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Introduction

In 1905, Minkowski has shown that most of the Z-lattices possess a trivial automorphism
group (see [Min05]). That is, if we fix the dimension and let an upper bound D on the
determinant det L of the lattices L tend towards infinity, the number of isomorphism classes
of lattices with trivial automorphism group grows with a higher order of magnitude of D
than the class number of lattices with non-trivial automorphism groups. These orders of
magnitude depend on the dimension n. Biermann established an analogous result for any
given genus of lattices of determinant at most D in his 1981 dissertation (see [Bie81]).

Roughly speaking, the number of isomorphism classes of lattices grows with the determi-
nant and the dimension. This growth, however, is not a strict one since the class number
heavily depends on the prime factorisation of the determinant. Thus, useful statements
can only be given for somehow averaged class numbers. The most natural approach is
considering the number of all isomorphism classes of lattices with a determinant smaller
than or equal to a given bound.

In this work we will determine the asymptotic growth of class numbers for two- and three-
dimensional lattices with a prescribed automorphism group. Hopefully, this may be a step
towards more general results.

The first chapter gives basic definitions. In particular, we describe the kind of classes of
lattices that we want to count. A connection to classes of integral (Gram) matrices which
are easier to enumerate than the lattices themselves is established.

In the second chapter we introduce several reduction theories and investigate their inter-
relations. If a reduction theory ensures that exactly one lattice of each isomorphism class
is reduced, it can be used as a tool for the determination of class numbers.

The third chapter contains the first principal part of this thesis: We develop formulas for the
asymptotic growth of class numbers of two-dimensional integral lattices. We count reduced
Gram matrices of determinant smaller than or equal to D that belong to a given geometric
type (rectangular, centered rectangular, rhombic, square, hexagonal). The biggest order of
magnitude with which the class number of one of these types grows is given by ¢- D log D
where ¢ is some constant. A theorem by Minkowski (Theorem tells us that the number
of all two-dimensional lattices grows approximately like gD%. Thus, this must also be the
first order term of growth of classes of oblique lattices. Nevertheless, we spend the rest
of the chapter with calculating their asymptotic growth in more detail, since we can use
these results for the calculations in the three-dimensional case.

In the second main part (chapter four) we consider three-dimensional lattices. In the cases
of higher symmetry, that is for automorphism groups of order 48 down to 8, we use a the-
orem of Delange (Theorem to determine the terms of highest order of the asymptotic
growth. The application of this method becomes increasingly difficult for smaller auto-
morphism groups. We switch back to a more direct approach (counting Gram matrices)
and calculate class numbers of complete Bravais classes instead of single geometric types
to avoid these difficulties. For triclinic lattices (that is lattices with trivial automorphism
groups) the Theorem of Minkowski yields %DQ as growth rate. Larger automorphism

groups lead to a smaller growth rate (the biggest being c - D3 in the monoclinic case of
groups of order four). For details see Table 4] which compiles the first order term of the
asymptotic growth of each of the 14 Bravais types.



In the appendix we collect some information about the three-dimensional geometric types
for which the automorphism group has at least eight elements: graphical sketch of the
lattice, shortest vectors, reduced basis, Gram matrix, generators of the automorphism

group.

I would like to thank Rudolf Scharlau for the selection of the topic of and the supervision
of the work on this thesis.

I wish to acknowledge the extensive support of Peter Zeiner at Bielefeld University.

I am grateful to Michael Baake and the Faculty of Mathematics of Bielefeld University for
promoting my work with a research fellowship.
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1 Class Numbers of Lattices with Symmetries
Let K be an algebraic number field and V' be a vector space over K with dimV = n.

Definition 1.1. An integral lattice with bilinear form is a pair (L, b) of a symmetric
bilinear form b : V xV — K and a finitely generated submodule L of (V, +) whose elements
v,w € L fulfil the integrity condition b(v,w) € Ok.

Abbreviatorily, we speak of (integral) lattices, if it is clear from the context which bilinear
form should be used.

Below, we only consider lattices of full rank, equivalently, L generates the vector space V.

Definition 1.2. A lattice basis consists of n vectors vy,...,v, € V that generate the
lattice (L, b), that is, L = Ogvy + ... + Ogv,.

Given such a lattice basis we define the Gram matrix of the lattice with respect to this
basis by

B = (b('l}i,’ljj)) € OKan'

n
ij=1

Remarks 1.3. If Ok is a principal ideal domain, then the class number of K is 1, and
thus every lattice has a basis.

For v, w € V with coordinate vectors x,y € K™ with respect to the lattice basis, we have
b(v,w) = z'By.

Definition 1.4. The square class [det B] of det B in O /(Ox)? is called determinant
det(L, b) of the lattice.

Remark 1.5. If we fix the lattice, different lattice bases yield Gram matrices, whose
determinants belong to the same square class. To be specific, let S be the matrix of the
base change from (vy, ..., v,) to another basis (wy, ..., w,) and let B" be the corresponding
Gram matrix, then

7' By = b(v,w) = (Sz)'B'(Sy) = 2'(S*B'S)y.

Therefore, B = S*B’S, which implies det B = det B’ - (det S)2. Since S describes the base
change between lattice bases, its entries are elements of O. So det S € O which implies
[det B] = [det B'], and hence the determinant of a lattice is well-defined.

Definition 1.6. For i = 1,2 let (L;,b;) be lattices with bilinear forms. A linear trans-
formation F' € GL(V) is called an isometry from (Ly,b1) to (L2, be) if F(Ly) = Lo
and by = by o (F,F), that is, F' is a bijective mapping between the lattices with an
orthogonality property. Here, (F,F) : V. xV — V x V for v,w € V is defined by
(F, F)(v,w) = (F(v), F(w)

The lattices are isometric, in short (Ly,b;) = (Ls, bs), if there is an isometry from L; to
Lo (which is the case, if and only if there is a reverse isometry).

By [L, b] we denote the equivalence class of (L, b) with respect to this relation.

The group O(L,b) := {F € GL(V) | F(L) = L, b = bo (F,F)} is called orthogonal
group or isometry group of the lattice.

Lemma 1.7. Isometric lattices possess the same determinant.
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Proof. Let F be given as in Definition and let (vq,...,v,) be a lattice basis of L. We
claim that (F(vy),...,F(v,)) is a lattice basis of Ly. For x € Ly we have F~!(x) € Ly,
hence there are ; € O, i =1,...,n with F~!(z) = Y7 | o;v;. The transformation F is
linear, therefore x = Y ; &;F(v;). Thus, the vectors F(v;), i =1,...,n generate Lo.
Applying the orthogonality property of F' on the basis vectors of L; yields equality
of the Gram matrices of L; and L, with respect to the given bases. In particular, the
determinants are equal. O

Lemma 1.8. If two lattices (L;,b;), i = 1,2 are isometric, then their orthogonal groups
are conjugate in GL(V'). To be specific:

F:(Ly,b1) —> (Lo, by) is an isometry. = FO(Ly,b))F~" = O(Ly, by).

