CSLs. Since we know from our initial consid-
erations that the multiplicity function ¢® is multiplicative, we can easily infer its generating
function from Eq. (6.34).

THEOREM 6.3.10. Let 0(3)(m) be the number of different MCSLs of index m that are
an intersection of at most three ordinary CSLs. Then ¢®)(m) is a multiplicative arithmetic
function whose Dirichlet series is given by

> o(3) (n)

nS

v (s) = = (1—27%)¢(35)W)(s)

n=1

_1+4+6+8+18+12+14+24+18+20+32+24+45+
N 35 0 5S 7s 95 115 135 155 175 195 215 235 25s ’

where W) (s) is given by Theorem. (6.2.5).

PRrOOF. This follows from Eq. (6.34) and multiplicativity by a standard calculation. We
note that ¢® (m) is the Dirichlet convolution of ¢(3)(m) with the arithmetic function

0 if miseven
x(m) = L
1 if mis odd,

whose Dirichlet series is given by (1 —273%)((3s). 0

It follows immediately from the analytic properties of W(?)(s) that W®)(s) is a meromor-
phic function in the half plane {Re(s) > %} Its rightmost pole is a simple located at s = 2
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with residue

63 . 6,2 = 1953 CRIC(6C(5) g

(6.35) p®) = Resy—y W) (s) = (2)

64 -~ 5200 C(4)¢(12)
64449
= 11056W2g( )o@ (2) & 0.714014,

where we have used the values given in Eqs. (6.20) and (6.21).
A familiar argument involving Delange’s theorem 7.A.1 gives us the following asymptotic
behaviour.

COROLLARY 6.3.11. The asymptotic behaviour of the summatory function of ¢ (m) reads
as follows

3)
(6.36) 3 ) Bgfx ~ 0.3570072%  as x — oo.

m<x

Comparing these results with Corollary 6.2.6, we see that the difference in the growth
rate is much less than 1%. This small difference is not surprising as triple CSLs that are not
double CSLs can occur only for indices that are divisible by p? for some odd p. In particular,
the first such lattice occurs for the index X' = 27. The fact that new MCSLs are rather rare
is also illustrated by the first terms of the expansion

(6.37) mﬁws)—\pﬂws):@W”(@((1_2—%)q35)_1)

_i+i+ 1 +6+8+18+12+ 1+

© 275 81 1255 1355 1895 2435 2975 343s
Here, all terms n™* with n third power free are missing, which is just a reformulation of the
fact that ¢ (n) = ¢ (n) for these n.

Finally, let us mention that any triple CSL is just a multiple of a double CSL for general

index m, as we have the following generalisation of Theorem 6.3.8.

THEOREM 6.3.12. Let R;, 1 = 1,2,3 be coincidence rotations. Then there exist rotations
R, i=1,2 and an integer n € N such that I'(Ry, R, R3) = nI' (R}, RS). Conversely, for any
sublattice of the form nI'(Ry, R}) there exist coincidence rotations R;, i = 1,2,3 such that
F(Rl,RQ,R3) = nF( /1,R/2)

PROOF. Theorem 3.4.9 guarantees that we can decompose I'( Ry, R2, R3) into triple CSLs
of prime power index. Now, we can apply Theorem 6.3.8 to these prime power CSLs to
obtain multiples of double CSLs. Finally, we recombine the prime power CSLs by means of
Theorem 3.4.9. Note that we have applied the fact that n1 I Nnely = nina (L1 N Is) if n;
and [I" : I'j] are coprime for i # j. Similarly, we can prove the converse statement. O

6.4. General MCSLs of the body-centred cubic lattices

So far, we have mainly discussed intersections of two and three ordinary CSLs. But in
fact, this is no real restriction, since any MCSL can be represented as the intersection of three
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ordinary CSLs. From the considerations above this is not surprising since the intersections of
three CSLs can be viewed, apart from a factor, as intersections of two CSLs.
In order to prove this statement we need two lemmas:

LEMMA 6.4.1. Let ¢ be an odd primitive quaternion with prime power norm |q|*> = p* and
assume that 2Im(qr) is divisible by p®. Then qr is divisible by prin(esf)

PROOF. We write 2qr =: s = (s, $1, S2, s3). We want to show that p®|s;, fori =1,...,3
implies pmin(o"ﬁ)\so. Let p7 be the maximal power that divides sg and let § := min(5,~).
Then ¢ and p° divide s, and so does their least common right multiple m. Now, Im|? is

max(a+6,29)

divisible by p and hence so is |s[%. Thus, s = |s|?> — |2Im(gr)|? is divisible by

max(a+6,29) , p25)7

min(p which must divide p??, since v was chosen maximal. But this is only

possible if either § < or v = § > « and the claim follows. O

LEMMA 6.4.2. Let I'(R) be a CSL with coincidence index p®. Then there exists a coinci-
dence rotation R’ such that p*I" N I'(R) = p*I'(R').

ProOF. Without loss of generality, we may assume that R = R(q) where ¢ is an odd
primitive quaternion. Then

(6.38) p*I'NI(R) = Im(p®J) NIm(qJ) = Im(p*J N qJ),

where the last equation is a consequence of Lemma 6.4.1. Let m = p®r be the least common
right multiple of p® and ¢. Then

(6.39) p*I'NI'(R) =Im(p*I Ngd) =Im(md) = p® Im(rd) = p*I'(R(r)),
which finishes the proof. O
THEOREM 6.4.3. Let Ry,..., R, be a finite number of coincidence rotations. Then there

exist coincidence rotations R}, Ry, Ry such that I'(Ry,...,Ry,) = I['(R}, R, RS).

ProOOF. Obviously, it is sufficient to prove the claim for the case n = 4. Moreover, due
to Theorem 3.4.9, we only need to consider MCSLs of prime power index. Now, we apply
Theorem 6.3.8 and Lemma 6.4.2. They guarantee that there exist exponents «, 8 and and
coincidence rotations R;, R} such that

(R, Ro, Ry, Ry) *2° p°I'(Rs, Re) N I'(Ry) = p°T'(Rs, Rg) N (p°T N I(Ry))
(6.40) 042 pa P(Ry, Rg) N p°T(Ry) *2° p*pPT'(Rs, Ro) *2° (R}, R}, RY),
which yields the claim. O

Thus, no new MCSLs emerge, if we consider intersections of more than three ordinary
CSLs. Hence, the total number of MCSLs of given index m is given by ¢(®) (m) already, i.e.
for all n > 3 we have ¢(>)(m) = ¢ (m) = ¢ (m). A similar phenomenon has been observed
in two dimensions [6], where the set of MCSL stabilises already for n = 2.
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6.5. Other cubic lattices

So far, we have only discussed the body centred cubic lattice. However, we know from the
ordinary CSLs that all three types of cubic lattices have the same group of coincidence rota-
tions, the same spectrum of indices and the same multiplicity function. In fact, this remains
valid in the case of MCSLs, too. To see this, we need some general results about commensurate
lattices, which generalise the corresponding results for ordinary CSLs of Chapter 3.

LEMMA 6.5.1. Let It C Iy have indexr m in Is. Then the indices X; of the MCSLs
Ii(Ry, ..., Ry) in I satisfy XalmX.

PROOF. Fl(Rl,...,Rn) C FQ(Rl,...,Rn) C FQ and Fl(Rl,...,Rn) has index le in
Is. ]

In the following let I3, i = {pc,bcc, fech denote the primitive, body centred and face
centred cubic lattices, respectively. Analogously X;(Ri,..., R,) denotes the indices of the
MCSLs (R, ..., Ry,) in their corresponding lattices I;. Then we have at once:

THEOREM 6.5.2. Let Ry,...,R, be coincidence rotations. Then X,.(Ri,...,R,) =
Ypee(R1, ..., Ry) = Efcc(Rl’ o Ry).

16 2 2
Proor. Clearly, 41yc. C 2Itcc C I'pe C Iee, where the superscripts indicate the relative
indices. Hence, Y;(Ry,..., R,) may only differ by a power of 2. But all indices must be odd
by Proposition 6.1.1, so all three indices must be equal. [l

Thus, we may drop the subscripts for the indices Y. Moreover, this immediately implies
the following result.

THEOREM 6.5.3. All three cubic lattices share the same multiplicity functions c(m),
@ (m), and ) (m) = ¢ (m).

ProoF. Two MCSLs I;(Ri,...,R,) and I;(R),...,R),) are equal, if and only if the
three indices Y(Ry,...,Ry), Y(R},...,R],) and ¥(R1,...,R,, R},...,R),) are equal. But
this implies that I;(Riy,...,R,) = I3(R},..., R),) for all three types of cubic lattices or
for none. Hence, the multiplicity function must be the same for all three types of cubic
lattices. O

We have seen that there is an explicit expression for the MCSLs of the body centred
cubic lattice in terms of submodules of the ring of Hurwitz quaternions. A similar expression
is available for the primitive lattice. Recall that IL, the ring of Lipschitz quaternions, is a
subring of index 2 in J, and the same is valid for its projection onto the imaginary part, i.e.
Iy = 72 = Im(LL) is a sublattice of I, = Im(T) with index 2. Similarly, if ¢; and g2 are
odd quaternions, then g;ILgs has index 2 in ¢;Jgo and the same holds for their projections
Im(q1Lg2) and Im(gq1Jg2). Thus, we expect the following result, where primitive means J-
primitive as usual.
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THEOREM 6.5.4. Let q; € I, i = 1,2 be primitive odd quaternions and let q be their least
common right multiple. Then

(6.41) Ipe(R(q1)) = Toee(R(q1)) N Lpe = Im(g1 L)

(6.42)  Ipe(R(q1), R(g2)) = Thee(R(q1), R(g2)) N Ipe = Im (gL + q1LG2) = Im(qL + g2 L1 ).
Moreover,

(6.43) Ipe(Ri, ..o, Ry) = Thee(Ra, - -, Ry) N Tpe.

PROOF. First, observe I'},.(R) C Ipe(R) with index 2. Moreover, I'te.(R) N ILpe C Lhee(R)
has index 2 as well. This gives I'p.(R) = Ipec(R)NI}pe. By induction, we see Ipe(Ry, ..., Ry) =
Ivee(R1, ..., Ry) N I for arbitrary n. Now, Im(g;IL) has index 2 in Im(g;J), as mentioned
above. The same is true for all the sublattices Im(¢11L) € Im(q; J)NIm(LL) = Ipec(R(q1)) N L pe,
hence Ipe(R(q1)) = Im(q1J) as well.

Analogously, the second statement follows, once we have checked that Im(gIL+ ¢1Lg2) has
index 2 in Im(qJ + ¢1J@2). In fact, it is sufficient to check that the index of Im(qL 4+ ¢1Lg2)
in Im(qJ 4+ ¢1Jq2) is at most 2, and the latter follows immediately, if we have shown that
gL 4+ ¢1Lg2 has index 2 in ¢J + ¢1Jga. Clearly, we have J = LU (r + L), where r € J\ L. In
particular, r may be chosen as r; = %(1, 1,1,1)g2 or ro = %qg(l, 1,1,1), where g3 is uniquely
defined by ¢ = q1g3. Now, qri + 172G = (% +3)q(1,1,1,1)g> € gL implies

1 1
(6.44) ¢I+qd@= |J [g0ur+L)+qner: + L)@l = | [mgr + L+ alLa],
ni,n2=0 n1=0
which, indeed, proves that qIL. + q1ILgs C qJ + q1Jg> has index 2. ]

Although we do not have similar expressions for I't.., we still have the following theorem,

THEOREM 6.5.5. The CSLs of I'f.. satisfy the following equations
(6.45) FfCC(R) = Fbcc(R) N chc
(6.46) Itee(Ra, ..., Ry) = Tpee(R1, ... Rp) N Tiee

PRrROOF. First, we note that I't.. C I} has index 2 in I}, and contains exactly those
vectors of I}, whose square of the (3-dimensional) norm is even. Now, Ipe(R) N I'fee =
RIpe N I'fee = RIpee N I'pee = I'tec(R), since R preserves the norm. Using the previous
theorem, we see immediately I'fec(R) = Ipee(R) N I'fee. The second statement follows by
induction. O

6.6. Triple Junctions

Finally, let us mention an application to crystallography. One object crystallographers
are interested in are so-called triple junctions [29, 30, 31]. Roughly speaking, triple junctions
are three crystal grains meeting in a straight line. This means that there are three pairs of
grains sharing a common plane (grain boundary) and, thus, giving rise to three simple CSLs,
and a double CSL, which is the intersection of the former. In our terms, the latter is an MCSL
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I'NRI'N RoI', whereas the former are the simple CSLs I'N R, I'N Rol" and R1I' N RaI,
respectively. An important question is the relation of the indices of these lattices.

Let us denote the indices of the simple CSLs by Xy := X(R;), Xy := ¥(R2) and X5 :=
Y(R3), where R3 := R1_1R2~ Let ¢1 and g2 be the quaternions generating R; and Ro,

respectively. Then Rj is generated by ¢iqe, which is in general not a primitive quaternion.

— @12
= Jqi2®?
q12 = geld(qi, g2). Hence, we can immediately reproduce Gertsman’s result [30] for the index

Yy = 2122 where ¥y := Y(R(qi2)) is the index corresponding to the rotation R(g2). On

The corresponding primitive quaternion reads g¢s : where we have used the definition

22
the otheﬁzhand, we know from Egs. (3.20) and (6.1) that
X
(6.47) Y(Ry, Ry) = 21 2 = ¥y X5.
12

Now, we define ¢} := ql_21q1 and ¢} := q1_21q2. Then we may write

(6.48) @ = q2q) @ = qi12¢5 a3 = 4145

and correspondingly, we may decompose the rotations R, Ry, R3 into the “basic” constituents
Ri2 := R(q12), R} := R(q¢}) and R} := R(q}). We note that the corresponding indices are
multiplicative

(6.49)  Z(R1) = D(Ri2)D(Ry),  X(R) = I(Ri2)Z(Ry),  T(Rs) = T(Ry)Z(R).

Furthermore, we see ¢ = geld(q1,q3) =: 13 and @ = geld(q2, @3) =: go3 and thus Eq. (6.48)
may be written in a more symmetrical way

_ 4243 _ q193 _ 7192

(6.50) 41 = q12413 = 735 42 = 12423 = 7735 43 = 413423 = 75+

|qas| lq13] |q12]
If we define the corresponding indices in the intuitive way, we see that X(Rj, Rg) can be
written as

WX X 20X
(6.51) S(Ri,Ry) = S22 = 2128 — 2278 _ 5050 = S350 = X5

2 243 293
(6.52) = D19 X13503 = D15 T = (515, 53) Y2,

The last expression has been proved by different methods in [30]. Note that we can express
Y (Rq, Ry) either in terms of the simple indices X, X5, X3 or in terms of the “reduced” indices
X192, 213, Xog, which describe somehow the “common” part of Ry, R and R3. Note that Rio,
Ri13, Rog contain the complete information of the triple junction. In particular, we can write
I'(Ry, Ry) as I'(Ry, Re) = Ria(Ri3 TN RZ T N Ry, ).
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CHAPTER 7

Well-rounded sublattices of planar lattices

ABSTRACT. A lattice in Euclidean d-space is called well-rounded if it contains d linearly in-
dependent vectors of minimal length. This class of lattices is important for various questions,
including sphere packing or homology computations. The task of enumerating well-rounded
sublattices of a given lattice is of interest already in dimension 2, and has recently been
treated by several authors. In this paper, we analyse the question more closely in the spirit
of earlier work on similar sublattices and coincidence site sublattices. Combining explicit geo-
metric considerations with known techniques from the theory of Dirichlet series, we arrive,
after a considerable amount of computation, at asymptotic results on the number of well-
rounded sublattices up to a given index in any planar lattice. For the two most symmetric
lattices, the square and the hexagonal lattice, we present detailed results.

7.1. Introduction

A lattice in Euclidean space R? is well-rounded if the non-zero lattice vectors of minimal
length span R¢. Well-rounded lattices are interesting for several reasons. First of all, the
concept is put into a broader context by the notion of the successive minima of a lattice
(more precisely, of a norm function on a lattice). By definition, a lattice is well-rounded if
and only if all its d successive minima (norms of successively shortest linearly independent
vectors) are equal to each other.

A first observation is that many important ‘named’ lattices in higher-dimensional space
are well-rounded, such as the Leech lattice, the Barnes-Wall lattice(s), the Coxeter-Todd
lattice, all irreducible root lattices, and many more [10]. There are essentially two reasons
for this (which often apply both). First of all, distinct successive minima give rise to proper
subspaces of R? that are invariant under the orthogonal group (automorphism group) of the
lattice. If this finite group acts irreducibly on R?, the lattice must be well-rounded. Secondly,
a lattice which gives rise to a locally densest sphere packing (a so-called extreme lattice),
is well-rounded. It is actually perfect by Voronoi’s famous theorem (this part goes back
to Korkine and Zolotareff), and it is easily seen that perfection implies well-roundedness;
compare [21].

However, these two observations are not at the core of the notion. They might give
the impression that well-rounded lattices are very rare or special, which is not the case.
In terms of Gram matrices or quadratic forms, the well-rounded ones lie in a subspace of
codimension d — 1 in the space of all symmetric matrices, similarly for the cone of positive
definite Minkowski-reduced forms. Despite its codimension, this subspace is large enough

111
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so that certain questions about general forms can be reduced to well-rounded ones. A good
illustration for this is Minkowski’s proof of the fact that the geometric mean of all d successive
minima of a lattice is bounded by the same quantity ~, - (disc(/l))é as the first minimum (see
Section 7.2). Here, v, is the Hermite constant in dimension d, and for well-rounded lattices
this estimate reduces to the definition of this constant. The proof is obtained by a certain
deformation of the quadratic form; see [29]. A sharpened version of this technique asks for
a diagonal matrix which transforms a given lattice into a well-rounded one. In general, its
existence is unknown, but C. McMullen [22] recently proved a weaker version which suffices for
applications to Minkowski’s conjecture on the minimum of a (multiplicative) norm function on
lattices. The method of proof is related to applications of well-rounded lattices to cohomology
questions as described in the introduction of [18]; compare the references given there.

Having this kind of ‘richness’ of well-rounded lattices in mind, it is tempting to ask how
frequent they are in terms of counting sublattices. So, the principal object of study in this
paper is the function

(7.1) ap(n) := card{A | A C I' is a well-rounded sublattice with [I": A] = n},

where I" is an in principle arbitrary lattice, and [I" : A] denotes the index of A in I'. This
question is of interest already in dimension 2 (where some of the general features described
above reduce to rather obvious facts). Moreover, since the well-rounded sublattices are the
objects of interest, and not so much the enveloping ‘lattice of reference’ I', it seems natural
to focus mainly on the two most symmetric lattices, the hexagonal lattice and the square
lattice. In this paper, we shall obtain complete and explicit results on the asymptotic number
of well-rounded sublattices, as a function of the index, of the hexagonal lattice and of the
square lattice. We also have results for general I" which are somewhat weaker, which seems
to be unavoidable.

In special situations, lattice enumeration problems have a long history. The coefficients
of the Dedekind zeta functions of an algebraic number field K of degree d over the rationals
count the number of ideals of given index in the ring of integers Z g, which is considered as a
lattice in a well-known way [7]. The perhaps most basic result on lattice enumeration, which
is also one of the most frequently rediscovered ones, is the determination of the number g(n)
of all distinct sublattices of index n in a given lattice I' € R%. The result follows easily from
the Hermite normal form for integral matrices and reads

(7.2) ga(n) = g(n) = Y mi-my--mg!
M. -Mg=n

with Dirichlet series generating function

(7.3) Dy(s) = S0 _ (aye(s 1) s —d+ 1)

nS

n=1
(compare [26, p. 64], [27, p. 307], [20, 2]; for several different proofs, see [20, Theorem 15.1}).
This result of Eq. (7.2) is insensitive to any geometric property of the lattice I, in the sense
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that it is actually a result for the free Abelian group of rank d and its subgroups. In [11, 15],
extensions to more general classes of finitely generated groups are treated.

As for lattices, it is natural to refine the question by looking at classes of sublattices
with particular properties (number-theoretic or geometric), possibly defined by an additional
structure on the enveloping vector space. In addition to the classical case of the Dedekind
zeta function mentioned above, we are aware of only few, scattered results. Quite a while ago,
in [27, 9], modules in an order in a semisimple algebra over a number field were considered.
Well-rounded lattices in dimension 2 have recently been analysed in [12, 13, 14, 18]; see
also the references in [14]. Together with our earlier work on similar sublattices [4, 6] and
on coincidence site sublattices (CSLs) [2, 31, 5, 33|, these papers were our starting point.

One benefit of Dirichlet series is the access to asymptotic results on the growth of a
(non-negative) arithmetical function f(n). Since f in general need not behave regularly, in
particular need not be monotone, one usually considers the average growth of f(n), that is,
one studies the summatory function F(x) = Y _, f(n). For the above counting function
g4(n) for sublattices, the summatory function G d(;:) satisfies

(7.4) Gylz) = ca® + Ag(a),

withe=1ford=1and ¢ = éH?ZQ ¢(¢) otherwise, which follows from Eq. (7.3) by applying
Delange’s theorem; compare Theorem 7.A.1 in Appendix 7.A. Clearly, G, (x) = [z], where []
denotes the Gauss bracket, and thus Aj(z) = O(1). In dimension 2, Gy = o1(n) = 3, ¢,
so we have the well-known asymptotic growth behaviour of the divisor function, whose error
term can be estimated as As(z) = O(zlog(z)); see [1, Thm 3.4].

One can ask for a more refined description of the asymptotic growth of an arithmetic
function, consisting of a main term for the summatory function, a term of second order (a
‘first order error term’), and an error term of a strictly smaller order of magnitude than the
term of second order. For instance, for the number of divisors of n, it is known that

(7.5) > og(n) = zlog(x) + (27 — D)z + O(Vz),

n<x
where 7 is the Euler-Mascheroni constant; compare [1, 28]. So we have a term of second
order which is linear in this case and thus of ‘almost the same’ growth as the main term,
whereas the error term is much smaller.

The content of this paper can now be summarised as follows. In the short preparatory
Section 7.2, we recall a few facts about reduced bases and Bravais classes of lattices in the
plane, and state some auxiliary remarks about well-rounded (sub-)lattices.

In Section 7.3, we begin with an explicit description of all well-rounded sublattices of the
square lattice, the latter viewed as the ring Z[i] of Gaussian integers. After these preparations,
the main result then is Theorem 7.3.2, which gives a refined asymptotic description of the
function Ap, of the kind that we have explained above for the divisor function in Eq. (7.5);
the constants for the main term and the term of second order are determined explicitly. The
proof relies on classic methods from analytic number theory, including Delange’s theorem and
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some elementary tools around Euler’s summation formula and Dirichlet’s hyperbola method.
We describe the strategy and the main steps of the proof; some of the details, which are long
and technical, have been transferred to a supplement to this paper. A weaker result, namely
the explicit asymptotics without the second-order term, is stated in Theorem 7.3.1, which is
fully proved here.

Section 7.4 provides the analogous analysis for the hexagonal lattice, realised as the ring
of Eisenstein integers Z[p] with p = e2™/3; Theorems 7.4.1 and 7.4.2 are completely analogous
to Theorems 7.3.1 and 7.3.2.

The general case of well-rounded sublattices of two-dimensional case is treated in Sec-
tion 7.5, which is subdivided into two parts. The first one starts with a criterion for the
existence of well-rounded sublattices. The lattices that have a well-rounded sublattice in-
clude all ‘rational’ lattices, that is, lattices whose Gram matrix consists of rational numbers
(or even rational integers), up to a common multiple. So these are exactly the lattices that
correspond to integral quadratic forms in the classical sense. There is an interesting connec-
tion between well-rounded sublattices and CSLs, which is established in Lemma 7.5.1. In
the rest of this part, it is shown in Theorem 7.5.8 that all non-rational lattices that contain
well-rounded sublattices have essentially the same power-law growth (linear) of their average
number Ap(z). The second part of Section 7.5 deals with the behaviour of Ap(z) in the
general rational case. The discussion is more complicated, but nevertheless we can show that
the growth rate is proportional to xlog(x), as in the square and hexagonal case. Summaris-
ing, we see that three regimes exist as follows: A planar lattice can have many, some or no
well-rounded sublattices, the first case is exactly the rational case, while the second case is
explained by the existence of an essentially unique coincidence reflection.

Our paper is complemented by four appendices. In Appendix 7.A, some classic results
about Dirichlet series are collected in a way that suits our needs. In Appendix 7.B, we
explicitly record the asymptotic behaviour of the number of similar sublattices of the square
and the hexagonal lattice, which are a useful by-product of Sections 7.3 and 7.4. Appendix 7.C
summarises key properties of a special type of sublattices that we need, while Appendix 7.D
recalls some facts about Epstein’s zeta functions.

7.2. Tools from the geometry of planar lattices

Let us collect some simple, but useful facts from the geometric theory of lattices. We
assume throughout this paper that we are in dimension d = 2, so we consider an arbitrary
lattice A in the Euclidean plane. Let v € A be a shortest non-zero vector, and w € A shortest
among the lattice vectors linearly independent from v. Then v,w form a basis of A. (The
reader may consult [7, Chapter 2, §7.7] for this and for related statements below.) Changing
the sign of w if necessary, we may assume that the inner product satisfies (v,w) > 0. A
basis of this kind is called a reduced basis of A. By definition, we have the following chain of
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inequalities,
(7.6) lv] < |Jw| < Jv—w| < |v+w].
In terms of the quantities a := |v|?, ¢ := |w|?, and b := (v,w), which are the entries of the

Gram matrix (‘g g) with respect to v, w, these conditions read

(7.7) 0<2<ac<e.

Conversely, if we start with any two linearly independent vectors v, w satisfying Eqs. (7.6)
or (7.7), then v,w form a reduced basis of the lattice that they generate. Concerning the
reduction conditions (7.6), there are six cases possible for the pair v, w as follows,

(a) | <|w| < |v—w|<|jv+w|, (v,w)>0 general type
(b) | <|w| < |v—wl=lv+w|, (v,w)= rectangular type
(c) | < Jw|=|v—w| < |v+w|, (v,w)>0 centred rectangular type
(d) | =|w| < |v—w| < |v+w|, (v,w)>0 rhombic type
(e) | =|w| < |v—wl=lv+w|, (v,w)= square type
(f) | =|wl=v—w <jv+w|, (v,w)>0 hexagonal type

It is well-known and easily shown that the entries a,b,c of the Gram matrix with respect
to a reduced basis v, w, only depend on the lattice, but not on the choice of the reduced
basis v, w. Therefore, it is well-defined to talk about the geometric type of the lattice, which
is one of the types (a) to (f) above. As a further consequence of this uniqueness property,
the orthogonal group O(A) acts transitively (and thus sharply transitively) on the set of all
(ordered) reduced bases of A. (By definition, O(A) is the set of orthogonal transformations
of the enveloping vector space which maps the lattice into, and thus onto itself.) O(A) is
cyclic of order 2 for lattices of general type, a dihedral group of order 4 (generated by two
perpendicular reflections) for the types (b), (¢) and (d), a dihedral group of order 8 for the
square lattice, and of order 12 for the hexagonal lattice.

Typically, one wants to classify lattices only up to similarity, which means that the Gram
matrix may be multiplied with a positive constant. Clearly, a square or hexagonal lattice
is unique up to similarity. Similarity classes of rhombic type depend on one parameter, the
angle o formed by v and w, where 7/3 < o < w/2. The limiting cases « = 7/3 and o = 7/2
lead to the hexagonal, respectively square lattice.

A lattice A (in any dimension) is called rational if its similarity class contains a lattice
with rational Gram matrix. The discriminant disc(A) of a lattice A is the determinant of
any of its Gram matrices. (This is the square of the volume of a fundamental domain for the
action of A by translations.)

Two lattices I', A (on the same space) are called commensurate (or commensurable) if
their intersection I'N A has finite index in both. Equivalently, there exists a non-zero integer
a such that aI' € A C o 'I". This in turn is equivalent to the condition that I" and A
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generate the same space over the rationals, QI' = QA. If I' and A are commensurate, the
ratio of their discriminants is a rational square.

A coincidence isometry for A is an isometry (an orthogonal transformation R of the
underlying real space) such that A and RA are commensurate. In earlier work [2], we have
introduced the notation OC(A) for the set of all coincidence isometries for A. If R € OC(A),
it follows that RQA = QRA = QA (see above), i.e. R induces an orthogonal transformation
of the rational space QA. Conversely, any such orthogonal transformation maps A onto a
lattice of full rank in the same rational space, which, by the above remarks, is commensurate
with A. Altogether, OC(A) is equal to the rational orthogonal group O(QA) (in particular,
it is a group). If I" and A are commensurate, their groups of coincidence isometries coincide,

OC(I') = O(QI') = 0(Q4) = 0C(4).
A coincidence site lattice (CSL) for A is a sublattice of the form AN RA with R € OC(A);

see [2] for further motivation concerning this notion.

Geometric types as introduced above are closely related, but not identical, with the so-
called Bravais types of lattices, which are defined in any dimension. Two lattices I" and A
are Bravais equivalent if and only if there exists a linear transformation which maps I" onto A
and also conjugates O(I") into O(A). The Bravais type (or Bravais class) of a lattice depends
only on its geometric type; the centred rectangular and the rhombic lattices belong to the
same Bravais type (thus we call them rhombic-cr lattices). Otherwise, geometric types and
Bravais types (or rather the respective equivalence classes of lattices) coincide.

Let us return to well-rounded lattices. Clearly, a planar lattice is well-rounded if and only
if it is of rhombic, square or hexagonal type. Any rhombic-cr lattice contains a rectangular
sublattice of index 2. In fact, if v and w form a reduced basis, then v — w and v + w are
orthogonal, and form a reduced basis of the desired sublattice. Conversely, if v, w is a reduced
basis of a rectangular lattice, and if we further assume that |w?| = ¢ < 3a = 3|v|?, then v +w
and —v+w form a reduced basis of a rhombic sublattice of index 2. (If ¢ = 3a, this sublattice
is hexagonal, whereas for ¢ > 3a, we have |2v| < | £ v 4+ w|, and thus the vectors are not
shortest any more; in this case, the sublattice is centred rectangular.)

Similarly, a hexagonal lattice contains a rectangular sublattice of index 2, or more pre-
cisely, it contains exactly three rectangular sublattices of index 2 for symmetry reasons.
Analogously, the square lattice contains precisely one square sublattice of index 2.

7.3. Well-rounded sublattices of Z[i]

We use the Gaussian integers as a representation of the square lattice. Note that there is
no hexagonal sublattice of Z[i] (consider the discriminant). Hence, all well-rounded sublattices
are either rhombic or square lattices, which we treat separately, in line with the geometric
classification explained above.

A fundamental quantity that will appear frequently below is the Dirichlet series generating
function for the number of similar sublattices of Z[i], compare [4, 6], which is equal to the
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Dedekind zeta function of the quadratic field Q(i),

(7.8) D5(s) = Coeiy(s) = C(8)Lls, x—a) -

Here, ((s) is Riemann’s zeta function, and L(s,x_,) is the L-series corresponding to the
Dirichlet character x_, defined by

0, if n is even,
X_4(n) = <1, if n =1 mod 4,
—1, if n =3 mod 4;

see [2, 6, 30] and Appendix 7.A.

Before dealing with the well-rounded sublattices, let us consider all rhombic-cr and square
sublattices of Z[i] (recall that the term ‘rhombic-cr’ means rhombic or centred rectangular).
Let 21, z9 € Z[i] be any two elements of equal norm. The sublattice I" = (z1, z9)7 is of rhombic
or centred rectangular or square type, and every rhombic-cr or square sublattice is obtained
in this way (see Section 2). We can write 21 + 22 and 21 — 22 as 21 + 29 = pz and 21 — 22 = igz
where p, ¢ are integers and z is primitive, which means that Re(z) and Im(z) are relatively
prime. W.l.o.g., we may assume that p and ¢ are positive (interchange z; and zs if necessary).
Thus I' = (21, 22)7 = <¥z, p—Qsz is a sublattice of Z[i] of index $pg|z|>. The lattice I"
is a square lattice if and only if p = ¢. Determining the number of rhombic-cr and square
sublattices is thus equivalent to finding all rectangular and square sublattices of Z[i] with the
additional constraint that (p + ¢i)z is divisible by 2.

We distinguish two cases (note that z is primitive, hence, in particular, not divisible by 2,
and thus p and ¢ must have the same parity), which we call ‘rectangular’ and ‘rhombic case’
for reasons that will become clear later.

(1) ‘rectangular’ case: z is not divisible by 1+ i, hence p and ¢ must be even. We write
p=2p',q = 2¢'. The index is even since it is given by 2p’q’|z|?. Note that p’, ¢’ may
take any positive integral value, even or odd.

(2) ‘rhombic’ case: z is divisible by 1+ i. We write z = (1 + i)w.

(a) If p and g are both even, we again write p = 2p’, ¢ = 2¢’. The index is divisible
by 4 since it is given by 4p'¢'|w|?. Note that p’, ¢’ may take any positive integral
value, even or odd.

(b) If p and ¢ are both odd, the index is odd and given by pg|w|?.

For fixed z, interchanging p # ¢ gives a rhombic-cr (and rectangular) lattice which is rotated
through an angle 7, hence we count no lattice twice if we let p, ¢ run over all positive integers.