Proof. Let F' be an isometry from L; to Ls and let g € O(L4,b1). From the definitions it
follows that

F(Ll):LQa blszO(FvF)
and
g(Ll) =L, b 2510(979)-

Since F is bijective, the first part implies by = by o (F~1, F~1). The composition FgF ! is
an element of the isometry group of the second lattice because of

FgF™'(Ly) = Fg(L1) = F(L1) = Ly

and
byo (FgF~! FgF™") =byo (F.F)o(g,g)o(F ™, F") = by.
=b
v:bl
It follows that FO(Ly,b))F~! C O(Ly,by). By symmetry reasons (use F'~! instead of F
as an isometry between the lattices) we even have equality. O]

We want to classify the lattices in V' according to their symmetries.

Definition 1.9. We define two different class numbers for groups. Recall that V is a
vector space over an algebraic number field K with ring of integers Ok.

1. Let G be a subgroup of GL(V') and let d € Ok. We set
Me(d) := {[L,b] | (L,b) is a lattice in V with det(L,b) = [d] and G = O(L,b)}.

The cardinality he(d) := |Mg(d)| of this set of isometry classes of lattices is called
class number of G with respect to d.

2. Let L C V be a finitely generated, free Ox-module and let G be a subgroup of
GL(L) :={F € GL(V) | F(L) = L}. We define

ME(d) := {[L,b] | (L,b) is a lattice in V with det(L,b) = [d] and G = O(L,b)}.

The Bravais class number of G with respect to d is the cardinality h(d) :=
|ME(d)| of this second set. It depends on a given L.
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We finally define the aggregated (Bravais) class numbers of the group G as functions
depending on an upper bound z for the determinant:

Ho(z) ==Y ha(d) and Hi(z) == Y h§(d).

1<d<z 1<d<z

Remark 1.10. For L fixed, we have M%(d) € Mg(d) and hence h(d) < he(d).

Lemma 1.11. Let V be a K-space and let L, L1, Lo C V' be finitely generated free modules
over Ok.

a) If Gy and Gy are conjugate subgroups of GL(V'), then their class numbers coincide

for every d € O, that is, hg,(d) = ha,(d).

b) If there is S € GL(V) with Gy = SG1S™! and Ly = SLy, then hi (d) = hii(d) for

every d € Ok.

c) If Gy and Gy are conjugate subgroups of GL(L), then their Bravais class numbers

coincide for every d € Ok, that is, hg (d) = hg, (d).

d) If G is a subgroup of GL(V') and there is S € GL(V) with G = SGS™ and Ly = SL,

then h (d) = hZ (d).

Proof.  a) We prove the equality of the class numbers by showing that the underlying

c)
d)

sets M; := Mg, (d), i = 1,2 are identical.

Since G and G4 are conjugate, there is S € GL(V) with G, = SG1S™!. Let A € Ml
and (L,b) € A with G; = O(L,b). Apparently, the mapping

S :(L,b) — (SL,bo (S S™)
L/'T/ ~— —
= b/.:

is an isometry. In particular, we have A = [L,b] = [L/,']. Moreover, by Lemma
we have SO(L,b)S™! = O(L', V') and thus

Gy = SG1S™! = SO(L,b)S™ = O(L, V).

The determinants of both lattices L and L' are equal to [d]. (For L', this follows from

Lemma ) Therefore, A is also an element of M;. As in the proof of Lemma
the converse inclusion My C M; follows by symmetry reasons.

The proof of a) can be adapted. We choose A € M(L;i(d) and (L1,b1) € A with
G = O(Ly,by). If we define by := by o (S, 571, then S : (L1, b;) — (Lo, by) is an
isometry.

This is a special case of b).

This is another, even more obvious special case of b).



Example 1.12. Let K := Q,V := Q? L := Z? and d = 8. Moreover, let

(IR ST AR

{220
{220

Then

M¢, (d)

M¢, (d)

and
Mg, (d) = Mg, (d) = Mg, (d) U ME, (d).

1 1

1 -1
the definitions of the involved sets clearly imply that the right-hand side is included in the
left-hand side. We use the geometric classification of two-dimensional lattices (see Table on
page for the inverse inclusion: Only lattices that are rectangular, centered rectangular,
or thombic possess automorphism groups of order 4. We assume B to be reduced.

The first equality holds, since SG1S™! = G, for S = % ) For the second equality,

e If (Z? bp) is rectangular, then B = (g 2) with a < b. For d = 8, this only admits

the two matrices given in M (d).

2b b
b
have 8 = det B = b(2c¢ — b). We are looking for possible values for b € {1,2,4, 8}.
Ifb=1o0rb=38, then c = %, which is not possible. In the remaining cases we get
¢ = 3. But this would require b < % So, there are no centered rectangular lattices
with determinant 8.

e If (Z?,bp) is centered rectangular, then B = with 2b < ¢. Furthermore, we

e If (Z? bp) is rhombic, then B = Z ") with 26 < a. We have 8 — a? — 12 —

(a+b)(a—0b)and a+b>a—b>0. Hence, (a+b,a—b) € {(8,1),(4,2)}. The first

case cannot occur since it would imply a, b ¢ Z. The second case is given in ME, (d).

Therefore, the class numbers are hé (d) = 2,h% (d) =1 and he, (d) = he, (d) = 3.

If we consider two lattices (Lq,b;) and (Lg, by) that are Bravais equivalent (see Definition
and have the same automorphism group G = O(Lq,b) = O(Lg,bs), then we have
hgt (d) = h? (d) thanks to part d) of the above Lemma. This shows that the name Bravais
class number of G for the quantity hZ(d) is justified.

Lemma 1.13. Two lattices are isometric if and only if the corresponding Gram matrices
are congruent by a matriz in GL,(Ok). (In this case, we speak of integral congruence.)

Proof. 1f (Lq,b1) and (Lo, by) are isometric, then the proof of Lemma tells us that they
have the same Gram matrix with respect to suitable bases. By Remark Gram matrices
of the same lattice with respect to different bases belong to the same congruence class in
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(Ok )™ ™. The base change is described by an integral, integrally invertible matrix, which
proves the first part.

For the converse, let (Lq,b) and (Lo, by) be lattices with Gram matrices By and By with
respect to the lattice bases (vy,...,v,) and (wy, ..., w,), respectively. Furthermore, let
S € GL,(Ok) with By = S'B,S. We define Fg(v;) := Y1, s;jw;, j=1,...,n. We claim,
that this is an isometry from L; to Ls:

Since S is regular and has entries belonging to O, the images Fs(v;) of the basis vectors
form a lattice basis of Ls. This implies Fg(L;) = Lo. The orthogonality property of Fg
can be seen in the following way:

n

b1 (vi,v;) = (B1)ij = (S'ByS);j = (Z > suisiba(w, wl))

k=1 l=1

= by (Z SkiWk, Z Sljwl> = b2<FS'<vi)7 FS(UJ>)'

k=1 =1

General Assumption. From now on, let K =Q and V = K" = Q".

Remark 1.14. Since O3* = Z*? = {1}, we have [d] = d for all d € Z and may thus omit
the brackets from expressions as [det B], [d], etc..

Lemma 1.15. Let (L,b) be a lattice with bilinear form. There exists B € ZZ\, such that
(L,b) = (Z™,bg) holds, where bg(x,y) := z'By.

Proof. Let (vy,...,v,) be alattice basis of L. We define a linear transformation F' € GL(V)
by F(v;) :=e;, i =1,...,n. Here, £ = (ey,...,e,) denotes the standard basis of Q™. We
choose B to be the Gram matrix of L with respect to the basis vq,...,v, € V. This way,
F becomes an isometry between the two lattices. O

Proposition 1.16. There is a bijection ¢ between the isometry classes of n-dimensional

lattices with bilinear forms and integral congruency classes of elements of Zg,".

Proof. An isometry class [L,b] with (L,b) = (Z",bg) is assigned to the congruence class
of B. This map is well-defined and injective by Lemma [1.13] Because of the existence of
(Z",bp), it is surjective as well. O

Remark 1.17. We consider a right group action of GL,(Z) on ZJ', which is induced by
the integral congruence of matrices:

2 GLo(Z) — 20

sym sym

(B,S) — B.S := S'BS.

An orbit of this group action can be described with the help of the bijection ¢ from
Proposition as follows: B.GL,(Z) = ¢([Z",bg]). By Proposition the orbits
correspond to the isometry classes of lattices. Furthermore, the isometry groups of lattices
can also be characterised using this group action.

By choosing the canonical basis £ we can identify GL(V') = GL(Q") with GL,(Q).

Lemma 1.18. Let B € Z)" and consider the lattice (Z",bg). Its orthogonal group is
given by the stabilizer pGL, (Z) of the matriz B.
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Proof. We have the following chain of equalities:

O(Z",bg) = {F € GL(V) | F(Z") = Z", by = b o (F, F)}
—{A€CL,(Q) | AZ" = 7", B = A'BA}
—{A€CL,(Z)| B.A= B}
= 5GL.(2).

Lemma 1.19. Fach two elements of an orbit of a group action possess conjugate stabilizers.
More specifically, let x + X x G — X be a right action of a group G on a set X and let
v € X,9€G. Then, ..,G =g '.Gg.

Proof. We have

wgG={h€CG|(xxg)xh=axxg}={he€G|zx(ghg™ ") =2}
={9'hgeGlexh=1}=g "Gy

Proposition 1.20. Let d € Z and let G be a subgroup of GL,(Q). The class number he(d)

equals the number of congruence classes B.GL,(Z) of elements B € Z 1" with determinant

det B = d whose stabilizer BGL,(Z) is also a representative of the conjugacy class of G in
GL,(Q), that is, hg(d) = |Ng(d)|, where

Ng(d) := {B.GL,(Z) | B € Z",det B = d,35 € GL,(Q) : SGS™! = 3GL,(Z)}.

sym

Proof. By Definition [I.9] we have
he(d) = |{[L,b] | (L,b) is a lattice in V with det(L,b) = d and G = O(L,b)}|.

If B.GL,(Z) € Ng(d), then there is S € GL,(Q) with SGS™ = 5GL,(Z). We define
G’ := SGS~'. Now, Lemma [L.18| implies G’ = O(Z",bg), hence [Z",bg| € M:(d). Since
G and G’ are conjugate, we know from the proof of Lemma that Mg(d) = Me(d).
Thus [Z",bg| € Mg(d) and with the help of the bijection ¢ from Proposition we can

conclude hg(d) > |Ng(d)|.

Conversely, let G = O(L, b) for a lattice (L, b) with determinant d, that is, [L,b] € M¢g(d).
By Lemma there is a matrix B € Z 1" with (L,b) = (Z", bg). Lemma ensures the
existence of S € GL,(Q) with O(L,b) = S'O(Z",bp)S. By Lemma this implies

SGS™ = 0O(Z",bg) = pGL,(Z).

Now we can see that B.GL,(Z) € Ng(d) and hence hg(d) < |Ng(d)). O



2 Reduction Theories

Typically, reduction theories are established for quadratic forms and not for lattices. This
is why we first introduce some notions concerning quadratic forms. Later on, thanks to
the correspondence between lattices and quadratic forms, most of the results can easily be
translated.

Definition 2.1. Let n € N. A quadratic form f is a homogeneous polynomial of degree
two in n indeterminates with coefficients in a commutative ring R, that is,

f= Z [ XiXj, fij € R.

1<i<j<n

We assume char R # 2. For n = 2,3,4,... the form f is referred to as being binary,
ternary, quaternary etc..

Definition 2.2. For a given form f we define its Gram matrix Gy := (a;;);; € R™"
through a; := a; == fi; and a;; 1= %fij for i # j.
For the following let R = Q. The form f is called positive definite, if its Gram matrix

is positive definite.

Two forms f and g are called equivalent, if their Gram matrices are integrally congruent.

Remark 2.3. According to Lemma the notion of equivalence of quadratic forms
corresponds to the notion of isometry of lattices with bilinear forms.

Definition 2.4. A quadratic form f with Gram matrix G = (a;;);; is called Minkowski
semi-reduced, if, for all k = 1,...,n, we have

are < f(s) for all s € Z" with ggT(s, Ski1,---,5n) = 1.

A Minkowski semi-reduced form is called Minkowski reduced, if a; ;41 > 0 holds for all
k=1,....,n—1.

It is well known and easy to see that a binary quadratic form is Minkowski reduced if and
only if 0 < 2a12 < a7 < ag holds.