Let ®eyen(s) be the Dirichlet series for the number of rhombic-cr and square sublattices
of even index. This comprises the cases (1) and (2a). As p,¢' run over all positive integers,
they each contribute a factor of ((s), and since z is primitive, this gives the factor ®f(s),
where ®F(s) is the Dirichlet series generating function of primitive similar sublattices of Z[i].
The additional factor of 2 in the index formula gives a contribution of 27%, and combining all
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these factors finally yields

(7.9) Peven(s) = 2i ((s)? P (s).

It remains to calculate the number of rhombic-cr and square sublattices of odd index, with
generating function ®,q4(s). Here, p and ¢ run over all odd positive integers and hence each
contribute a factor of (1 —27%)((s), whereas w runs over all primitive w with |w|? odd, and

hence gives the contribution ; Jé_s PP (s), so that we have

_ 9—s\2
(7.10) Poqa(s) = (11+22_8)C(8)2<I>Er (s).

In total, the generating function ®¢;n(s) for the number of all rhombic-cr and square sub-
lattices is given by

1—92-54+ 2—2s+1

(5 9 (s).

Via standard arguments involving Moebius inversion (see [6] and references therein), the

(7.11) Do10(s) = Peven(s) + Poad(s) =

number of primitive rhombic-cr and square sublattices together is given by

] B 1 B 1 _2—s+2—2s+1 <(5)2 ;
(7.12) 00(5) = ¢y 20400) = g (ag PB6)

Putting all this together, we obtain the generating functions @g , @gr and ®%, for the number
of primitive square, rhombic-cr and rectangular sublattices, respectively, as

r — 1+p~° C(S)L(S7X—4)
. oP = 5 =
(7 13) O (8) (1 +2 )pl}4) 1— p=s C(QS) )
1—92-5+ 2—28+1 C(S)Q
1+2-5  ((29)

(7.14) PP (s) = ( . 1) o (s),

s 2
(7.15) o) = (S~ 1) 2

with the L-series and the character x_, from above (see Appendix 7.A for details and nota-
tion). Note that the last equation follows from the fact that the generating function for all
rectangular lattices including the square lattices is given by ( (59)2(1)%r (s).

Let us return to the well-rounded sublattices. Since z; and z; are shortest (non-zero)

2 2
vectors, we have |21 £ 5|2 > |21]2 = |22/%, which is equivalent to min(p?, ¢?) > E+% which
in turn is equivalent to 3p? > ¢® > %pQ. Note that this condition is also sufficient. Hence,
we have to apply this extra condition to our considerations from above. We distinguish two
cases:

(1) p and ¢ are both even, v3p > ¢ > %p, and z may or may not be divisible by 1 + 1.

We write p = 2p/, g = 2¢/, for which we likewise have v/3p' > ¢/ > %p/ . The index

is even since it is given by 2p'q’|z|?. Here, p’ and ¢’ may take any positive integral
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values, even or odd, which satisfy v/3p' > ¢ > %p’ . This corresponds to &,€&’ in
Egs. (29) and (31) of [12].
(2) p and ¢ are both odd, v3p > ¢ > %p, and z is divisible by 1 + i. We write
= (14 i)w. The index is odd and given by pq|w|?. This corresponds to @, 0’ in
Egs. (30) and (32) of [12].
The set of all possible indices of well-rounded sublattices is thus given by (we may interchange
p and ¢ if necessary)

(7.16)  {2pqlz]*|q < p < V3q,z € Z[i]} U {pglz|*|q < p < V3q, 2 € Z[i], 21 pq|2*}
Note that this set is a proper subset of Fukshansky’s [12, Thm 1.2, Thm 3.6] index set
(7.17) D :={pqlz|*|q < p < V3q,z € Z[i]}

since 6 =2-3-|1|> € D, but 6 is not contained in the set (7.16).

The Dirichlet series generating function for the well-rounded sublattices may now be cal-
culated as above by taking the condition v/3p > ¢ > %p into account, so that the generating
Dirichlet series for the well-rounded sublattices of even index is given by

(7.18) SN pslqs P (s).

peN %p<q< V3p

Clearly, this sum is symmetric in p and ¢, and comprises the similar sublattices. In fact,
if we exclude the square sublattices (those lattices with p = ¢) from Eq. (7.18) and note
that > E%p<q<p = D _geN 2oqep<y/3q We obtain the generating function for the rhombic

lattices with even index as

(7.19) Pureven(s) = 5 Z Z - P (s)

PeN pegevap’
The case of odd indices is slightly more cumbersome. Here, we have to replace the factor
(1 —27%)2¢(s)? by the corresponding sum over all odd integers with p < ¢ < v/3p. Writing
p=2k+1and g =20+ 1, our condition reads k < ¢ < v/3k + @ Since this inequality
has no integral solution for k£ = 0, we may start our sum with £ = 1, and finally arrive at

1
1+ Z Z (2k +1)5(20 +1)5°

REN pcrcyBR+E1

(720) <I>wr,odd(s) =

Now, @y even () +Pur,0dd () +Po(s) gives the Dirichlet series generating function @, (s) for
the arithmetic function a(n) of well-rounded sublattices of Z][i] of index n. To get a better
understanding of it, we ‘sandwich’ it, on the half-axis s > 1, between two explicitly known
meromorphic functions. All these Dirichlet series satisfy the conditions of Theorem 7.A.1 (see
Appendix 7.A). This gives a result on the asymptotic growth and its error as follows.

THEOREM 7.3.1. Let an(n) be the number of well-rounded sublattices of index n in the
square lattice, and ®q . (s) = >_,2; an(n)n™* the corresponding Dirichlet series generating
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function. The latter is given by

q)D,Wr(S) = (I)D(S) + q)wr,even(s) + (I)wr,odd(s)

via Egs. (7.8), (7.19) and (7.20). The generating function ®q,,, is meromorphic in the half
plane {Re(s) > 3}, with a pole of order 2 at s = 1, and no other pole in the half plane
{Re(s) > 1}.

If s > 1, we have the inequality

Dp(s) — Pn(s) < @oy,(s) < Dg(s) + Pp(s),

with ®4(s) from Eq. (7.8) and the function

—S8

o495 1—v377 L(s,x_y)
Dols) = % —5 =7 C(2s)

((s)¢(2s = 1).

As a consequence, the summatory function Aq(x) = ), -, aq(n) possesses the asymptotic
growth behaviour

Aq(z) = 1057(;’) zlog(z) + o(zlog(x)), asz — co.

ProoF. Clearly, ¢, (s) is the sum of ®;(s) and the two contributions from Eqgs. (7.19)
and (7.20). For real s > 1, the latter can be both bounded from below and above by an
application of Lemma 7.A.2 from Appendix 7.A with a = /3, the former with parameters
B = v = 0 and the latter (after pulling out a factor of 2° in the denominator) with g =
(V3—1)/2and v = % A straight-forward calculation leads to the explicit expression for the
function D (s), as well as to the inequality stated.

It follows from the explicit expression for Dg(s) that it is a meromorphic function
in the whole plane. Using the Euler summation formula, we see that the difference
(@D’Wr(s) — D (s))/®P(s) is an analytic function for Re(s) > 3, guaranteeing that P e (8)
is meromorphic in the half plane {Re(s) > %}

The right-most singularity of {(s)((2s — 1) is s = 1, with a pole of the form ﬁ,
while the entire factor of D(s) in front of it is analytic near s = 1 (as well as on the line
{Re(s) = 1}). An application of Theorem 7.A.1 from Appendix A now leads to the claimed
growth rate. O

The difference of the bounds in Theorem 7.3.1 is 2®(s), which is a Dirichlet series that
itself allows an application of Theorem 7.A.1. The corresponding summatory function has an
asymptotic growth of the form cx 4+ o(z), which suggests that the error term of A (z) might
be improved in this direction. However, it seems difficult to extract good error terms from
Delange’s theorem; compare the example in [8, Sec 1.8]. Since numerical calculations support
the above suggestion, we employed direct methods such as Dirichlet’s hyperbola method;
compare [1, Sec 3.5] or [28, Sec. 1.3]. A lengthy calculation (see [32] for the details) finally
leads to the following result.
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THEOREM 7.3.2. Let ap(n) be the number of well-rounded sublattices of index n in the
square lattice. Then, the summatory function Aq(z) = >, ., ag(n) possesses the asymptotic
growth behaviour

log(3) L(1, x_4)

Agle) = 5L allog(z) = 1)+ e + O(a* og(w)
= 10§7S3)mlog(x) + (cD - 1055:”) T+ 0(x3/4 log(z))

where, with v denoting the Euler—Mascheroni constant,

_ LOx) <<<2> | log(3) (L’(l,x_o . 2<’<2>> | log(3) (27 log®) _ 1og<2>>

0T T 3 \LLxy |~ 7¢@ 3

1 4N 1 1 1
2 q>_3z2k+1<4log(3)_ 2 2€+1>>
p<q<pv3 k=0 k<t<kv/3+(v/3-1)/2

B Z <10g

~ 0.6272237

—S

is the coefficient of (s —1)~! in the Laurent series of Y n>1a0(n)n=° around s = 1.

Note that L'(1, x_,) can be computed efficiently via

L'(1,x_y4) e 3\* e
21 — 2 —og ([ M(1,V2)2 — ) = log(T[Z) — ) ~ 0.24
(7.21) R 0g< (1,V2) 2> og< <4> W) 0.2456096,

where M (x,y) is the arithmetic-geometric mean of x and y, and I denotes the gamma func-
tion; see [23] and references therein.

SKETCH OF PROOF. & (s) = >0 an(n)n™* is a sum of three Dirichlet series, each
of which is itself a product of several Dirichlet series. Hence, each contribution to a(n) is a
Dirichlet convolution of arithmetic functions. The asymptotic behaviour can thus be calcu-
lated by elementary methods as described in [1, Sec. 3.5], making use of Euler’s summation
formula (7.42) wherever appropriate. To be more specific, let

(7.22) (I)wr,even(s) = Z aeLn(n)?

ns
neN

which is a product of the Dirichlet series

2 1 c(n)
?C(?S) _nZ: ns ’

eN
Z Z - Z ns ’
pEN p<q<fp
a(s) = Y2 U
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Hence aeven = ¢ * w * b is the Dirichlet convolution of ¢, w,b. The summatory function of
a Dirichlet convolution f % g can now be calculated via the classic formulas (compare [1]
and [28, Sec. 1.3.2])

(7.23) Y (Frg)n) =) > f(m)g(d)

n<x m<z d<z/m
(7.24) => > )+ f(d + > f(m
m<./z m<d§x/m m<\/z
where the latter formula is used for the convolutions w x b and b = x_, * 1. O

7.4. Well-rounded sublattices of Z[p]

Next, we consider the hexagonal lattice Z[p], with p = L;/g As an arithmetic object,
it is the ring of Eisenstein integers, the maximal order of the quadratic field Q(iv/3). The
Dirichlet series generating function for the number of similar sublattices of Z[p] is

(7.25) DA(s) = Co(s) = Lls,x—3)C(s),
with the character
0, if n =0 mod 3,
X_3(n) =<1, ifn=1mod 3,
—1, ifn=2mod3,
see [6, 30] and Appendix 7.A.
Let {z;, 25} be a reduced basis of a Well—rounded sublattice of Z[p]. The orthogonality of
21 + 29 and 27 — 2o implies that 31+2 = iv3 r with r € Q. This shows that square lattices
cannot occur here since this would require |21 + 29|? = |21 — 22|?, which is impossible. Thus,
the well-rounded sublattices of Z[p] are rhombic-cr or hexagonal lattices. However, at least
one of z; + 2o and z; — 2o is divisible by iv3 = p — p, and w.l.o.g. we may assume that iv/3
divides z; — z2. Hence, there exist p and ¢ € Z together with a primitive z € Z[p| such that
21+ 29 = pz and 2z — 22 = 1v/3qz. Here, primitive means that n = 1 is the only integer n € N
that divides z. We may again choose p and ¢ positive and

(7.26) I' = (2, 2)z = <”+iz“§qz, ”_izﬁ"Z>Z = (%22 + pa)z, (P41 — pa)z),,

is thus a sublattice of index pg|z|%. In particular, I" is a hexagonal lattice if and only if p = ¢
or p = 3q. Note that Eq. (7.26) shows that p and ¢ have the same parity.

Well-rounded sublattices must satisfy the additional constraints |21 4 22|? > |21|> = |22/%,
which, in this case, are equivalent to ¢ < p < 3¢g. The set of possible indices of well-rounded
sublattices is thus given by

(7.27) {4pq|z|* | < p <3¢,z € Z[p]} U {pq|z|*|q < p < 3q,2 € Z[p], 2 pq}.

An alternative parametrisation of this set can be found in [13, Cor. 4.9]. The equivalence of
these formulations can easily be checked by recalling that the (rational) primes represented
by the norm form m? — mn + n? of Z[p] are precisely 3 and all primes p =1 (mod 3).
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Counting the number of distinct well-rounded sublattices of a given index works essentially
as in the square lattice case. However, we have to avoid counting the same lattice twice. Let
z be divisible by i\/§, so that z = iv3w. Then,

(7.28) L o= PEIVBe_ Ba—iVEp
2 2
(7.20) = p;\@qz _ 3 +21\/§Pw

shows that the tuples (p, g, z) and (3¢, p, w) correspond to the same sublattice. Thus, we only
sum over primitive z that are not divisible by iv/3.

Since we know the generating function (7.25) for the similar sublattices already from [4],
we concentrate on the rhombic sublattices here (excluding hexagonal sublattices, as before).
The summation over all primitive z € Z[p] not divisible by iv/3 gives the contribution

5= ®% (s). The generating function of all rhombic sublattices of even index then reads

(730) (PA,wr,even(S) - 1+3 Z Z

pEN p<q<3p

where the factor of 3 reflects that each sublattice occurs in three different orientations.

In the case of odd indices, we substitute again p = 2k + 1 and ¢ = 2¢ + 1, wherefore our
constraints read k < ¢ < 3k + 1. This leads to the following expression for the generating
function of all rhombic sublattices of odd index:

1
(731) (I)A,wr,odd( = Z Z (I)X(S)
1+3 TR hela ZR 1)@+ 1)

Now, we can apply the same strategy as in the square lattice case.

THEOREM 7.4.1. Let a,(n) be the number of well-rounded sublattices of index n in the
hezagonal lattice, and ®, . (s) = > ;7 ax(n)n=° the corresponding Dirichlet series gener-
ating function. It is given by

(I)A,wr(s) = (I)A(S) + (I)A,wr,even(s) + (I)A,wr,odd(‘s)v
with the series from FEgs. (7.25), (7.30) and (7.31).
If s > 1, we have the inequality
Dp(s) = Ea(s) < @auw(s) < Dals),
with the functions

3 1-3"°L(s,x 3
143 s—1 ¢(2s)

= L(s,x-3)¢(s)-

((s)¢(2s = 1),

The function ® 4 ,.(s) is meromorphic in the half plane {Re(s) > 1}, with a pole of order 2
at s =1, and no other pole in the half plane {Re(s) > 1}. As a consequence, the summatory
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function Ap(x) =37, o ax(n), as x — oo, possesses the asymptotic growth behaviour

3v3log(3
Ap(z) = \f&(;g() zlog(z) + o(xlog(x)).

SKETCH OF PROOF. In analogy to before, ®, . (s) is the sum of the contributions from
Egs. (7.30) and (7.31). The calculation of the upper and lower bounds can be done as in
Theorem 7.3.1 via Lemma 7.A.2, this time with o = 3 and appropriate choices for 8 and ~.
The conclusion on the growth rate of A, (z) follows as before from Theorem 7.A.1. u

As for the square lattice, we can improve the error term considerably by lengthy but
elementary calculations (see [32] for the details). Eventually, we obtain the following result.

THEOREM 7.4.2. Let a,(n) be the number of well-rounded sublattices of index n in the
hexagonal lattice. Then, the summatory function Ax(x) = > .. ax(n) possesses the as-
ymptotic growth behaviour

_ 9log(3) L(1,x_3)
Aplz) = —¢ ) :
3v/3 log(3)

= Tx(log(ﬂs) —1)+cpx+ O($3/4 log(x)),

z(log(z) — 1) + cax + O(x3/4 log(z))

where

(s QEBILO ((w Dllrg)_o¢@) o lodd)

16¢(2)

1 < 1 < 4 1 1
=2~ (los®) — > ) - (1og<3>— ) ))
1P p<a<sp—1 1/ k2o 2k + 112 k<f<3k 20+1

0.4915036

Q

an (n)

is the coefficient of (s —1)~1 in the Laurent series of ., around s = 1. O

The number L'(1, x_5) can be computed efficiently as well, via a formula involving the
arithmetic-geometric mean (see [23]), and reads

L 17 2§M 1’ T 2 Y 24 4
(32 Exes) o (2 (Leos(f))” ) _ log | 5——— | ~ 0.3682816.
L(LX*?’) 3 3§F(%)

Above and in the previous section, we have seen that the asymptotic growth rate for

the hexagonal and square lattice is of the form cizlog(z) + cox + O(2*/*log(z)). Actually,
numerical calculations suggest that the error term is (’)(:1:1/ 2) or maybe even slightly better.