Definition 2.5. From now on, let f be a ternary form with Gram matrix

a1 G12 a3 a a a
) . ) 1 2 3
Gy= |ai2 az ag |; in GauB’ notation this reads f = < ) .

ag23 A13 A12
@13 Qag3 a3

The adjoint F' of f is given by

2 2 2
Q1093 — A12013 Q2013 — Q12023 A3Q12 — Q13023

Let

ap Qi @13
Gr = | a2 a9 a | be the Gram matrix of F.
(13 Qg3 a3
1. A positive definite form f is called Brandt reduced, if it is Minkowski semi-reduced
and fulfils the following conditions:



e If we arrange the set {|ass|, |ai3|, |a12|} and form an ascending triple (my, ms, ms)
of its elements, this triple is lexicographically minimal among all triples of equiv-
alent Minkowski semi-reduced forms.

e If there are equivalent Minkowski semi-reduced forms with the same triple,
then the given one is lexicographically closest to the canonical arrangement
(lazs|, lais, |ai2]).

e The inequalities a1 > 0 and a3 > 0 hold.

2. A positive definite form f is called Eisenstein reduced, if it meets the following
conditions:

(1) (@12, a3, azs > 0) or (aiz, a13, ass < 0),
(2) 20a1z| < ay, 2)as] < ay, 2|agg| < as,
(3) ar < ax <az, —app— a3 — a3 < 5(61 + as),
(4) (a1 = a2) = |ags| < ausl,
(ay = a3) = |aiz| < |aral,

1
(5) <—a12 — Q13 — Q93 = 5(@1 + CLQ)) = ap + 2(113 + a12 S 0,

(7) (a1 = —2a13) = app =0,

3. A positive definite form f is called Seeber reduced, if — and the following
additional conditions hold:

1
(8) <—a12 — Q13 — Q23 = §(CL1 + a2)) = 2l|ags| < as,

(a1 = £2a12) = 2|a12| < |agl,
(9) (Gl = j:2a13) = 2‘6_113‘ < ‘6_13|,
(CLQ = :|:26L23) = 2‘@23| < ‘C_Lg|

4. A positive definite form f is called Schiemann reduced, if it is Minkowski semi-
reduced, fulfils condition @ and the following conditions as well:

(10) 19 Z O, a13 Z 0 and (alg =0V a3z = O) = 923 Z O,

11 (a1 =az) = |ags| < ass,
(11) _ <
(CL2 as) =  a13 < ajo,

8



1
(12) <a12 + a3 — agz = 5((11 + a2)> = a1 — 2a13 — a2 <0,

(13) 2&23 > —ao.

Lemma 2.6. Let f be a positive definite ternary quadratic form. It is Minkowski semi-
reduced if and only if one of the following sets of conditions is fulfilled by f:

(A) 0<a; <ap <azand |aps| < %al, lais| < %al, lags| < %ag as well as

—Q12 — 13 — A3 < §(a1 + as),

1

—a12 + a3 + a3 < 5(01 + as),
1

12 — 13 + Qg3 < 5((11 + ay),
1

(12 + a13 — a3 < 5(611 + as).

(B) 0 <ay <ag <ag and |ajs| < %al, lays| < %al, lags| < %(1/2 as well as
1
12013023 < 0 = |a12| + |a1s| + |ags| < §(CL1 + as).

Proof. Since f is positive definite by assumption, we have 0 < a;. For the fact that the
remaining inequalities of (A) hold if and only if f is Minkowski semi-reduced, see [vdW56],
page 290. For this result a proposition of Minkowski is essential, claiming that for n < 4
in the situation of Definition we can assume s; € {0, £1}.

It remains to show, that the conditions of (A) and (B) are equivalent. First, we assume
(A) to be true and let ajsaizazs < 0. The number of negative elements in {ais, a3, ass} is
either one or three. So |aja| + |a13] + |ags| is just the left-hand side of one of the last four
conditions of (A). Now, let (B) be true. If we have ajsai3a23 < 0 in addition, then

1
tajp £ arg £ ass < |are| + |ais| + |ags| < 5((11 + as).

For aisa13a03 = 0, at least one of the factors of the left-hand side equals zero. Then each
of the four inequalities of (A) that we have to show is a special case of

1 1 1
(14) :l:aij + arl S |aij] + ’&kzl‘ S §ai + §ak S 5((11 + a2).

But this is true for

(,9), (k, 1) € {(1,2),(1,3),(2,3)}, (,5) # (k. 1)

since
1
|CLZ‘j’ S QCLZ' and aq S (05}

hold. Finally, if ajsai3a23 > 0, then one or three of the factors are positive. Hence, at least
one summand of each left-hand side of (A) is negative. Therefore, implies each of the
four inequalities that we have to prove.
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Lemma 2.7. A positive definite form f is Fisenstein reduced if and only if it is Seeber
reduced. In particular, in this case it is Minkowski semi-reduced.

Proof. The first claim is stated by Eisenstein on page 143 of [Eisbl]; see also [Dic23],
chapter IX, page 210. I could not find a detailed proof in the literature, however.

Let f be Eisenstein reduced. We wish to show that f is Minkowski semi-reduced. Since f
is positive definite, we have a; > 0. Condition and the first part of complete the
first line of (B) in Lemma . Suppose aisa13as3 < 0 then implies a2, a3, as3 < 0. It
follows that

laia] + |a1s| + |azs] = —a12 — a13 — a3 < §(a1 + as)

thanks to the second part of (3)). Thus, (B) is true.
We have seen that a ternary positive definite quadratic form is already Minkowski semi-
reduced if it fulfils conditions —.

O

Lemma 2.8. A positive definite form f is Schiemann reduced if and only if it fulfils the
following conditions.
Boundary conditions (decide which forms on the boundary of the cone of Schiemann reduced
forms are included):

( _
@ (a1 = 2a13) = a1z < 2as3,
( _

(a1 =a2) = Jag| < ass,
11
(LY (aa =a3) = a3 < a,
1
(12) <a12 + a13 — g3 = 5(611 + az)) = a1 — 2a13 — a2 <0,
(15) (a12 =0Vaz= 0) = a93 > 0

Essential inequalities:

(16) 0<a <ap <as,
0 < 2ay2 < ay,
(17) 0 < 2a13 < a,

—ay < 2a23 < ag,

1
(18) a1z + 13 — azy < (a1 + az).

Proof. Let f be a positive definite quadratic form that complies with the boundary con-
ditions. We have to show that f fulfils conditions f if and only if f is Minkowski
semi-reduced and aqo,a13 > 0, 2as3 > —as.

If the latter is true, and follow as a part of (A) by Lemma Each inequality
of condition is either contained in (A) as well or already assumed to be true.