Let us now see what we can say about the other planar lattices.

7.5. The general case

7.5.1. Existence of well-rounded sublattices. Recall from Section 7.2 that a lattice
allows a well-rounded sublattice if and only if it contains a rectangular or square sublattice.
The following lemma contains several reformulations of this property.
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LEMMA 7.5.1. Let I' be any planar lattice. There are natural bijections between the
following objects:

(1) Rational orthogonal frames for I, that is, unordered pairs Qw,Qz of perpendicular
(wlz), one-dimensional subspaces of the rational space QI' generated by I' (so we
may assume w,z € I").

(2) Unordered pairs {£R} of coincidence reflections of I'; from now on, we shall simply
write =R for such a pair.

(3) Basic rectangular or square sublattices A C I', where ‘basic’ means that A = (w, z)z
with w, z primitive in I' (so QuN I = Zw and QzN1T" = Zz). We shall call them
BRS sublattices for short.

(4) Four-element subsets {+w,+z} C I' of non-zero primitive lattice vectors with w L z.

Given I', we use the notation R = R for the set of all pairs &R of coincidence reflections
of I'. So R is in natural bijection with any of the four sets described in Lemma 7.5.1. For the
rest of the paper, we introduce the following notation, based on Lemma 7.5.1. For +R € Rp,
we denote by I'g (rather than I'yr) the corresponding BRS sublattice. Explicitly, this is

I'n = I'NFix(R) ® I' N Fix(—R)
= Zw @ Zz, where Rw=w, Rz=—=z
(thus w, z are primitive in I"). In accordance with part (2) of Lemma 7.5.1, we have I'r = [_pg,

with the roles of w and z interchanged. If we start with an arbitrary primitive vector w € I,
we similarly write

Iy = Zw & Zz, where z L w, z primitive in I

The four element set {£w, £z} is uniquely determined by any of its members, and I, is the
unique BRS-sublattice belonging to this set, according to part (4) of the remark.

In addition to I'g, there is a second sublattice of I" which is invariant under R and contains
w, z as primitive vectors. This is

~ w+z w—=z
7.33 I ::< , > ,
(7.33) R 2 2 /z

the unique superlattice of I'r containing I'r with index 2 in such a way that w, z are still
primitive in Iy By the way, it is a purely algebraic fact that, if R is a non-trivial auto-
morphism of order 2 of an abstract lattice A (free Z-module) of rank 2, i.e. R? =id # %R,
then either A has a Z-basis w, z of eigenvectors of R (so Rz = z, Rw = —w), or /A possesses
a Z-basis u,v with Ru = v. Thus, already on the level of abstract reflections, one can dis-
tinguish between ‘rectangular type’ and ‘rhombic type’ of a reflection acting on a lattice. In
the situation considered above, the reflection R on I'g is of rectangular type, and the lattice
I'r itself thus of rectangular or square Bravais type, whereas the reflection R on I R is of
rhombic type, which implies that fR is of rhombic-cr, square or hexagonal Bravais type. The
significance of fR is explained by the following lemma.
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LEMMA 7.5.2. Given I' and £R € R as above, let A O I'r = (w, z) be an R-invariant
superlattice containing w,z as primitive vectors. Then, either A = I'r or A = Ig.

PROOF. Since z is primitive, A has a Z-basis u, z, where u is of the form u = %w + %z
with m = [A: I'g] and 0 < k < m. The condition Ru € A immediately leads to m € {1,2}
and k € {0,1}, respectively. O

LEMMA 7.5.3. Given I' and £R € R as above, fR 1s contained in I' if and only if the
index [I": I'g| is even.

PROOF. If [I" : I'g] = [ : (w,2)] is even and 3(aw + bz) with a,b € {0,1} represents
an element of order 2 in the factor group I'/I'g, then, since w/2,z/2 ¢ I', we must have
a = b =1, leading to the sublattice I'r. The converse is clear. ]

COROLLARY 1. For any pair of coincidence reflections +R € R, the coincidence site
lattice I'(R) = I' N RI" is equal to I'g or to I'r. The latter occurs if and only if the index
[I": I'R] is even. O

The following basic result partitions the set of all planar lattices admitting a well-rounded
(or rectangular) sublattice into two disjoint classes, as announced at the end of the intro-
duction. Clearly, a rational lattice possesses infinitely many BRS sublattices, since for any
non-zero lattice vector v, the orthogonal subspace of v also contains a non-zero lattice vector
(simply by solving a linear equation with rational coefficients). In contrast, the non-rational
case can be analysed as follows.

ProPOSITION 7.5.4. Let I' be non-rational planar lattice which possesses a rectangular
sublattice, so that Rp # & by Lemma 7.5.1. Then, |Rp| =1, whence I" possesses exactly one
BRS sublattice, and one pair of coincidence reflections.

PROOF. I has a sublattice A with an orthogonal basis v, w, where we may assume |v| = 1
and |w|?> = ¢ > 0. Now assume that there is a further vector u = rv + sw with rs # 0
admitting an orthogonal, non-zero vector u’ = v + s'w. Then, r’' + css’ = 0 and necessarily
s' #0, thus ¢ = —rr’/ss’ € Q. Therefore A, and thus also I'; is rational. O

The previous result (with a slightly more complicated proof) is also found in [18], Lemma
2.5 and Remark 2.6. Our approach suggests the following distinction of cases.

PROPOSITION 7.5.5. Let I' = {1,7)z be a lattice in R? ~ C, and write n = |7|*> and
t=714+7. Then, I' has a well-rounded sublattice if and only if one of the following conditions
s satisfied:

(1) I is rational, i.e. both t and n are rational;

(2) t is rational, but n is not;
(3) t is irrational, and there exist q,r € Q with \/q+ 12 € Q and n = q+ rt.

Note that case (3) includes both rational and irrational n. In the case that n is rational,
this means that n has to be a rational square.
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PrROOF. Recall that I" has a well-rounded sublattice if and only if it has a rectangular
or a square sublattice. This happens if and only if there exist integers a, b, ¢, d such that the
non-zero vectors a + br and ¢ + dr are orthogonal. The latter condition holds if and only if

t
(7.34) ac + bdn + (ad + bc)§ =0

has a non-trivial integral solution, where n = |7|> and ¢t = 7+ 7 are the norm and the trace of
T, respectively. In fact, there exists an integral solution if and only if there exists a rational
one. This leads to the following three cases:

(1) Clearly, Eq. (7.34) has a solution if both ¢ and n are rational.
(2) Let t € Q,n ¢ Q: Condition (7.34) is equivalent to bd = 0 = ac + (ad + be) 5. With
% = %, p,q € Z, an integer solution is given by a = 1,b=0,c = p,d = —q.

(3) Let t ¢ Q, with n = g+ rt. As n > 0, at least one of ¢ and r is non-zero. Here,
condition (7.34) is equivalent to ac+ bdg = 0 and 2bdr + (ad+bc) =0. Asa=c=0
would imply a + b1 = 0 or ¢+ d7 = 0, we may assume w.l.o.g. that a # 0. This
gives ¢ = —% and 1+ 237“ — (2)2 q = 0, where we have assumed d # 0 in the latter
equation, since otherwise ¢ + dr = 0. The latter has a rational solution if and only
if 72 4+ q is a square.

Finally, we have to check that the remaining case does not allow for integral solutions. Let
t and n be irrational and assume that they are independent over Q. This clearly requires

ac = bd = ad + bc = 0, which implies a + b7 =0 or ¢+ dr = 0. O

REMARK 7.5.1. After we had arrived at Proposition 7.5.5, we became aware of an essen-
tially equivalent result by Kiihnlein [18, Lemma 2.5], where the invariant §(1") = dim(1,¢,n)q
is introduced. Clearly, condition (1) of Proposition 7.5.5 is equivalent with §(I") = 1, and
our conditions (2) and (3) are equivalent with §(I") = 2 together with the condition that
Kiihnlein’s ‘strange invariant’ o (I") is the class of all squares in Q*. Here, o(I") is the square
class of —det(X), where X = (3 %) is a non-trivial integral matrix satisfying tr(XG) = 0,
with G = ( t}2 té 2) being the Gram matrix of I'. Altogether, this shows that our criterion is
equivalent to Kiithnlein’s.

In the situation of Proposition 7.5.4, let R be the unique (up to a sign) coincidence
reflection and I'p = (w, z) the unique BRS sublattice. We get all well-rounded sublattices by
considering the rectangular sublattices generated by kw, £z with the constraint

L |w) |w]
(7.35) VAR <l <kV3 R
whose superlattice <%k‘w + %€z> , is asublattice of I'. The latter requires that & and ¢ have the
same parity. By Lemma 7.5.3, odd values k, ¢ occur if and only if the index 0 = o := [I" : I'g]
is even. This gives the following result.

PROPOSITION 7.5.6. Let I' be a lattice that has a well-rounded sublattice and assume that
I' is not rational (cf. Proposition 7.5.4). Let o be the index of its unique BRS sublattice I'r
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and k be the ratio of the lengths of its orthogonal basis vectors. The generating function for
the number of well-rounded sublattices then reads as follows.

(1) If o is odd, one has

1
q)F,Wr(S) = ; ¢wr,even("£; S)?

with

¢wr,even(’€; 8) = %Z Z k,slgs :

keN &
€ ﬁkgeg\/ﬁmk

(2) If o is even, one has

1 28
(I)F,Wr(s) = ; ¢wr,even(ﬁ; 8) + ; d)wr,odd(ﬂ; S)v

With Gy even (K5 8) as above and

1

Puroaa (38) = D k1 1201 1)

REN Lo (b+3)—3<U<VBr (k+3)—3

REMARK 7.5.2. The quantity x = |w|/|z| is unique up to taking its inverse. Note that

gZ)W,’even(m; s) = ¢Wr7even(é; s) and ¢Wr70dd(m;s) = ¢Wr70dd(%;s). Hence, there is no ambiguity
in the definition of the generating functions.

In the cases of the square and hexagonal lattices we have been able to give lower and

upper bounds for the generating functions ®,,,. In a similar way we obtain the following
result.

REMARK 7.5.3. We have the following inequalities for real s > 1:

Deven(ﬁ; S) - Eeven(l‘{/; S) < ¢Wr7even(l‘£; S) < Deven(K/; S) + Eeven(l‘{/; 8)7
Doga(;8) = Egqa (K3 8) < buroad(kis) < Doqal(kss) + Egqq(k;s),

with the generating functions

Devnlis) = o (*/g) L5 o),
Eonlri) = (“g) c(2s),
s—1  al—s
Dodd("ﬁ 3) = (f) ! S _3 1 <1 - 223_1> <(23 - 1)7

1
2
Eoqa(ks;s) = (f)s (1 - 2125) ¢(2s).
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Let us now have a closer look at the analytic properties of ® Twr Before formulating the
theorem, we observe that the two cases of Proposition 7.5.6 can be unified by considering the
index X := [I" : I'(R)] of the unique non-trivial CSL in I". By Corollary 1, o = X if ¢ is odd
and o = 22X if ¢ is even. We can now formulate a refinement of Lemma 3.3 and Corollary 3.4
in [18] as follows.

PrOPOSITION 7.5.7. Let I' be a lattice with a well-rounded sublattice and assume that I
s not rational, so that I' has exactly one non-trivial CSL. Let X be its index in I'. Then,
the generating function @, for the number of well-rounded sublattices has an analytic con-

tinuation to the open half plane {Re(s) > %} except for a simple pole at s = 1, with residue

log(3)
1y -

PRrROOF. We proceed in a similar way as in the proof of Theorem 7.3.1 by applying Euler’s

k;s) and

summation formula to the inner sum. This shows that both @, even (/5 8) — Deyen(

Purodd (K3 8) — Dygq(k; s) are analytic in the open half plane {Re(s) > 3}. Moreover, the

explicit formulas from above show that both D k;s) and D_44(k;s) are analytic in the

whole complex plane except at s = 1, where they have a simple pole with residue 10%4(3) and

%, respectively. Inserting this result into the expressions for ® Fvwr(s), we compute the

log(3)
4y
even. O

even (

where we have used that 0 = Y if ¢ is odd and ¢ = 2X if ¢ is

residue at s = 1 to

Using similar arguments as in the proofs of Theorems 7.3.1 and 7.3.2, one can derive
from Proposition 7.5.7 the asymptotic behaviour of the number of well-rounded sublattices
as follows.

THEOREM 7.5.8. Under the assumptions of Proposition 7.5.7, the summatory function
Ap(x) = 3, <, ap(n) possesses the asymptotic growth behaviour

ar(e) = 20 4 o)

as T — 00. O

7.5.2. The rational case. A rational lattice I" contains infinitely many BRS sublattices
I'r. Using the same considerations as in the previous subsection, for any given pair +R we
can count the number of well-rounded sublattices invariant under +R (that is, contained in
T r). Counting all possible well-rounded sublattices then amounts to sum over all possible
pairs =R. However, some care is needed in case of square and hexagonal lattices.

For convenience, we use the notation Ry := {£R | ' € I'} and Ry := {+R | [z C I'},
which, by Lemma 7.5.3, is a partition of R into sets of odd and even index of I'g, which is
reflected by the indices 1 and 2.

PRrROPOSITION 7.5.9. Let I' be a rational lattice and let @?(s) be the generating function
of all hexagonal sublattices of I'. Now, for any pair of coincidence reflections +R € R, let
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o(R) = [I": I'r] and let k(R) be the length ratio of orthogonal basis vectors of I'r. Then, the
generating function for the number of well-rounded sublattices reads

(736) (I)F,Wr(s) = Z 0&¢Wr,even(ﬁ(R);5)

+RER,

Y e (Gureven (5(R); 5) + 2 b oa((R); )

+RER2 U(R)s
- 2(1)1%(8)7
where Py oven (K5 8) and ¢, oqq(K;8) are as in Proposition 7.5.6.

Keep in mind that we sum over pairs of coincidence reflections +R here. According to
Lemma 7.5.1, we could alternatively sum over BRS sublattices or rational orthogonal frames.
Furthermore, note that @%(s) = 0 unless I" is commensurate to a hexagonal lattice.

Before proving Proposition 7.5.9, let us have a closer look at some special cases.

REMARK 7.5.4. If I" is not commensurate to a square or a hexagonal lattice, all well-
rounded sublattices are rhombic. Likewise, all CSLs I'(R) generated by a reflection are either
rectangular or rhombic-cr. In fact, there exists a bijection between BRS sublattices I'r and
the corresponding CSLs I'(R), which implies that the summation in Eq. (7.36) could be
carried out over CSLs as well. In particular, Ry = Ryec := {£R | I'(R) rectangular} and
R2 = Riheer := {£R | I'(R) rhombic-cr} by Lemma 7.5.3.

The case that I" is commensurate to a hexagonal lattice is the only one where the addi-
tional term —2@?(5) is non-trivial, which compensates for the fact that the sum over =R € R»
counts every hexagonal sublattice thrice. Here, we do not have the bijection between the BRS
sublattices I'g and CSLs I'(R) any more, and the sums cannot be replaced by sums over CSLs.
Still, we have a characterisation of the sets R; and Ra via CSLs, namely R1 = Ryec := {£R |
I'(R) rectangular} and Ra = Riper-hex := {£R | I'(R) rhombic-cr or hexagonal}.

If I" is commensurate to a square lattice, no simple characterisation of R; and Rqy via
CSLs is possible. This is due to the fact that square CSLs may appear both in R; and in Ro.

PROOF OF PROPOSITION 7.5.9. As indicated above, counting all well-rounded sublattices
that are invariant under a given pair +R (that is, contained in I'p) gives a contribution

1
W ¢wr,even (K(R)7 S)
if I'n ¢ I', and
. R); 2° R);
W (¢wr,even (I{( )7 5) + ¢wr,odd (K( ), 5))

if fR C I'. If I' is not commensurate to a hexagonal or a square lattice, every well-rounded
sublattice is of rhombic type and belongs to a unique pair =R of coincidence reflections. Thus,
summing over all pairs =R immediately gives the result in this case.
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The situation is more complex for lattices that are commensurate to a hexagonal or a
square lattice, since some well-rounded sublattices may be of hexagonal or square type, re-
spectively, and hence there may be more than one pair +R of coincidence reflections associated
with it. The rhombic well-rounded sublattices may still be treated in the same way as above,
but the hexagonal and square sublattices need extra care.

A hexagonal sublattice corresponds to exactly three pairs of coincidence reflections. Thus
we count the hexagonal lattices thrice if we sum over all pairs of coincidence reflections, which
we compensate by subtracting the term 2@%(5).

Similarly, a square sublattice A is invariant under two pairs £ R, +S5 of coincidence reflec-
tions. However, these two pairs play different roles, as exactly one of these pairs, say +.5, has
eigenvectors which form a reduced basis of A. This implies that A is only counted in the set
of rhombic and square lattices which emerge from I'r. Hence, we have a unique pair +R in
this case as well, and no correction term is needed here. O

THEOREM 7.5.10. For any rational lattice I', the generating function q)F,wr<8> has an
analytic continuation to the half plane {Re(s) > %} except for a pole of order 2 at s = 1.
Hence there exists a constant ¢ > 0 such that the asymptotic growth rate, as x — oo, is

Ap(z) = Zap(n) ~ cxlog(x).
n<x

PROOF. We have already shown that @y, cven (55 $) and ¢,,, ,q4(#; s) are analytic in the half
plane {Re(s) > 3} except for s = 1, where both functions have a simple pole. The same holds
true for @?(s). It thus remains to analyse the sums over the pairs of coincidence reflections
in Proposition 7.5.9. By Lemma 7.5.1, summing over all pairs of coincidence reflections is
equivalent to summing over all four-element subsets {£w, +-z} of primitive orthogonal lattice
vectors. Since these sets are disjoint, we can as well sum over all primitive vectors in I,
obtaining each summand exactly four times. As earlier, we denote by I, the BRS-sublattice
corresponding to {+w, £z}, and we define o(w) := [I" : I,], the index of I, in I'. Finally, we

lw|
||

A 1 1
q)F,Wr(S) - 2(I)F (S) = Z Z W (bwr,even(ﬁ(w); S)
w primitive
o(w) odd

use the notation x(w) = = for the quantity s introduced in Remark 7.5.2. We thus obtain

1 1
+ Z . p;mitive Tw)s ((bwr,even(/i(w); S) + 2S¢Wr,0dd("€(w); S)) )

o(w) even

where the factor % reflects the four elements of {4+w,+z}, as observed above.

From now on, we assume w.l.o.g. that [" is integral and primitive. Then, by Propo-
(w,w) () :
o) and k(w) = NG where d is the

discriminant of I" and ¢g*(w) is the coefficient of w in I'*. By Proposition 7.C.1, ¢*(w) is a

sition 7.C.1 of Appendix 7.C, we have o(w) =

divisor of d, and can therefore take only a finite number of distinct values. As a consequence,
also k(w) takes only finitely many values. Moreover, ¢*(w) and k(w) are constant on the
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cosets of an appropriate sublattice of I'. Accordingly, we can subdivide the above summation
into finitely many sums of simpler type.

To work this out explicitly, we choose a basis {vi, v2} of I'* such that {v1,dvy} is a basis of
I, as in Appendix 7.C. Using the quadratic form Q(m,n) := |mwv; +nduvs|?, and similarly the
notation g*(m,n) := g*(mvi+ndvy), o(m,n) := o(mv;+ndve) and k(m,n) := k(mv;+ndvsy),
for (m,n) € Z?, we have g*(m,n) = ged(m,d) and o(m,n) = QUm.n). e formula (7.48),

g*(m;n)
assuming ged(m,n) = 1. It follows from Proposition 7.C.2 that the parity of o(m,n) only

depends on ged(m, D) and ged(n, 2), where D = lem(2, d), and if the residues m mod D and
n mod 2 are fixed, the index o(m,n) only depends on Q(m,n). Hence,

1 ged(m, d)?®
(I)F,wr(s) - 2‘1’%(5) = 1 Z Q(Enn))s
ged(m,n)=1 ’

X (¢wr,even(’%(m7 n>; 8) + 60 <m7 n) 2° (bwr,odd(ﬁ(m’ n); 8))

- i Z Z ((str,even(lﬁ(k, E)’ S) + 60(k7 E) 2S¢wr,odd(’€(k‘a g)a 5))
k|D ¢)2
ged(k, d)*
Z Q(m’ n)s ’

X
ged(m,n)=1
ged(m,D)=k
ged(n,2)=¢
where J, is defined by
5, (m.n) = 1 if o(m,n) is even
0 if o(m,n)is odd
and depends on ged(m, D) and ged(n, 2), only. By Remark 7.5.3, both ¢, oven (5 (K, £); s) and
Puroad (K (K, £); s) are analytic in the open half plane {Re(s) > 3} except for s = 1, where
both have a simple pole. Invoking Appendix 7.D, this is true of

ged(m,D)=k

ged(n,2)=¢
as well, which shows that ® ., (s) — 2@?(5), and thus @, (s), has a pole of order 2 at s = 1
and is analytic elsewhere in {Re(s) > %}, as claimed. The asymptotic behaviour now follows
from an application of Delange’s theorem; compare Theorem 7.A.1. O

At this stage, it remains an open question whether, in the general rational case, the growth
rate behaves as ¢y log(x) + cox + 0(x), like for the square and hexagonal lattices.
Appendix 7.A. Some useful results from analytic number theory

In what follows, we summarise some results from analytic number theory that we need
to determine certain asymptotic properties of the coefficients of Dirichlet series generating
functions. For the general background, we refer to [1] and [30].
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Consider a Dirichlet series of the form F(s) =Y °_, a(m)m~°. We are interested in the

summatory function A(x) = > _ a(m) and its behaviour for large x. Let us give one classic

m<x
result for the case that a(m) is real and non-negative.

THEOREM 7.A.1. Let F(s) be a Dirichlet series with non-negative coefficients which con-
verges for Re(s) > a > 0. Suppose that F(s) is holomorphic at all points of the line
{Re(s) = a} except at s = «. Here, when approaching o from the half-plane to the right
of it, we assume F(s) to have a singularity of the form F(s) = g(s)+h(s)/(s—a)"t! where n
is a non-negative integer, and both g(s) and h(s) are holomorphic at s = «. Then, as x — 00,
we have

(7.37) A(z) = Za(m) ~

m<x

h(«)

a-n!

z* (log(z))".

The proof follows easily from Delange’s theorem, for instance by taking ¢ =0 and w =n
in Tenenbaum’s formulation of it; see [28, ch. I1.7, Thm. 15] and references given there.

The critical assumption in Theorem 7.A.1 is the behaviour of F'(s) along the line {Re(s) =
a}. In all cases where we apply it, this can be checked explicitly. To do so, we have to recall
a few properties of the Riemann zeta function ((s), and of the Dedekind zeta functions of
imaginary quadratic fields.

It is well-known that ((s) is a meromorphic function in the complex plane, and that it
has a sole simple pole at s = 1 with residue 1; see [1, Thm. 12.5(a)]. It has no zeros in the
half-plane {Re(s) > 1}; compare [28, ch. I1.3, Thm. 9]. The values of ((s) at positive even
integers are known [1, Thm. 12.17] and we have

(7.38) ((2) =

This is all we need to know for this case.
Let us now consider an imaginary quadratic field K, written as K = Q(\/& ) with d < 0
squarefree. The corresponding discriminant is

D - 4d, if d =2,3 mod 4,
d, if d=1mod4,

see [30, §10] for more. We need the Dedekind zeta function of K (with fundamental discrim-
inant D < 0). It follows from [30, §11, Eq. (10)] that it can be written as

(7.39) Cr(s) = C(s)- L(s,xp)

where L(s,xp) = >y Xp(m)m™° is the L-series [1, Ch. 6.8] of the primitive Dirichlet
character x . The latter is a totally multiplicative arithmetic function, and thus completely
specified by

(7.40) Xp(p) = (%),
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for odd primes, where (%) is the usual Legendre symbol, together with

0, if D =0 mod 4,
(2) ={1 #fD=1mods,
—1, if D =5 mod 8.
L(s,xp) is an entire function [1, Thm. 12.5]. Consequently, (;(s) is meromorphic, and its

only pole is simple and located at s = 1. The residue is L(1, xp), and from [30, §9, Thm. 2]
we get the simple formula

|D|-1
(7.41) L(1,xp) = —ﬁ > nxpn).

n=1

In particular, for the two fields Q(i) and Q(p), one has the values 7/4 and 7/3+/3, respectively.

Our next goal is an estimate on sums of the form ), . _.,n7° for £ € N, a > 1 and
s > 0. Invoking Euler’s summation formula from [1, Thm. 3.1], one has

ot ot al| — —
) > /e - /e (e = lel) 355 + | (glxé)s F

l<n<al

The last term vanishes (since ¢ € N), while the second last does whenever af € N (otherwise,
it is negative). Since the second integral on the right hand side is strictly positive (due to
a > 1), we see that

1 1 o ot dez  1—al=5 1
(7.43) Znsgzns<1—s'_/€x5’_s—1£ -

l<n<al <n<al

Observing next (once again due to a > 1) that

al
sdz 1 1
one can separately consider the two cases af ¢ N and af € N to verify that we always get

1 1
Z = >L-

{<n<al

This can immediately be generalised to sums of the form >, o, 5(n+7)~° with 8,7 > 0,
which we summarise as follows.

LEMMA 7T.A2. Let £eN,a>1,6>0and 0 <~y <1. If s >0, one has the estimate

1 1
[N EE S W
(€+7) L<n<al+p (n+7)
with the integral Iy = ;‘HB (xiﬁ)s as the generalisation of that in Eq. (7.43). O
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Let us finally mention that

)

1 — ol—s ~ log(a) Z (log(a) (1 — 8))m

_ !
s—1 = (m+1)!

so that this function is analytic in the entire complex plane. In particular, one has the

asymptotic expression * si — =log(a) + O(|1 — s|) for s — 1.

Appendix 7.B. Asymptotics of similar sublattices

We have sketched how to determine the asymptotics of the number of well-rounded sub-
lattices of the square and hexagonal lattices. As a by-product of these calculations, and as
a refinement of the results from [4], we obtain the asymptotics of the number of similar and
primitive similar sublattices as follows.

THEOREM 7.B.1. The asymptotics of the number of similar and of primitive similar sub-
lattices of the square lattice is given by

(7.44) > bon) = LLx_ )z +0(Vz) = T2+0(Vz)

n<x

and

(7.45) Z b(n) = L(z’(;‘l) z+ O(Vzlog(z)) = % z+ O(vzlog(z)).

n<x

SKETCH OF PROOF. Note that b-(n) = (x_4 * 1)(n). We now get the asymptotics of its
summatory function by an application of Eq. (7.24). Observe b2 = v * by, where v(n) :=
p(y/n) is defined to be 0 if n is not a square and p is the Moebius function. An application
of Eq. (7.23) then yields the result. O

Similarly, one proves the following result.

THEOREM 7.B.2. The asymptotics of the number of similar and of primitive similar sub-
lattices of the hexagonal lattice is given by

(7.46) ZbA —L1X3)$+O(f):37r%x+(9(\/5)

and
& 3) 2
(7.47) ;bp = W:ﬁ—l—(’)(ﬁlog(m)) = F—\/g:lﬂ— O(vzlog(z))),

as T — 0. O
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Appendix 7.C. The index of BRS sublattices

Let us complement the discussion of rational orthogonal frames and BRS sublattices as
introduced in Lemma 7.5.1. We start with an arbitrary rational, primitive, planar lattice I"
and denote by (v,w) € Z with v,w € I" the given positive definite integer-valued primitive
symmetric bilinear form on I', extended to the rational space QI'. Primitivity means that
the form is not a proper integral multiple of another form; it is equivalent to the condition
that ged(a, b, c) = 1, where G = (g lc’) is the Gram matrix with respect to an arbitrary basis
V1, V2 of I'.

In the following, we need the notion of the coefficient g,(v) of an arbitrary vector v € QI
with respect to I'. This is the unique positive rational number g such that v = gvy, where
vo € I' is primitive in I". Equivalently, g,-(v) is the unique positive generator of the rank one

Z-submodule of Q consisting of all ¢ € Q such that ¢—!

v € I'. So, a vector v is primitive in
I' if and only if g-(v) = 1, in accordance with the first definition. Still another description of
gr(v) is the ged (taken in Q) of the coefficients of v with respect to an arbitrary Z-basis of
I'. Below, we shall use the coefficient g* := g,. in particular with respect to the dual lattice
I' ={weQl'|Yvel: (vw)cZ}.

For an arbitrary primitive vector w € I', we recall the notation I, for the BRS sublattice
spanned by w and its orthogonal sublattice w' NI, i.e. by w and z, where z is the primitive
lattice vector orthogonal to w (unique up to sign). The main result of this appendix is to

compute the index of I, € I" as follows.

ProrosiTiON 7.C.1. Let w be a primitive vector in a planar lattice I' with primitive
symmetric bilinear form, let g*(w) denote its coefficient in the dual lattice I'* C I'. Then,
g*(w) is a divisor of the discriminant d of the lattice, and
(w, w)

g (w)

PROOF. The first claim follows easily from the fact that d is equal to the order of the

factor group I'*/I", but it is also a consequence of the following computation leading to a

[I": T, =

proof of the second claim. Since w is primitive, we can complement it to a basis v1 = w, vo
of I'. Consider the dual basis v}, v5 with respect to the given scalar product; it is a Z-basis
of I'*. Writing the above vector z as z = sv] + tv; with s,¢t € Z clearly leads to s = 0,
and ¢ is the smallest integer such that tvy € I'. If G is the Gram matrix with respect to
v1, U2 as above, then G is also the transformation matrix which expresses the original basis
vectors vy, v in terms of their dual vectors, in particular v; = av] + bvj, which shows that
the coefficient of w = v in I'™* is

9" (w) = ged(a,b).
On the other hand, with d := ac — b?,

G =

ISHN
|

o O
o |
S¥

~_
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is the transformation matrix expressing the dual basis in terms of the original basis. In
particular
1
vy = E(_bvl + avg),
which implies that
d
b= ———.
ged(a, b)

To compute the index of I, in I', we use the bases vy,ve of I' and vq,tv; of I',. The

. . . (1= . .
corresponding transformation matrix is ( d >, which has determinant

0 3
a,_a_d _ _a
d d ged(a,b)  g*(w)’
as claimed. 0

Since the vector w was assumed primitive in I, it is even true that ¢*(w) is a divisor
of the exponent of the factor group I™*/I". But from the primitivity of the bilinear form it
follows that this factor group is actually cyclic of order d, so its exponent is equal to d, and
we do not get an improvement: all divisors of the discriminant d can occur as a value g*(w).

It is easy to see that the quantity g*(w) only depends on an appropriate coset of w; in fact,
under the assumptions of the last proposition, the coset modulo dI™ suffices. For purposes
of reference, we state this as an explicit remark.

REMARK 7.C.1. Under the assumptions of Proposition 7.C.1, let w,w’ be primitive such
that w = w’ (mod dI'™*). Then, g*(w) = g*(w').

For explicit computations involving g*, it is convenient to use a basis corresponding to
the elementary divisors of I" in I'*, that is, a basis {v1,ve} of I'* such that {v;,dvs} is a
basis of I'. The primitive vectors in I" read w = mwv; + ndvy with ged(m,n) = 1. Using
g := ged(m, d), we can rewrite this as w = g((m/g)v1 +n(d/g)v2), where the coefficients m/g
and n(d/g) are coprime, in other words, (m/g)vy + n(d/g)vy is primitive in I™*. This proves

(7.48) g*(mv1 + ndvy) = ged(m,d), if ged(m,n) =1.

Notice that this formula again proves Remark 7.C.1.
For our application to well-rounded sublattices, we also have to consider the parity of the
index [I": I,]. For this, we need the following refinement of Remark 7.C.1.

PROPOSITION 7.C.2. Under the assumptions of Proposition 7.C.1, let w,w’ be primitive
such that w = w' (mod dI'™*) and w = w' (mod 2I"). Then, [I": ['y] = [[": '] (mod 2).

PrOOF. The proof is of course based on Proposition 7.C.1, taking into account that,
under our assumptions, g := ¢g*(w) = ¢g*(w’), by Remark 7.C.1. First of all, recall that ¢
divides d. Now, we write w’ = w + v = w + du’ with ' € I'* and v € 2I", and we compute
explicitly

(') _ (wuw)  od o do o (ww)
9 g +29(’ Hg(’ ) =

Notice that the last inner product (u,u’) is indeed in 2Z, since u € 2I" and v’ € I'*. O

(mod 2).
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Appendix 7.D. Epstein’s (-function

For a quadratic form Q(m,n) = am? + 2bmn + cn?, the Epstein (-function is defined as

1
(7.49) Cols) ==
Q o Zoo)cx n)s’

where the sum runs over all non-zero vectors (m,n) € Z2. The series converges in the half
plane {Re(s) > 1}. It has an analytic continuation which is a meromorphic function in the
whole complex plane with a single simple pole at s = 1 with residue %, where d = ac — b?

as before; see [17, 25]. It is closely connected to

(7.50) Z Qmny = C(2s) @)

where the sum runs over all pairs of integers that are relatively prime. In the explicit sum-
mations, we now use (m,n) instead of gcd(m,n).
In Section 7.5.2, we need the sum

(7.51) > PICRT

(m,n)=1
(m,D)=k
(n,C)=¢

where C, D, k, { are some fixed positive integers with k, £ relatively prime. Using the Moebius

p-function, we can express

1 1 kC
(752) Z W N ( Zn: W - Z'U’(C) SOQ (CE;C]{Z,E; 5>

(m,n)=1 m,n)=1 c\%
(m,D)=k (m{D/k)=1
(n,C)=¢ (n,kC/l)=1
in terms of
1
. ik, lys) = —_—
(7 53) @Q(av ’ ,S) ( Zl Q(k;m,fn)s
(n,’a) 1
As Q(m,n) is homogeneous of degree 2, we have
1
(7.54) po(a; kb, tb; s) = ﬁg)@(a;k,f; s).