10



Now we suppose that — are fulfilled. The inequalities a9, a1z > 0, 2as3 > —as are
given as part of . We still have to prove that f is Minkowski semi-reduced. We want to
accomplish this by showing (B). The first line of (B) follows from and (17). Suppose
a1sa13ao3 < 0, then asz < 0 since a3 and ay3 are non-negative. With the help of we
get

|a1a| + |ars| + [ass] = a1z + a13 — ags < §(a1 + az).
Hence f fulfils (B) and is therefore Minkowski semi-reduced. O

For the sake of brevity of language we extend the notion of reducedness to matrices and
lattice bases.

Definition 2.9. A matrix is called reduced if it arises as a Gram matrix of a reduced
quadratic form. A lattice basis is called reduced if the corresponding Gram matrix is
reduced.

11



3 Asymptotics of Planar Lattices

We begin our asymptotic examination with two-dimensional lattices (L, bg) over Z. Let
the lattice be standard, that is, L = Z2. Furthermore, let its Gram matrix be given by

b .

B= (a ) with a,b,c € Z .
b ¢

We assume that B is Minkowski reduced; see Definition [2.4] It is known and easy to see

that every lattice admits a unique reduced Gram matrix. These matrices can be classified

according to the following table:

Case | Name Index | Conditions

I oblique 0 0<2b<a<c
IT rectangular re 0=2b<a<c
11 centered rectangular | cr 0<2b=a<c
I1r rhombic rh 0<2b<a=c
v square sq 0=2b<a=c
\Y hexagonal hex 0<2b=a=c

Definition 3.1. We will refer to the six different cases of the above table as the geometric
types of two-dimensional lattices. The number of isometry classes of lattices of a given
geometric type with determinant D is denoted by h;(D), where i € {0, re, cr,rh, sq, hex} is
the corresponding index. The sum of all class numbers h;(d) of lattices with determinant
d < D is denoted by H;(D).

Remark 3.2. Four of the six geometric types coincide with a Bravais class, that is, their
class number equals the Bravais class number h%(D) from Definition for L =72 and a
certain group G. The centered rectangular type and the rhombic type belong to the same
Bravais class. More precisely, we have

/o
hi(D) = hO(ZQ,bBi

31 10 10 2 1
BO L (1 4) ’ Bre T <O 2> ) Bsq T <O 1> ) Bhex L (1 2> .

We define G; := O (Z?,bp,) We list the corresponding groups

)(D), i € {0,re,sq, hex}

with

Go = {£id},

. 1 0
Gre = {:I:ld,j: (0 _1)}7
. 1 0 0 —1 0 1

12



and note that no two of them are conjugated since they all have different orders. If we set

2 1 31
B, = (1 3> and By, = (1 3)
. 1 1 ) 01
Gy = {:I:ld7 + (0 _1>} and Gy, = {:l:ld, + (1 O>}

-1
1
to Gye). Hence, according to part c¢) of Lemma [1.11] we have

72 _ 72
h’(’)(ZQ,bBcr)(D) - hO<Z27bB!‘h)(D)'

however, then

are two groups that are conjugated in GL(2,Z) by (1)) (but not integrally conjugated

In the remainder of this chapter we shall investigate the behaviour of H;(D) for D — oc.
Definition 3.3. We fix some notation.

1. For x € R let |z, [z] and {x} denote the floor function, ceiling function and frac-
tional part of x, respectively. That is,

|z] :=max{k € Z | k <z},
[2] :==min{k € Z | k > x},
{z} =2 —|z].

2. Let n € N. We define o,(n) := > q%, the so-called sum-of-divisors function.

qln

3. Let Q(n) := |[{k € N | k* < n}| be the number of squares less than or equal to n.

The general case I of lattices with trivial automorphism group will be dealt with later on,
applying a result of Minkowski.

IT In the case of a rectangular lattice the determinant is D,, = ac. The number of
(natural) divisors of a natural number n is odd if and only if n is a square. In this
case the divisor y/n will not be counted, since it corresponds to a square lattice.
Therefore, the class number arises as hyo(D) = |300(D)], 09(D) being the number
of divisors of D. For the aggregated class numbers it follows that

-] -5 (o s}

k=1

Mu

k=1 —
1 L D
=5 o) = { oo}
k=1 k=1
The asymptotic behaviour of the sum-of-divisors function is well known (see [Apo76],
Theorem 3.3, for example) and the absolute values of the summands of the second
sum are smaller than 1, which gives us

H.(D) = 1 (D logD + (2C' —1)D + (9(\/5)) +0(D) = glogD +O(D),

2

13



II1

where C' is the Euler-Mascheroni constant.

So, for large bounds D, the aggregated class number H..(D) can be approximated
by % log D.

We notice that the estimate of the fractional parts is very rough. We obtain an error
term of smaller order by calculating the sum of the class numbers avoiding the floor
function:

Hre(D) = % (Z UO(k) - Q(D)> .
k=1

For a given n € N let k := Q(n). Then the definition of Q yields k* < n < (k + 1)?,
and taking the square root we get

Qn)=k<vn<k+1=Q(n)+1.

Thus, Q(D) = v/D + O(1), and finally
( (k) ~ (VD + 0(1)))
(DlogD+ (20 -1)D+0 (VD)) - %\/5+ o)

log D + (C—%>D+O<\/ﬁ).

Mb
S

=
E
I

T
I

If the lattice is centered rectangular, its Gram matrix is specified by b and ¢, resulting
in the determinant D, = 2bc — b* = b(2c — b). We define m; := b and my := 2¢ — b,
which makes (my, my) a pair of divisors of D, i.e. D¢, = mymy. This pair fulfils the
condition 3m; < mg, since

2b < <:>b<1 & <1( + )@3 <1
C 20 ma 4m1 mo 4m1 4m2.

Moreover, the congruence m; = my mod 2 holds because of my —m; = 2(c — b).

Conversely, each pair of divisors with these properties determines a centered rectan-
gular lattice with determinant mms via the definitions b := m; and ¢ := %(ml +my)
as well as a := 2b. Thus, the class number h. (D) equals the number of such pairs.
We calculate the sum H. (D) by adaption of the proof of the asymptotical formula

for the sum-of-divisors function. We note the following auxiliary statements.

Lemma 3.4. Let x > 1 be a real number. Then

(a) Z%:logx+c+o(é),

n<x
N l,oz—‘rl N )
(b) ;n :a+1+(9(3: ), if a > 0.
Proof. See [Apo76], Theorem 3.2. O

14



I1r

Remark. In case of x € N the order of magnitude of the error term in both formulas
corresponds to the last summand on the left-hand side, respectively. Hence, the
summation condition n < x can be replaced by n < x, if required.

We calculate Hc, (D) by counting the possible values of my for each admissible m;.
The given restrictions 3m; < my and D > D.. = mi;msy imply an upper bound m; <

%. Having preassigned my, it follows from the determinant condition D. < D
that 1 < my < Lm%J By 3m; < mg this sharpens to 3m; < my < Lm%J Of these
Lm%j — 3m; possibilities for my every second one has the same parity as my, which

gives us H.. (D) = mg:\/? (% QmﬂlJ — 3m1) - O(l))

as an approximation for the desired class number. With the help of Lemma we
can simplify this expression in the following way:

He (D) = ,}\/:g (% (% — 3n + 0(1)) + (9(1))

l\D|c,o|U

_g(log@ww(ﬁ))—%(

C
(log D —log 3) + 2D— —D+(9

2C' —log3—1
ZlogD 1 D+(9<\/5).

wo(V5)) o)

A
\_/

U%IU

Let a and b be the given entries of the Gram matrix. We set m; := a — b and
my := a + b. Because of Dy, = a®> — b* = (a — b)(a + b) = myms,, we have to count
those pairs of divisors (mq,msg) of D with m; < mg and m; = my mod 2, whose
difference 2b is smaller than their average a, to determine h,,(D). Again, such a
pair (mi,ms) uniquely determines a rhombic lattice by a := ¢ := (my + m,) and
b:= %(mg —myq). Considering

1
2b<a & mg—m1<§(m1+m2) & 2mo < 2my +my + mo

we conclude ms < 3my, which in turn yields ms < /3Dm < V3D. As opposed
to the centered rectangular case, the upper bound on the determinant here leads to
a restriction on the greater factor ms. This is why we first choose my allowing for
1 < my < v3D. Now, m; has to satisfy %m2 < my < min{my—1, m%} and the parity
condition m; = ms mod 2. The rhombic case is more complicated than the centered
rectangular case, since we get two competing upper bounds on the last chosen factor,
whereas before, the supposed ordering m; < msy of the factors was already contained
in the stricter inequality 3m; < ms, which resulted from the specific form of the

15



lattice in question. So far, we have found

Hy(D) = Z Z 1.

mg€N mi€EN

1<mg<Vv3D %m2<m1§min{m2—1,—w?2

mi1=mg mod 2

To determine min{my — 1, m%} we consider

D
mg—lgﬁ & (mg—1me <D & mi—my—D<O0.
2

The parabola function f(z) = 2? — 2 — D has the zeros z1/2 = 3 + /1 + D with
r1 < 0 <1 < x4y for positive D. Therefore, since mq € N,

D 1 1
my—1<— & my< -4/~ +D.
mo 2 4

Thus, the first bound on m; applies if my < x5, and the second one if my > x5. That
is,

Mo e M2 = T2

. { D} {mz—l, my < Ty
minqme — 1, — ¢ = D
We split the exterior sum accordingly:

(19) Hy(D)= > 1o+ > > 1.

mog€N mi1€EN mog€N mq1€EN
1 _ 1 D
mo<E+q/1+D gme<misme—l 14 /lipcm,<v3D gme<miSng

mj=mg mod 2 m1=mg mod 2

Since the summands of the interior sums are all equal (to 1), we can get rid of the par-
ity condition and multiply by % instead. The first interior sum can be approximated
in the following way:

1= D 1+001) =

%m2<m1§m271 mo<mi<mo—1

N | —
N | =

=

mi1=mg mod 2

<m2 ~Zma+ 0(1)) Lom="2400).

N | —

Similar steps yield

mZ IZ%QW%J - E%D +0(1)=2%2—%+0(1)

1 D
§m2<m1§m—2

mi1=mg mod 2

16



for the second interior sum. We include these results in and get

Ha(D)= % (% +0(1)) + 3 (2%2 - % + (9(1))

mo€N mo€N

mo<i+q/%4D 14y/L4+D<my<v3D
mo D mo ( >
= i _— D
> B X (gm-E)ro(vo

mg€N mo €N

mo<§+4/1+D 3+4/1+D<ma<v3D

mo D mo
- i e O(\/D).
> X (pe-E)

mog€N mo€N

mo<vD VD<mgo<v3D

Now, we rearrange the sums such that both of them start at 1. Then we can apply
Lemma [3.4] and end up with

Hu(D)= ¥ (%—2%2)+ 3 (%—%)H? VD)

mo€N mg €N
mo <V D mo<V3D

(
:%(ngO(\/E)) —§<1og\/5+0+0<%>>
o(

+§<log\/3_D+C+O(\/%>)—é<% \/3_D>)+(9(\/5)

D D
iy <logv3D — log\/ﬁ) +0 (@) = Z10g3+(9 (\/5)
for the aggregated class number.

IV Thanks to Dy, = a?, we obviously have he(D) € {0,1}. Furthermore, hy, = 1 if
and only if D is a square. The aggregated class number H (D) simply equals the
number of squares Q(D) less than or equal to D. Therefore, asymptotically, it grows
like v/D, since

Hy(D) = Q(D) = VD 4+ O(1).

V Again, we look at the conditions on the Gram matrix’s entries. In the hexagonal case
those lead to Dyex = 3b%. Analogously to the last case, we conclude hyex (D) € {0, 1},
and hpex (D) = 1 if and only if % is a square. In adding up, we thus count squares

less than or equal to 2. This gives rise to Hpex(3D) = Hyq(D). The resulting order

of magnitude \/é is similar to the square lattice case:

Hyex(D) = @ (g) = \/g+ O(1).

I The class number in the generic case Hy(D) can now be determined as the difference
of the overall class number H(D) and the sum of all special class numbers (cases
II-V). For the overall class number we have the following result of Minkowski.

Theorem 3.5. The aggregated class number H(D) of all isometry classes of lattices
with determinant less than or equal to D s given by

H(D) = v,D? + O(Dlog D)

17



in the two-dimensional case, whereas for n > 2
H(D) = v,D% + O (D"T“—%) .

The constant v, can be viewed as the volume of the domain of rational, Minkowski
reduced quadratic forms with determinant less than or equal to 1. It can be explicitly

computed by
2 Tk
Up = 2am_2 I (_> C(k>’
(n+1I(3)"3 g 2

where I' and ( denote the gamma and Riemann zeta function, respectively.