Furthermore, observe that goQ(a;k:,é; s) = @Q(b;k,é; s), whenever a and b have the same
prime factors. In particular, we may assume that a is squarefree in the following. Using the

same methods as above, we can derive the following recursion

(7.55) ola;k, t;s) Zz,u b28g0Qbkc€ s),

bla c|F
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where we have made use of the assumption that a is squarefree and employed the multiplica-
tivity of p. This recursion has the solution

1

p— S
pla

Zu oL k,bt;8) |,

bla

where the product is taken over all primes p dividing a. As gpQ(l; k,bl; s) is the primitive
Epstein (-function Cg(s) corresponding to the quadratic form Q(m,n) = Q(km,bfn), this
shows that ¢ (a; k, {;s) and thus

(n,C)=¢

are sums of Epstein zeta functions, and thus are meromorphic functions with a simple pole
at s = 1 and analytic elsewhere in {Re(s) > 3}.

Alternatively, we can obtain this result by an application of Theorem 3 in [25]; see also
[19]. Applied to our situation, it states that

. 1
(7.57) bo(D,Cyi,jss) = > Qo)
m=i(D) ’
n=3j(C)

has an analytic continuation, which is analytic in the entire complex plane except for a simple
d:(@/), where @'(m,n) := Q(Dm,Cn). Using methods similar
€

to those in [3, 24], we first observe for k, ¢ coprime

Zan > Qo 2 )

pole at s = 1 with residue

(m,n)=1 (m,D)= k: r|(m,n)
(m,D)=k (n,C)=¢
(n,C)=¢
SO DICE D
reN (rm D)=
(rn, C) E

vr) 1
ulk vl¢ reN (uwvrm,D)=k
(r,CD)=1 (uvrn,C)=¢
As r is coprime with C' and D we see that

1 1
(7.38) 2 Gy T 2 Gy

(uwvrm,D)= (vm,D/u)=k/u
(uvrn, C) Z (un,C/v)=t/v

is independent of r. Moreover, the latter sum can be written as a (finite) sum of suitable
functions of the form wQ(D, C,i,7;s) and therefore it is analytic in the entire complex plane
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except for a simple pole at s = 1. As u,v,r are coprime, p(uvr) = p(u)u(v)p(r), and hence
the only remaining infinite sum

1 1
(7.59) uir) _ ) I1

r2s 2s 1—p2s
(r EEDI\)T:1 C( plOD g

is analytic in {Re(s) > 3}, which again shows that

1
(m%:l Q(m,n)*

(m,D)=k

(n,C)=¢
is a meromorphic function with a simple pole at s = 1 and analytic elsewhere in {Re(s) > i
2
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CHAPTER 8

Supplement to “Well-rounded sublattices of planar lattices”

ABSTRACT. Additional material to the article “Well-rounded sublattices of planar lattices”,
including some calculations on the asymptotic behaviour of various arithmetic functions and
some remarks on BRS lattices.

In this supplement we present the details of our calculations for the asymptotic growth
rates of the number of well-rounded sublattices, which we have mentioned only briefly in our
main article. In addition, we add some details on BRS lattices.

This supplement was initially intended for private use only, but it has been adapted for a
wider audience now. Nevertheless, some parts are rather sketchy, and the explicit calculations
vary in style, ranging from very detailed textbook-like calculations to rather short ones.

8.1. Explicit expressions for BRS lattices

In Section 7.5.1 we have discussed the existence of well-rounded lattices. In particular,
Prop. 7.5.5 mentions all lattices that have well-rounded sublattices and distinguishes three
cases. Here, we want to give explicit formulas for BRS lattices in all three cases.

Recall that BRS lattices correspond to basic solutions of the equation

t
(8.1) ac + bdn + (ad + bc)§ =0,

where ‘basic’ means that ged(a,b) = ged(e,d) = 1. By symmetry, the number of basic
solutions is a multiple of eight.
Using the same methods as in the proof of Prop. 7.5.5, we obtain the following results.

REMARK 8.1.1. (1) n,trational: we write 7 = 2+if with 3 = /%. Then z; = a+br
and 29 = ¢%sifz; yield an integral solution with ¢ = —(spqa + sp?b + rq?b),d =
s(q%a + pgb), albeit not necessarily a basic one. If z; is primitive, we get a basic
solution by dividing 29 by g := ged (qua + sp?b + 1¢%b, s(q%a + qu)).

(2) t rational, but n irrational: There are only eight basic solutions. If we write ¢t = 2%
with p,q € Z coprime, a basic oneisa=1,b=0,c =p,d = —q.
(3) tirrational, with n = g—l—gt, where ¢, 7, s € Z\{0} and 1/2—3 + g € Q. There are eight

basic solutions. If we define ¥ := / g—; + g a solution is given by a = —b(% + %), b =
sv _ _d(z o g) d sv

ged(sv,rv+su)? ¢ s v = ged(sv,rvo—su)
Clearly, eight basic solutions correspond to each BRS sublattice.
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We have seen that two quantities play an important role for calculating the generating
functions in the case of a unique BRS sublattice, namely the index o := [I" : I'g| of this BRS
sublattice and the ratio k of the lengths of its orthogonal basis vectors. By means of the
expressions for the BRS sublattices given above we can easily compute the values of ¢ and k
explicitly for these cases. We obtain the following result.

REMARK 8.1.2. The explicit values for o and k read as follows:

(1) n irrational, ¢ rational with % = L: we have 0 = ¢,k = q\/n —*/4.

(2) tirrational, with n = §+ t, where ¢,r,s € Z\ {0} and ¥ := 1/75"—; + % € Q: we have

252uw ged(sv,rv — su) V/2rv + 2su — svt
= , K= )
ged(sv, rv + su) ged(sv, rv — su) ged(sv, rv + su) /—2rv + 2su + svt

> for some p,q € Z coprime, the

2/n—t
2/n+t"

In the special case that n is rational, i.e. n = q

equations above simplify considerably: o = 2pq, k =

8.2. Asymptotic behaviour — Introduction

Here, we calculate the asymptotic behaviour of certain arithmetic functions, in particular
the functions counting well-rounded sublattices. We are interested in functions such as

(8.2) A(z) = a(n).

n<x

The functions we are interested in are typically Dirichlet convolutions of simpler functions.
If f *x g denotes the Dirichlet convolution, then

(8.3) DUFrg)m) =D > fde(H = D flm)g(d)

n<x n<z dn m<z d<z/m
(84) = > > (fm)g(d)+f(d + 3 f(m)
m<y/x m<d<z/m m<y/x

where the latter may allow for better error terms. [Su-1]
We often approximate sums by integrals using the Euler-Maclaurin formula

(8.5) /f ﬁ+/t—mf@a+mmm—m—ﬂWM—w.

y<n<x
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8.3. Similar Sublattices

8.3.1. Hexagonal lattice. The Dirichlet series generating function for the number of
similar and primitive similar sublattices of Z[p| are

b(n)
(8.6) D) = (o) = Lis:x—g)C(s) = Y~
neN

Sap(8) _ L(s,x_3)¢(s) ba(n)
8.7 PPl (s) = Mo AT A - ,
57 20 =~y @y 2w
respectively. We can immediately read off that
(8.8) b = 1% x_3 and W =1%x_g*xv=>bp *v,

with the character
0, if n = 0 mod 3,
X_3(n) =<1, ifn=1mod 3,
—1, if n =2 mod 3.

and

(8.9) v(n) = {M(\/ﬁ), if n is a square,

0, otherwise,

where p is the Moebius function.
8.3.1.1. Asymptotics of similar sublattices. We apply Eq. (8.4) to by = 1% x_s, which
gives

(8.10) dobam)= D> > (xesld) +x_s(m) + Y x_s(m)

n<z m<y/z m<d<z/m m<y/x
= Z (0(1) + x_3(m) ({%} - m)) +0(1)
m</x
= > (0 +x_sm) (5 —m)) +0()
m<yE
= L(1,x_g)z + O(vz) = % + O(Vx).

8.3.1.2. Asymptotics of primitive similar sublattices. As b% = b, xv, we can make use of
Eq. (8.4) again.
(8.11) SRy = > > (wm)ba(d +v(d)ba(m)) + Y v(m)ba(m)
n<z m<y/x m<d<z/m m<y/z

The last term only contributes to the error term since

(8.12) S v(m)ba(m)| < 3 ba(m) = O(Va)
m<y/x m<\/x
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by Eq. (8.10). The first term gives

(8.13)
T ¥ vmba@= 3 v (o (2 -m) 0 (/2 +owm)

_Loxas) Loy = 20 o),

where we have made use of Egs. (8.51)—(8.53). The second term yields

(8.14) S Y udbalm)= Y bam) S u®)

m<y/z m<d<z/m m<Vz \/ﬁdg z/m
= 3 b (ovm +o ((/2))
m<+/x "
= O($3/4),

where we have used Theorem 8.A.2. Thus

LEMMA 8.3.1.

(8.15) > (n 7§ z+ 023,

n<x
Recall that v is the arithmetic function corresponding to ﬁ, which is analytic at s = 1.
So one might hope that this term should not influence the asymptotics too much, in particular

as ﬁ has an abscissa of convergence of o = 1. The fact that only the first term in Eq. (8.11)

2
contributes to the asymptotics supports this idea. In fact, using the simpler formula

PLACED SR IR

n<z m<z d<z/m
_ gxu(m) <L(1, X,g)% +0 <\/Z>>
= L y)e S vlm s +vE S 00 (1)
m<z <z
= L(z’(;?’) x+ L(1,x_3) 20z~ Y?) + \/EKE\EEO (E)
— L(z(;?’) x4+ O(Vzlog(z)) = m2/§ z + O(vVxlog(z))

gives a better result. Note that we have made use of Eq. (8.53) here. Thus
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THEOREM 8.3.2. The asymptotics of the number of similar and of primitive similar sub-
lattices of the hexagonal lattice is given by

(8.16) Y ba(n) = L1 x )z + O(Vz) = — =z + O(v/z)

n<x 3\/§
and
(8.17) S 6 (n) = W:}:—I—O(ﬁlog(w)) - 7%“0(\/51%(1;)).

8.3.2. Square lattice. The Dirichlet series generating function for the number of similar
and primitive similar sublattices of Z[p| are

by(n)
(8.18) Pey(s) = Loy (s) = Lls,x-a)C(s) = Y =2
neN
C@(-)(S) L(s,x_4)¢(s) b2 (n)
8.19 PPr(5) = = L T Ad = BASGIAS
(519 0= ) @ 2w
respectively. We can immediately read off that
(8.20) b =1%x_4 and b =1%x_y*xv=>bgx*v,
with the character
0, if n even,
X_4(n) = <1, if n =1 mod 4,

—1, if n =3 mod4.

8.3.2.1. Asymptotics of similar sublattices. We apply Eq. (8.4) to by = 1 % x_,, which

gives
(8.21) Sopm) =Y Y (xa@Hxam) + D> x_ulm)
n<e m<yz m<d<z/m N
= Y (0 +xeatm) ([£] - m)) +0)
m< i
=D (O(l) + X_4(m) (% - m)) +0(1)
m<\/z

= L(L,x_4) 2+ O(V&) = T ¢ + O(V/a).
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8.3.2.2. Asymptotics of primitive similar sublattices. A calculation similar to the hexag-

onal lattice gives

Zbg(n)zz Z v(m)b

n<z m<z d<z/m
_ ngxy(m) <L(1,X_4);Z o (ﬁ))
“tx)e X vk +va Y o (1)
m<z 1<V
_ W 4 L1, x_4) 20(z~ ) + \/fg\;;) (2)
_ L(?(;()_D“ O(/rlog(x)) = oz + O(v/ log(x),

where we have made use of Eq. (8.53). Thus we have proved

THEOREM 8.3.3. The asymptotics of the number of similar and of primitive similar sub-

lattices of the square lattice is given by

(8.22)

and

(8.23)

> bo(n) = L(Lx_y) =+ O0(Va) = T o+ O(Va)

n<x

> 1) = S 4 0og(a)) = o2 5+ OV log(a).

8.4. Well-rounded sublattices

8.4.1. Hexagonal lattice. In order to compute the number of well-rounded lattices we

need the following functions

(8.24)

(8.25)

Z LN even - Z Z

neN peN p<q<3p

WA odq (7 1
Zi_z 2 (2k +1)5(20 + 1)®

neN keN k<f<3k+1
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For wa cpen observe that 4pq < x together with p < ¢ means p < ‘[ Thus

(8.26)
ZMA,even(n) = Z Z 1
n<x p<+/z/2 p<g<min(3p—1,[z/(4p)])
. x
- 3 (- [5])-0)
4p
p<Vz/2
x
- X e 8 (lG])
p<(1++/1+3x)/6 (14+v/1F3x)/6<p</T/2
2
1 143
:{ RSEET (£ -p+ow)
1+\/1+3:v)/6<p<f/2 p
x 1+V1+ 3z 1/z (1++1+3z)?
() e () 4 - L) o
glog( )+ O(Vx).
Similarly we get for the odd indices — observe that (2k + 1)(2¢+ 1) < x together with k < ¢
implies k < ‘/52_1 —
(8.27) Z WA oqa(n) = Z Z 1
n<z k<(y/z—1)/2 k<{<min(3k,[z/(4k+2)—1/2])
. T 1
= Z (mln (3k:, [4k’ e 2]) — k)
k<(vz—1)/2
T 1
= ), %+ 2. <[4k+2_2]_k>
k<(—1+v/4+3x)/6 (—14+v4+3x) /6<k<(vT—1)/2
VT -1+ 4+ 3z
12+4(1g<2 ~log 6
1 -1 (-1++4 2
_<(\/5 )® _ (F14 VAt 3a) >+0(\/5)
2 4 36
= £ log(3) + O(Va).
In total, this gives for w, := WA even T WA odd
x
(8.28) > waln) = 7 log(3) + O(V).

n<x
The next step is to calculate

Z wp *bp(n Z Z (wa(m) ba(d) +wa(d) ba(m)) + Z wp (m) b (m)

n<w m<y/r m<d<z/m m<y/x
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Note that both w, and b, are non-negative, so we can apply the asymptotic formulas for
wx and b, also to the error terms. The first term gives

YD walm)ba(d)

m<y/x m<d<z/m

= Y st (202 +0((f2) - xmer o)

m<./x

=L(1,x_3)x (1%;3) log(x) + 03> — L(1, x_3)10g8(3)33 + O(:r:3/4 log(x)),

=L(1,x_3)x (102(3) log(z) + ¢35 — 10g8(3)> + O(x3/4 log(x)),

where we have used Eq. (8.16) and Theorem 8.A.3. The second term yields

YooY wald)ba(m)

m<y/x m<d<z/m

= > ba(m) (;llog(s) +0 <\/z> - %bg(?)) + O(W))

m<\/z
- loi(?’)x (;L(l, X_3)log(x) + CA (1) + Oz~ '/ log(w))>

_ log(3) (L(L X-3)
4 2

— 10g8(3)x (L(1,x_3)log(z) — L(1,x_3) + 2CA (1)) + O(** log(x)),

T + 0(3:3/4)>

where we have used Eq. (8.28) and Theorem 8.A.2. The third term only contributes to the

error term. Note that w,(m) < d(m), where d(m) is the divisor function. As d(m) = o(m?)
for all € > 0 (see [Su-1, p.296]) we see

(8.29) > wa(m)ba(m) = Y ba(m)o(m?) = O(z1+9)/2),
m<yz m<yz

Hence we get in total

S wp wba(m) = 25 11y )e(log(a) — 1)

4
n<x

s <loi(3)CA(1) + L(1, X3)C3> + O(x3/4 log(x)).
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Taking the convolution with v gives

ZwA*bpr ZV*U’A*bA n)

n<x n<x

=3 ) v(m)(wp xbp)(d)

m<z d<z/m

S (10% £, x-2)  los(e) ~ Togm) ~ 1)

m<zx

o $3/4
+ = - (1 8(3 )CA( )+L(1,X—3)C3> +0 (Wlog(x/m)>>

log(3) L(1,x_3)

o (DI )

@z 1)

+0(z*/* log(x)),

where we have made use of Egs. (8.53) and (8.54). Note that this has added an overall factor
of ﬁ and an additional linear term.

3

Now it remains to take the factor T33—s into account and add the similar sublattices.