Proof. See [Min05], §16. O

Corollary. The aggregated class number of lattices in the generic case is given by
™3
Proof. From I'(3) = /m, I'(1) = 1 and ((2) = %2 it follows that v, = §. So, the

right-hand side of the asserted equation describes the overall class number H(D).
Furthermore, we have

3 6C — 3
> H;(D) = 7 Dlog D + — D+ O(VD).

i€{re,cr,rh,sq,hex}

Hence, the order of magnitude D log D of the expressions which we have to subtract,
does not exceed those of the error term in Minkowski’s statement. O]

The results obtained so far are contained in Table [1] at the end of the chapter.

Although we have already determined the main terms of the growth rate of the class
numbers for D — oo in each of the cases given by the classification at the beginning of the
chapter, we will study once again the asymptotic behaviour of the generic class number.
Using a direct approach, we shall decrease the order of magnitude of the error term. Some
of the calculations will be useful for the investigation of three-dimensional lattices in a
later chapter. There, we will benefit from having established two-dimensional results as
accurately as possible.

For the formulation of our results in the following proposition we use a slightly modified
fractional part of a real number. For z € R let

_[ e} w¢Z
w={ 515

such that for all z € R the equation [z] — 1 =z — (x) holds.

We state two formulas for Hy(D). The first one allows a smaller bound on the error
term but contains a double sum of possibly greater (i.e. linear) order of magnitude, which
we are so far unable to convert to an explicit expression.

18



Proposition 3.6. For the aggregated class number of two-dimensional lattices with trivial
automorphism group the following equations hold:

3 1 3C log2 log3
Dg—ngogD+(————Og + 2% )D

(@) Ho(D) = 8 4 2 4

Q
Q
m
z

a<67§%+%
%<c
T 3 3

To deduce the second claim from the first one, it suffices to show that the remaining double
sum grows at most linearly with D. More precisely, we will see that

Remark 3.7.
0< Y <\/ac— D> <D (log2 - 1053) 4O (@) .
a<:£€%N+%
D

a c

This estimate is based on the inequalities 0 < (z) < 1, which hold for every z € R. Numer-
ical calculations done by Peter Zeiner with the help of Wolfram Research’s Mathematica

suggest that on average the summand <\/ ac — D> can be approximated by % The differ-
log2  log3
2 4

ence between the double sum and D ( ) seems to have smaller order of magnitude

than D1. If true, this would give us
Conjecture 3.8.
1 3C

_ngogD+D(§—T> +0 (D).

3
2

D

These observations may convince the reader that the first formula is of some value despite
its rather technical shape.

For the proof of Proposition [3.6/and other calculations as well we need the following general
result.

Lemma 3.9 (Euler-Mclaurin formula). Let z,y € R with 0 < x < y and let f be a
continuously differentiable function with domain [x,y|, then

> s = [ s+ [Ta=uhsoa 1)) - - fale) - o)
Proof. See Theorem 3.1 in [Apo76]. O

Proof of Proposition[3.6. 'We count the admissible Gram matrices by summation over their
entries:

(20) Hy(D)= > 1.

2b<a<c
ac—b2§D
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In a first step, we determine the number of possible values for b. This enables us to carry
out the summation over b which yields

Ho(D) = Z:N Q“;J —maX{O, {Rem} —1}).

a<c
a2
as—T<D

Since the remaining summand vanishes for ¢ = % + ¢ in virtue of VT_IJ — ((%W — 1) =0,
we can weaken the second inequality under the summation symbol. This is helpful for the
subsequent application of the Euler-Maclaurin formula. We get

HyD)= Y Q“_lJ —maX{O, {Rem}q})

2
a,ceN
a<c
acfa‘TSD
a—1
= Z ({ J—maX{O,{Re\/ac—DW—l}).
a,ceN 2
a<8§%+%
Now, we sum separately and omit taking the floor function of “T’l The arising error is

corrected by the second sum. The maximum can only be greater than zero if D < ac. So,

we have
mo)= Y i Y - Y ([Vae—p| ).

a,ceN a,ceN a,ceN
a<c§%+% a<c§%+% a<c§%+%
a=90 D
2 o <c

Regarding the first expression, we can evaluate the sum over ¢, since the summands do
not depend on it. We have to take the floor function of the upper bound on ¢, because
the bound is not necessarily an integer. Afterwards, we replace that term by the difference
between the exact upper bound and its fractional part:

> s zen((Tg )

a,ceN a€N
D, a 2
a<CSE+Z as<

1 a D a
21 =- D-2a?+ - =) - Siz+Tp+o(vD).
(21) 2 ( 3¢ g a) 2{a+4}+ vD
The second sum is treated in the same way, however, we have to keep in mind the additional
condition a =5 0 :

N (s R R E )

aeN

a<c§%+% a2<4p a2<%

22) -5 > (n-%)+o(vD).



If we start summing up with regard to ¢ first in the last double sum, we get two lower
bounds on ¢ depending on a, namely a and %. We add two mutually exclusive conditions
on a, each guaranteeing that one of these bounds is greater than the other and partition
the exterior sum accordingly:

> (v

N
+

s

c
a<

0
slo A
/\ slgm

wle

=Y > ([Vae=D|-1)+ ¥ > ([Vae=D|-1).

a€eN ceN a€eN ceN
a2<D Dee<Dya D<a2<% a<e<D g

Then, we use the modified fractional part <\/ac— D> to evaluate the ceiling function,
which gives us

= Y Ve D+ Y vaeD- 3 (VaD)

aeN ceN a€eN CEN a,ceN
a?2<D Dec<Dyg D<a2<4P a<e<Dy g a<e<D e
D
o <c¢

We apply the Euler-Maclaurin formula (Lemma [3.9) on the first two interior sums, which
contain the explicit expression vac — D :

5 (Ve o]

a,ceN
a<e§%+%

D
o <c¢

(23) Lg( a+\/th+/ +4Z%dt+%<%‘{§+%}>)

a=1

) o+ Y (/ mdw/fﬂ%m%(%—{%g})

aEN

(25) +m<~{a}—%)>— Z (Vac=D).

The two main integrals of the Euler-Maclaurin formula are evaluated separately. We begin
with the second one:

D a 3 %+% 3
ati (at — D)2 a®>  2(a®*—D)?
vat—Ddt = | ———— _
¢ [ 3a

a

ati 2(at — D)2 a
Vab—Ddt = | =520 =8
a

a

2l

Each third term from lines and can be allocated with line (| ., such that 1n

particular all fractional parts of D % cancel out. Similarly, we include the term ‘1‘—2,
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arising at the computation of the main integrals, in line . The second sum carries over
unchanged from line (22). The first term in line simplifies since {a} = 0 for a € N.
Altogether, we get

|VD| [2\/%—1 b4

39 [Ertaln -y )
2 5 /D mdt_a:wﬁjﬂ . e
(29) + Z <\/ac—D>.