Using Lemma 8.A.1, we get

THEOREM 8.4.1. Let a,(n) be the number of well-rounded sublattices of the hexagonal
lattice with index n. Then, the summatory function Ax(x) = >, ., ax(n) possesses the
asymptotic growth behaviour

9log(3) L(1, x_3)
16 ¢(2)

B 3v/31log(3)

N 8

(8.30) Ap(z) = z(log(z) — 1) + caz 4+ O(z3/*log(z))

w(log(x) — 1) + caz + O(z*/* log(x))
where
_9log(3), ) 9L(Lixg) 9o L X 5)C(2)
16¢(2) @2 s ¢(2)2
9log(3)? L(1,x_3)
64 (2)

~ L1y 4+ 910%(2?((21)’ X s) ((7 L VOxy) 22’(2)) 1o, lox®)

(8.31)

+ L(la X73)

=1 1 <. 4 1 1

>o=0 Y =1 S |

* ( q Og(?’)) +22k+1< 2 541 Og(?’)))
p=1 p<qg<3p—1 k=0 k<t<3k

~ 0.4915036
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is the coefficient of (s —1)~' in the Laurent series of Y, aAn(sn) around s = 1 with Cx (1) and

cg from Eqs. (8.62) and (8.68), respectively.

8.4.2. Square lattice. In order to compute the number of well-rounded lattices of the
square lattice we need the following functions

(832) Z wh even Z Z

neN peEN p<q<fp
o odd 1
(8.33) Z s Z Z (2k+1)5(20+ 1)
neN EeN k<t<\/3k+(v/3-1)/2
W oqd,2 (1) 1 1
(8.34) PP > >
s 14+2-5 2k+1)5(20+1)3
neN " + keN k<t<v/3k+(v/3-1)/2 (2k +1)°(26+1)

Obviously wp 5440 = 92 * Wh 444 Where

0r() = {(1)7“ ifn=2r

0 otherwise.

For W epen observe that 2pg < x together with p < ¢ means p < y/z/2. Thus

(8.35)
Z wD,even (TL) = Z Z 1
n<e p<y/z/2 p<q<min([pv3],[z/(2p)])

5 (s [5]) )

p<y/z/2

DGR R SR (A )
p<V/5/(2V3) V/(2v3)<p<r/z/2

- Y eWE-proan+ Y (;—p+ouﬂ
p<v/z/(2V3) z/(2V3)<p</z/2

R UA R (=S RICEEAIE
= 210g(3) + O(V).

Similarly, we get for the odd indices — observe that (2k +1)(2¢+ 1) < z together with k < ¢
va-l
2

implies k <

(8.36) Z Wy pgq(n) = Z Z 1

n<x k<(vz—1)/2 k<t<min([v3k+(v/3-1)/2],[z/(4k+2)—1/2])
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= Z (min (
k<(vz—-1)/2

- 3 V3k + \/52_ 1]
k<Va/(2¥3)-1/2

D S e ;]— >

(V&/(2¥3)-1/2<k<(v/F-1)/2 k<(VE-1)/2

o5 () (5

= - log(3) + O(v/a).

) 5o

The next step is to calculate

k¥ 2_ Nakv2 " 2)) "
V3 V3 —1 T 1

153

Z wp; * bo(n Z Z (wpy(m) by (d) 4 wp 4(d) by(m)) + Z wg;(m) bp(m)

n<w m<y/x m<d<z/m m<\/z

for i € {even,odd}. Note that both wry and b are non-negative, so we can apply the

asymptotic formulas for w; and b also to the error terms. The first term gives

Z Z wD,even(m) bD<d)

m<y/x m<d<z/m

= 3 wnetn) (20 ) E 10 (2] - Lm0

m<\/z

— L1z (1°g(3) log(z) + cn> C L2088 L 03 0g()),

16 16

= (1o (5 (o) + cunen — 5 ) 4 O o)

where we have used Eq. (8.22) and Theorem 8.A.5. The second term yields

Z Z wD,even(d) bl:l(m)

m<y/x m<d<z/m

- 3 it ) (1059 +0 (12 ) - Zog(s) + o(vim)

_ 10g8(3)x (;L(LX4) log(z) + C(1) + O(z ™4 10%(93>)>

- log8(3) (L(1,2x_4)x+0($3/4)>
log(3)

=  (L(1,x_3)log(z) — L(1,x_3) + 2Cn(1)) + O(z*/*log(x)),

16
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where we have used Eq. (8.35) and Theorem 8.A.4. The third term only contributes to the

error term
(8.37) Y e bo(m) = > bg(m)o(m?) = O(1+9)/2),
m<y/x m<\/x

which is shown by the same argument as in the hexagonal case. Hence we get in total

3 tsenen +br(m) = 25 L1, alo(a) 1)

n<x

+ao (1°g8<3)05<1> + L(l,x_4)ceven> + O log(x)).

Along the same lines we get

5 i # bon) = 2 L1,y )a(lon(a) ~ 1)

n<x

+fo§%un+L@x4mw)+owmba@>

Applying Lemma 8.A.1 we get

3w aabo(m) = 5 L1y )e(log(x) - 1)

n<zx

log(2) log(3)
72

log(3 2
fa ( %8) 0 1) + 2L(L x_a)coaa +

24 3 L(17x4)> + O(x%*log(x)).

Hence we get for wp := wg 4, + W0 p4d 2 the asymptotic behaviour

Z wp * by (n log( ) L(1,x_4)z(log(x) — 1)
+w<b%$QﬂU+L@x4ﬁ>+Omwﬁ%®M
where
(838) C = Cepen + ?)Codd 10g(2r)7;()g(3)

log ~ log(2) =1 1 log(3)
( )y o T i
p=1 P<q<pV3
2 > 1 1
]
t3 > 511 1080
k= k<t<kvV3+(V/3-1)/2
~ —0.5250229.
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Taking the convolution with v gives

Zwm*bpr Zy*wm*bm

n<x n<z

= Z Z v(m)(wg * bg)(d)

m<z d<z/m

_ Z <log (1,X_4)%(log(:c) ~log(m) — 1)

z (lo x3/4
+ o <1 g6(3)CD(1) + L(l,X4)c> + 0 < 37 log(x/m)>>
~ log(3) L(1,x_4)
log(3) L(1,x_3)¢"(2) | log(3) L(1,x_4)
e (‘ 5 @2 o W T >
+ O3 log(z)),

Finally, multiplying by a factor 2 and adding the similar sublattices yields

THEOREM 8.4.2. Let a(n) be the number of well-rounded sublattices of the square lattice
with index n. Then, the summatory function An(z) = >, -, an(n) possesses the asymptotic

growth behaviour

log(3) L(1, x_4)

(8.39) Ap(r) == @ z(log(z) — 1) + coz + O(z*/*log(x))
N 105;3)4”(109;(:6) —1) + oz + O(a** log(x))
where
(8.40)
i 80 2 2o LLACE) gy
L(1 X 10 (3 L'(l,x, ) ¢'(2) log(3) log(3) log(2)
o ( (Zang +2qm) 50 (05 - %)

=1 log(3)

s

= p<q<pf

4 & 1 1
52 ( > 201 41°g(3)>)
k=0 k<t<kvV3+(V/3-1)/2

~ 0.6272237
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is the coefficient of (s — 1)1 in the Laurent series of >, a%(sn) around s = 1 with C(1) and
¢ from Egs. (8.75) and (8.38), respectively.

8.4.3. Lattices with exactly one BRS lattice (i.e., lattices with exactly one
non-trivial CSL). In this case we need

w 1
R S

neN peN 7p<q<\/§np
w, (K, M) 1
8.42 ps) =y ol
( ) ‘lswr,odd(’%7 s) Z ns Z Z (2k +1)5(20 + 1)*
neN keN Dokt 3)—5<t<VBr (k+3)—3

Here kv/3 ¢ Q and we may assume w.l.o.g. £ > 1. For w,,,, observe that 2pg < x together

with p < M means p < x\[ and thus

Z weven("{" n) = Z Z 1

nsw p<\/2v3/(2x) Pr/V3<q<min([pv/3«],[z/(2p)])

2pK T pK >

= Z 4o = oa

2 <\/§ . )> 2 (219 V3 M
p<Vz/(2kV/3) z/(26v/3)<p</zv/3/(2k)

:U\/§ 2K

zg—l—glog /(2k) K (x;/g_ x )—1—0(\/5)
x/(26V/3) 2v/3 K 2kV/3

= zlog?) + O(Vx).

Note that the leading term is independent of «.
Similarly, we get for the odd indices — observe that (2k + 1)(2¢ + 1) < x together with

(2k +1) < 20+ 1 implies k < If_%i

Z Woga(k, 1) = Z Z 1

= h</ov3/ AR —1/2 5kt~ <e<min(VEr (k+1)- )1 5E5 - 1)

2k +1
S <“(\f;) 4 0(1)>
k<y/z/(4kV/3)—1/2
T K 1
+ > <4k+2—\/§<k+2>+0(1)>
x/(4kV3)—1/2<k</2/3/(4K)—1/2
B () G
12 4 a:/(4f<a\/§) 23\ 4k 4k+/3

= %logS + O0(Vx).

Taking the index of the (unique) BRS sublattice into account we finally get

NG

) +0(V7)
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ProproSITION 8.4.3. Let I' be a lattice that has a well-rounded sublattice and assume that
at least one of n and t is irrational. Let o be the index of the BRS sublattice and r be the ratio
of the lengths of its orthogonal basis vectors. Let ap(n) denote the number of well-rounded
sublattices of I with index n. Then, the summatory function Ap(z) = Y, .. ap(n) possesses
the asymptotic growth behaviour -

l(jlng +O0(Vzx) ifo is odd
(8.43) Ap@) =1, "3
(;g r+ O x) ifois even.
o

In particular, the leading term is independent of k and depends on o only.

Recall that the BRS sublattice is a CSL if and only if it has odd index (we do not have
square sublattices in the present case). Hence, if ¥ is the index of the unique non-trivial CSL,
then 0 = X if ¢ is odd and ¢ = 2¥ if ¢ is even. Thus we can reformulate our results as
follows:

THEOREM 8.4.4. Let I' be a lattice that has a well-rounded sublattice and assume that at
least one of n and t is irrational, i.e. I' has exactly one non-trivial CSL. Let % be its index
in I'. Let ap(n) denote the number of well-rounded sublattices of I with index n. Then, the
summatory function Ap(x) = >, .. ap(n) possesses the asymptotic growth behaviour

_ log3
4y

(8.44) Ap(z) r+ O(Vz).

Appendix 8.A. Some formulas

8.A.1. General formulas. We first cite some well-known formulas, see [Su-1, Theorem
3.2]. It is always to be understood that summation starts with n = 1.

1

(8.45) D = p—l v+ O(y*) for s > 0

n<y

1 1 1-s -5

(8.46) =T Y +((s)+O(y™*) for s >0,s#1

el -5
(8.47) Z 1_ log(y) +v+ O <1) ,

n<y " y

where v ~ 0.57721566 is the Euler-Mascheroni constant. We also need the following variant
for sums over odd integers n > 3

1 1 11 1

8.48 — —log(2y4+ 1)+ =+ -1og(2) -1+ 0 [ -

(8.48) k§< 12 0g(2y + )+2'y+2 0g(2) — 1+ <y)
Y

1 1 1
— 1 Sn +log(2) — 1 2.
5 og(y) + 57 T 0g(2)—14+0 (y)
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Furthermore, we need a formula involving the logarithm

log(n) _ 1 2 log(y)
(8.49) Y. =5los)’ +m +0 =)
n<y
where
. S log(k) 1 2
. =1 — =1 ~ —0.07281
(8.50) M= lim ’ 5 og(n) 0.07281585

is the first Stieltjes constant.
Next we state some formulas involving the Moebius function. For s > —%,

(8.51) Svmyn®= 3" ulm)m® = 0(y***)
n<y m</y

is a rough estimate, which is good enough for our purposes. This equation even holds for

—_1
§=—3 as

(8.52) Zl/(n) n1?| = Z w(m)

n<y m<\/y

3=

see [Su-1, Theorem 3.13] for a proof. For s < —1%

(8.53) Z v(n)n® = Z p(m) m? — Z p(m) m? = _1 + O(y*T2).

n<y meN m>./y

In addition, we mention

(8.54)
> v(o) P =2 57 o B 2 3 ) 25— 2 S8 0ty
n<y meN m>.\/y

which holds for s > %
Finally we state

LEMMA 8.A.1. Let f be an arithmetic function such that
O(xlog(z)) with 0 < a < 1 and

/() = {(—w ifn=q

0 otherwise,

f(n) = axlog(x) + bx +

n<x

where q is some fized positive integer. Then

qlog(q)
(g+1)?

(8.55) Z fxgln + . (axlog(z) + bx) + ar + O(x log(x)).

n<x

8.A.2. Hexagonal lattice. In the following, k is always a positive integer.
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8.A.2.1. Formulas for x_5. For s > 0 we have

(5.56) nZ<y><3<”> =157] - [557] =ow
5 S =ow)

8.A.2.2. Formulas involving b, . For s >0

Dobamnt=3 > (x_s(m) +x_3(d) (md)* + Y x_g(m)m*>

n<y m</y m<d<y/m m<./y
o 1 ys+1 s+1
_me?’ s+1<m5+1_m
m<\f
+ Y w0 L) +ow) +ow)
m<f
_ 1 s+1 s+1
= L)yt oWt
for0 <s< %
B X_3(m) + x_3(d) X_3(m)
Sy il ol
n<y m<\/y m<d<y/m m<\/y
1—s
_ Z X— 3 (:;1_8 _ml—s>
m<f
—s 1
+ Z ( ( S) + O(m_s)> +L(2S,X_3) + O <S>
m<\f Y
L(1,x_ s s
_EOxg) s oy
— s
for % <s<1
n) X_3(m) +x_3(d X 3
-y oy wead s
n<y m<y/y m<d<y/m m<\/y

X_ 1 1-s —s m 1
-y 3(m (1_8i1_5+qs)+0(i_5)—zds>

m<f
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F (5 o (2) s s vo (1)

LSV d=m+1

_ L(la X—S)
1—s

y' =+ C(s) + O(y'/*79),

with

C(s) = L(s,x-3)C ZX; Z$+Zﬁz +L23X3)
m=1 d=1 m=1 d=m+

The sums in C(s) are Dirichlet series that converge for Re(s) > %, and are thus analytic for

Re(s) > % They converge absolutely for Re(s) > 1, and a reordering of terms shows that

the last three terms add up to zero for Re(s) > 1, and hence due to the analyticity also for

Re(s) > 5. Hence C(s) = L(s, x_3)((s) and thus

Z bA(n) _ L(l,X—S) yl—s +L(S,X73)C(S) +O(y1/275)

ns 1—s

n<y

for % < s< 1. For s = % the situation is a bit more tricky and we want to avoid logarithmic
error terms. The only two difficult terms are

X_3(m) <~ 1 1 o~ x_3(d)
) D and > — T

m<\/y d=1 m<\/y d=m+1

The first term

m<.\/y

Yy
3((%1 E (3ks+ 0 <(3k i 1)2>) <(3k1+—121_s + 0(1))

- 25> +O0(y'*7*)

() 2 e

E<(y/y—1)/3
1 1/2—s
+k > 3O<(3k+1)3+1>+0(y )
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is seen to be bounded for 1 > s > % and so is the second term

1 x_s(d) ’ L x_3(d) .
S X ETs Y Sy Y Sou)

m<\/y d=m+1 0<k<(\/g—-1)/3 j=1 d=3k+j+1

-2 1 1
N Z <3/~€+ 1)s 3(3k + 2)s (3k+2)83(3k+4)8

0<k<(y7—1)/3

1 1 B
+(3k‘+3) 53(3k + 4)3 +O<k1+25>>+0(y )

1 —5
- Z 0 <k1+25) +0(y™")
0<k<(y5-1)/3

where we have made use of

Zos(d) o xs(@)
D D Dl

d=3k d=3k+1

_Z<3z+1 (3€41r2)8>
= i (3eqlu1)s (3511 o ((3€i1)2>>

l=k

1 1
- 33k +1)s 0 <k1+5>

and
i ><3(d):_§°:< 11 )
Pt ds ot (30+2)s  (30+4)3
2 1
T T3Bkt2r © <k1+s> '
Hence

br(n
S o o),

n<y

For s =1 we get

:Z ZX_()m_'—X3 +ZX3

n<ly m</y m<d<y/m m<\/y
- 3 2 (1 () 400 (%) - 301
m<\ /Yy y d=1

161
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= L(1,x_3)log(y) + C(1) + Oy~ log(y)),

with

m=1 m d=m+1 d
2 x_3(m)
= L(1,x_3)y — in log(m) = L(1, x_3)v + L' (1, x_3).

by a similar argument as above.
For s > 1 we get

ba(n) _o(m) 4+ v_a(d _a(m
SERo Yy el v

n<y m</y m<d<y/m m<\/y
m 1 s—1 s m 1
- 3 (g o () - 300 )
m<\/y " o J d=1
1 L x_5(d) m* 1
+ D — ( >~ tO )| F s ) 10
m<\/y d=m+1
L(1,x_: s s
= Lsv (o) + T 1oy o)
where we again have used the identity
~ XM =1 o~ 1 o xs(d) _
(8.60) DT Lt D D T+ L2sxy) =0,
m=1 d=1 m=1 d=m+1
Summarising we have
THEOREM 8.A.2.
7L(11’f;3) yl =% + O(y'/?=9) for s < %
2L(1,x_3) ¥/ +0(1) for s =%
(8.61) Z ba(n)n™° = L(%XS“’) Y75+ L(s, x_3)C(s) + O(y'/>~9) for 3 <s<1
" L(1,x_5)log(y) + Cx(1) + Oy log(y))  fors=1
LAx_ -5 -5
Lis,x-)C(s) + “252 gl +O(y/?) fors>1

where

(8.62) Ca(1) = L(1,x_3)7y + L'(1,x_3) ~ 0.5716475.
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Note that L'(1, x_5) can be computed efficiently (see [Su-2] and references therein), in

particular
ra 25 M (1, cos(%))” e drde
(8.63) Llixy) o (ZMLeos(i) ) (2t ),
L(LX—S) 3 321 (%)
where M(x,y) is the arithmetic-geometric mean of = and y.
8.A.2.3. Formulas for w,. For s > —1 we have
ZMA,even(n)ns: Z Z (4pq)s
n<y P</y/2 p<q<min(3p—1,[y/(4p)])
= ). U ) I+ > 4p° >
p<(14+/T173y)/6 p<q<3p—1 (14++/TF3Y)/6<p<\/7/2 p<q<[y/(4p)]
1
- Y (et -y +oe)
p<(1+v/1+3y)/6
+ Z (4 )5 1 ys+1 s+1 +O( S)—I—O yis
PP+ e P e
(14+/143y) /6<p</y/2

45(3s+1 _ 1) (Sy)s-i-l
T 2(s+1)2 6%
N ys-i-l 10g< 3\/@ > B 48 <ys+1 B (3y)s+1>
4(s+1) 1+VI+3y/) 2(s+1)2 \ 222 (2542
log(3)

— s+1 S+ 1

Similarly (again for s > —1)

Z WA oga(n)° = Z Z (2k+1)%(2¢+1)°

n<y k<(y/—1)/2 k<t<min(3k,[y/(4k+2)—1/2])

= > 2k +1)° > (20+1)°

k<(—1+/4F3y)/6 k<t(<3k

+ > (2k +1)° > (20+1)*

(—14+VAFFD) [6<k<(/5—1)/2 h<t<ly/(k+2)-1/2
_ Z (Qk + 1)32(51 1) ((6]{3 + 1)s+1 _ (2]{3 + 1)S+1)
k<(—14+/4+3y)/6 (35-{-1 _ 1)(2]{} + 1)s+1 + O(ks)

i Z (2k+1)%x
(—14+V/AF3y) /6<k<(\/5—1)/2

(3 <<2ki+11>5+1 ~eke ) vow) o (gt ))

38+1 -1 225+2(3y)s+1
T 8(s+1)2 622

+ Oy 2) +0(1)

+ 0y 2) +0(1)
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ys+1 3(\/@_ 1)
T i) % (—1 +\/m)
1 (\/@_1)25+2 (_1+m)25+2
C 8(s+1)2 ( 925+2 N G2s+2 >
B mysﬂ +0(y™+2) + 0(1),

and hence in total for s > —1

S S log 3 S S 1
5 wan)n® = 3 (1 cen(n) + 105 0al)) n° = TEC 1 + 0 ) +0(1),
n<ly n<ly
For s = —1 we get
wA,even(n) o 1
> = P> yo
n<y P</y/2 p<q<min(3p—1,[y/(4p)])

2PN SiF LD SR R S

p<(14++/T1+3y)/6 pp<q§3p—1 (1+v1+3y) /6<p<\/y/2 pp<q§[y/(4p)} 1

I 41<log(3)+ 3 1—1og(3)>

p<(14++/1+3y)/6 p<q<3p—1
1
o(;)
p
+ ) = <10g <y> +0<1) +0<p)>
4p 4p? p y

/

(1+V/TF35) /6<p< /52
_ log4(3) <log (1 + \/él + 3y> oyt O(yl/Q))
+ 241]? ( Z L log(3)> +0(y~/?)
p=1 p<g<3p—1
= C
log(y) — 21og(2) 3vY
s <1 T m)
2 2
()G o
log(3) log(3)

1 _
(7= Tou(3) ~ 10g()) + e1 + 0y~ logty))
where we have made use of

(o () (s (57 ) = (g s (2 )
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log(3 1 -
— 50 (log(y) — 5 1ou(3) ~ 210u(2)) + O~ 1ogty)
Similarly
3 Waoda™) _ 3 > 1
n<y " k<(y/y—1)/2 k<t<min(3k,[y/(4k+2)—1/2]) (2 +1)(2E+1)

1 1
- Z 2k +1 Z 2041
k<(—1++/4F3y)/6 k<t<3k

1 1
+ Z 2k+1 Z +1

(—1+/AF3y) /6<k<(\/T—1)/2 + k<0<[y/(4k+2)—1/2] 2

1 /1 11
= 2 g (2 log(®) + D 577 3 log(?’))
k<(—14+/4+3y)/6 k<€<3k
1
()

sy et o (1) o (4)

(—14vA+3y) /6<k<(\/y—1)/2
1 1 —14++/4+3 1
=3 log(3) <2 log <+6+y> + -y +1log(2) — 1+ O(y_1/2)>

2

1 11 ~1/2
+k212k:—|—1(2 20+ 1 QIOg(?’))+O(y )

k<t<3k

1
=:co+ 5 log(3)

log(y) 3VY
4 108 <2 N/ 3y>

-2 <<1og<¢@>>2 (1o (W;m))) + O™ log(y))

_ log(3) log(3)
8 4

_l’_

e

() + 5 (1~ J108(3) + log(2) ) + <2 + Oy~ o(y)

where we have made use of

)

(log(v))? - <log ( w@?y) og (ﬂ(z + m>>

3

=5 (Logly) - 5 108(3)) + O 108(0),
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In total, this gives

Z wa (TL) _ Z wA,even(n) + wA,odd(n)

n n
n<y n<y
log(3) log(3) 1 “1/2
= log(y) + 5 (7= ;108(3) | +er+ea+ Oy~ T log(y)),

where

=1 1
(8.64) =y o > = —log(3) | ~ —0.2534695

p=1 p p<q<3p—1
(8.65) ¢ i ! > ! ! log(3) 0.6976870

. 2 = T % ~ —0.

k=0 2k+1 k<t<3k 26+1 2

Summarising we have
THEOREM 8.A.3.
(8.66) Z wa(n)n® = wysJrl + O(y8+%) +0(1). fors>-—1
‘ n<y ‘ 4(8 + 1) ‘
wa(n)  log(3 _
(5.67) S e = P onty) e+ O™ gy
nxy
where
1 1

(8.68) c3 1= Og2(3> (7 -4 log(3)> Fep + ep ~ —0.7849570

and c¢1 and ¢y are given by Egs. (8.64) and (8.65), respectively.

8.A.3. Square lattice. In the following, k is always a positive integer.
8.A.3.1. Formulas for x_,. For s > 0 we have

(5.69) S = 15| - [15E] = ow

(8.70) Y xoa(mn® = 0(y)

sy LS S o)
n<y n neN n y<n n Yy

(8.72) > WZZwW(;):O(;)*O(;)

k<n<y k<n
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8.A.3.2. Formulas involving b. Calculations completely analogous to those for the hexag-
onal lattice yield

—S 1 —S 5—S
> bo(mn™ = T LLx_4)y' " + Oy2 ™)

n<ly
for s < 0, whereas for 0 < s < % we get

s L(x_y) -, s
Z bo(n)n™" = Tj y' T+ O,
n<y

For%<s<1weget

—8 L 17X7 —S —S
S b = HEXA) e o o),
n<y

with

— X_q(m) = 1 — 1 & x4l
C(S) = L(S7X74)C(S) - Z ms Z E + Z % Z ds + L(2S7X74)'
m=1 d=1 m=1 d=m+1
The sums in C(s) are Dirichlet series that converge for Re(s) > 3, and are thus analytic for
Re(s) > 1. They converge absolutely for Re(s) > 1, and a reordering of terms shows that
the last three terms add up to zero for Re(s) > 1, and hence due to the analyticity also for

Re(s) > 3. Hence C(s) = L(s, x_,)¢(s) and thus

3 bo(n) _ LX) s Lis.x_0C(s) + 029,

ns 1—s

For s = % the situation is again a bit more tricky and we want to avoid logarithmic error
terms. The only two difficult terms are

X_a(m) ¢~ 1 1 o x-4(d)
> T P and PO Dl

m<\/y d=1 m<\/y d=m+1

The first term

5 Xoalm) @1 << 1 1 )4’““ 1 1 )
s gs s s s 2s
= d v (4k+1)*  (4k+3)°) == d°  (4k +3)
1 1
‘o ( ) L
\/y dg\/ﬂ dS
1 ( 2s < 1 >> ((4k+ 1)t=s
= Z s + O 2 + O(l)
k<<@1)/4<(4k +1)s \4k+1 (4k + 1) 1—s

1

- <4k+s>> +O6)
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(5,5,

<(vy—1)/4
1 1/2—s
+ > o<(4k+1)8+1> +O(y'/?**)
k<(yy-1)/4
is seen to be bounded for 1 > s > 5 1 and so is the second

VN 7)) = _4(d) s
DI Dl LD DD DL D

m</y d=m+1 0<k<(\/7—1)/4 j=1 d=4k+j+1

<<(4k i s 4k i 2)s> 2(4k_i 3)s

i ((4k -1F 3)s  (4k —1F 4)5) 2(4k1+ e 0 <kli2>> +0(@y™)

= > o(m) rouw

0<k<(y/5—1)/4

where we have made use of

_l’_

- i <(4£Jlr1) (4£i3)s>
i ariis (O (@)

1 1
- 2(4k +1)s 0 <k1+5>

and
i X_a(d) _ i X4(d):_§:< S >
d=4k+2 @ d=4k+3 d? —n (40+3)s  (40+5)s
1 1
“WW(W)-
Hence

b= (n
S0 _or )y + o).
For s =1 we get

5 L1y loa(e) + €1) + O loaw)),

n<y
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with

C)=LLx_ v -y xealm) (10g(m) +> clz>

d=1

by a similar reordering and analyticity argument as above.
For s > 1 we get

5210 — 1) + HEA s o)

ns 1—s
n<y
where we again have used the identity
S (7)<l BN I Y (7
(8.73) —ZX4(S )st+25 3 X;S()+L(23,X4):O.
m m
m=1 d=1 m=1 d=m+1
Summarising we have
THEOREM 8.A 4.
7L(11’f;4) yl=5 + O(y'/?-9) for s < %
2L(1,x_4) ¥/ +0(1) fors=1
s L(1,x_ s s
874) D bglnn = e ies sy e(s) + 0@l forl<s <
" L(1,x_4)log(y) + Co(1) + Oy log(y))  for s =1
Lis,x_g)C(s) + “P52 1=+ 0y */%) fors>1

where
(8.75) Co(1) = L(1,x_4)v + L'(1,x_,) ~ 0.6462454.
O 4 4

Note that we have the following formula (see [Su-2])

(8.76) m = log (M(l, \/5)2‘3;> = log <r <i>4 i:) ,

where M(x,y) is the arithmetic-geometric mean of = and y.
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8.A.3.3. Formulas for wy. For s > —1 we have

Z w[l,even(n)ns = Z Z (2pq)s

n<y p</y/2 p<q<min([pV3],[y/(2p)])

= > @) ), ¢+ > 2p)°* > ¢
P<Vy/(2V3) P<g<pv3 Vu/(2V3)<p<y/y/2 p<asy/(2p)

_ Z (2]?)5 ( 1 pl+s<3(s+1)/2 _ 1) + O(ps>>

s+1
p<V/y/(2V3)
+ > (2p)° ! v -p ) +0(*) + 0 v
s+ 1 (2p)s+l ps
Vu/(2v3)<p<+/y/2

28(3(s+1)/2 _ 1) strl
- 2(s4+1)2 2sH13(s+D)/

S+ 0y 2) +0(1)

N ys—I—l | y/2 928 <ys+1 ys+1 >
og — —

2(5 + 1) /yi/@\/g) 2(8 + 1)2 92s+1 2s+13(s+1)/2

log(3)

_ s+1 erl
_78(5—1—1)?/ +O0(y°"2) + O(1).

Similarly (again for s > —1)

> wpaamnt =Y 3 2k +1)%(20 + 1)°
nZy k<(v¥=1)/2 k<t<min([v3k+(V3-1)/2],[y/(4k+2)~1/2])
= > (@2k+1) > (20 +1)°
k</5/(2¥/3)—1/2 k<t<kv/3+(v/3-1)/2
+ > (2k +1)° > (2¢+1)°
Vi/(2¥3)—1/2<k<(\/g—1)/2 k<t<y/(4k+2)—1/2

1 s+1
= > (2k + 1)8m ((2k:\/§ + \/5) — (2k + 1)S+1>
k<VE/(2V/3)-1/2

(36HD/2 1) (2k 4+ 1) 4+ O(k?)
+ > (2k +1)°x
VB2 V3)=1/2<k<(/5-1)/2

(35w <<2ky—:+11>5+1 ~@k+ 1) 40 +0 () )

3(s+1)/2 -1 ys+1 orl
= ST 12 36+ + Oy 2) +0(1)

s+1 s+1
y vy oy 1 s41 Y
HTPES (W/yg> 8(s+1)2 (y 3(s+1)/2>
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_ log(3)
©16(s+ 1)

For s = —1 we get

wD,even(n) . 1
yleal oy L
n<y p<\/y/2 p<a<min([pv/3),[y/(2p)))

1 1 1 1
p<\/y/(2V3) = p<a<pV3 v/ (2V3)<p<rfy/2  P<a<y/(2p)

. 21p <1og2(3)+ 5 log(3))

P<\/y/(2V3) p<qg<pv3

v+ O(y* ) + 0(1),

Q=
)

y/(2V3)<p<+/y/2

_ 1°g4(3) <log < 2\%) ++ O(y‘1/2))

<1
+Z2p(<
p

—_
|
_
O
po |2
w0
S—
\_/
_|._
o
—~
|
L
~
(3]
N—

p=1 q<pV3 1
=¢cy
+ w log (\4/3)
2
_ % ((log (ﬁ)) - <log ( 23/3»2) +O0(y*log(y))
= 1080y 4 108 <7 ~ S log(3) - élog@)) + 1+ Oy~ log(y)).

where we have made use of

(o (15)) = (o (}325)) =0 (45) 1 (535)

Similarly

W 044 (1) _ 1
Z n N Z Z (2k +1)(2¢ + 1)
n<y k<(Vy=1)/2 k<t<min([v3k+(v3-1)/2]ly/(4k+2)~1/2])

1 1
- 2 2k + 1 > 20+ 1

k<\/5/(2V/3)—1/2 k<t<k\/3+(v/3-1)/2
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1 1
+ Z 2%k + 1 Z 2041

VI (2V3)=1/2<k<(\/5—1)/2 + k<t<y/(4k+2)—1/2

1 1 1 1
k<\/5/(2V/3)—1/2 k<f<kv/3+(v/3-1)/2

°(s)
o2 wGm(Et) o) 6)

VU/(2V/3)—1/2<k<(\/5—1)/2

= ilog(?)) (; log (Yfg) + %7 + %IOg(Q) — 1+ O(yl/2)>

1 1 1
7_71 71/2
+;2k+1 ( > 201 4°g(3)) +OW™")

k<€<kv3+(V3-1)/2

1
=:c5+ 1 log(3)

+ 1°g4(y) log (V3) - i ((mg(\/@))2 - <1og (ﬁ)>2> + 0y~ log(y))

7
_ 1088) gy o <’y ~ L log(3) + 1og<2>> + o5+ Oy~ 2 log(y))

where we have made use of

(log(y5))" — <log (ﬂ )) ~ 1og (¥3) log ( )

Summarising we have

THEOREM 8.A.5. The asymptotic formulas for W0 epen, ONA W g TeO

(8.77) D w0 cuen(m)n” = 81(ngi) g 0y ) +0(1),
n<y
(5.79) 5w )’ = 15 B0y 0 )+ O()

for s > —1. Furthermore

(8'79) z<: U)D,ez:n(n) _ 10g8(3) log(y) T Coven + O(y—1/2 log(y)),
(8.80) 3 U0t _ 1983) 100 1) 1 g + 01 0g(0)),

n 16

n<y
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where
(8.81)
~ log(3) log(3) log(2) =1 1 log(3)
corn = B (- DB S| X 1-E
p=1 p<q<pV3
~ —0.3966993
(8.82)

1 1

log(3 log(3 > 1
cota =5 (5 - g8”+1og<2>)+k20%+1( > 2£+1410g<:-’>>)

k<t<kv3+(V/3-1)/2

~ —0.2083500
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