The sums over the remaining (error) integrals in line do not grow faster than D%, the
sum in line probably grows linearly with D (see Remark . For now, we ignore the
latter. The other expressions will be dealt with separately.

For the first term in line we use the well known asymptotic formulas for the sum of the
first n natural numbers, their squares, and their reciprocals (cf. Lemma [3.4)). To improve

the readability we define m := 2\/§ and M := [m] — 1. We have

2 Y T1 .
D 11 MM+1)2M+1) 1 MM+1) D 1
— 2. M- 2.2V T P ee M Bl
2 20 6 *3 2 5 \loe M+C+ 0 7
D 11 1 1 D DC
=5 M= M- MR M- log M — (\/ )
2 72 6 72 o8 5 0

We determine appropriate expressions for the occurring powers of M:

M =m—(m)=m+0(1)=0(VD),
M?=m +(9(\/_>=;l +(9<\/_>

M3 =m? — 3m2{ ( ):— Dz—4D<2\/g>+O(\/B).
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This gives us

(2\/%—1

| 11 , a D

2 2 (D‘ﬁ'“rz)
zg(m—<m>)—%(m3—3m2<m>)—%m2—§log(m—<m>)—%c o (VD)

- (<m>_11—m>+4—1+10g\/ﬁ+10g1+10g (1—%) +(j)§+o<\/ﬁ>

9 9 V3
(30)
_ %Di —glogzu (% <2 €> —g— 1052 +1°§3 —%) D+O<\/5),
because of
o) () - S o(t)-o()

The calculation for the second expression in line is done analogously. We define
n = \/gand N :=[n] —1 and get

Dl
1[\/_1 3¢. D\ 3 N(N+1) D . 1
2 & 2 2a) 2 2 4\ % N
3 ., 3 D DC
=L NS N - Tl N - =2+ 0 (VD).

With the help of

VT (5-0)- - B -5 a0
:§—§<log\/ﬁ+log%+log(l—<z—>)) —DTC+O<\/B>
31 ~-Jgn+ (542 - ) pro(vD).

The following term from line is calculated by using the Euler-Maclaurin formula. To
do that, the upper bound on the index of summation should involve a weak inequality
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rather than a strict one, necessitating a correction term.

R

(NI

2 (a*> — D) 2 (a®> — D)
D e S DRt
a=|VD]+1 VD<a<2\/2
o [ 2VE (12— D)? 2NE (a4 (- D):? |
() =3 (/@ fdw/@ (& (f ({t} - 5) dt

D
LD [, PV [ 2 2/pen
6 \2 3 0, otherwise

We will show later on that the asymptotic growth of the second integral does not exceed
that of v/D. The corresponding parts of the last two terms cancel out with the modified

fractional part of 2\/§ in line of the calculation of the first sum. It remains to

determine the main integral:
D
2E 12D 24D 5 \1*V*F
/ P D g i V=D - D? aretan | Y2
vD t 0 t*—D D+e

— D
= —8D2 — arctan < ) % + hm arctan — D%
9\/_ €
D
This implies

(o 5+5) 7 = (5 om) P
BE

2_ D) 1 1 1/. /D
> @=Dp _(r_ 16 Dit | ——={2/Z D+(’)<\/5> .
a 9 273 18 9 3
a= \_\/EJ +1
The Euler-Maclaurin formula can also be applied to the second expression from line :

R

1 1
LY veDb=L Y V&b

(33)

Wl N

a=|VD]+1 VD<a<2\/2
E N
(34) =3 ( g Vit2 — Ddt + /\/5 \/ﬁ{t} dt

o, /Pl ﬁ . 2/2en
3 3 0, otherwise
All terms except the main integral grow at most as fast as v/D for D — oco. We will

prove this claim for the second integral further down the line, for the correction term it is
obviously true. With

/\:/?Mdt: [sz  Dlog(t+VP-D D)r\/?

2 VD
D D D 1 log3
— (2 - Z10g3D)+ Zlog(D) ) = (= - D
(5 - Fos(0)+ Z1ou(0)) = (5 - 222)
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it follows that

VB
(3) 5 Y veo-(;- %) pro(v).
a=|vD|+1

By adding up the results from (30), (31), and (35]), we obtain
Ho(D) = 5DE - SDlog D+ (5= % - 2+ 222D+ 3 (Vae= D) + 0 (D),

8 4 2 4

a,ceN
a<c§%+%
D

@ <c

the first assertion of the proposition.

We still have to show the estimates which we claimed to be true without proof so far. We
start with the error integral from line . Its domain of integration will be partitioned
into three intervals:

R RN I

This can be done since for D > 42 (even for D > 772\/5) we obtain {\/ﬁ—‘ < P %J

Having established these additional boundaries, we estimate each part integral separately.

For the first section

L7 (952) (-4 o

1 (VP1a (@2 - D)t

(@ey-r) @)

t

;]w ([vo] -»)

1| #-D)
L

- i)
- 2v'D 2v'D <D
holds. A similar calculation for the rightmost integral yields D as the maximal order of
magnitude at first glance. So, we apply a different approach, using that the length of the
integral is at most one, to get a stricter bound:

oo (5 (577 (10 5)

1 VE 2_ D)2 | 2_ D)3
Sé/ 3 ;(u dt§§ max 3,/t2_D_u
2v/Z] |dt t 2v/Z |2y 2 t
-1
3 1 3
<= max Vit — D+ — max (t2 — D) 2 min t2
2 |2v/B| <2y 2

[2\/% <t<2,/D2 {2\/% <t<2,/T

B v,
gg\/g+2<2(§)1>2§ §D+2<(\/%)22\/g0(\/5).
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The middle section is bounded by integers. For each interval of the form [n,n+1],n € Z,
the function {t} —{1 is an antiderivative for {t}—5 Evaluated at integer numbers, it yields
zero, and its absolute value is less than or equal to <. We exploit this in applying partial
integration.

3
2

'/W (dt( e )) ((-3) a
i K% <<t2 t )g)>{t}22 {t}H; /(bmﬂ (f? <<t2 t )3>>{t}2 0,

t? (2t> — D) + 2D?

1 rlVE @ (2= D)t

Sé/m 5( / )‘ /m e |
;é(@) : ?leg e
8_dt t |_\/5-| 8 t2 I_ﬁ_l

IN
00|

IN

oo |
w
a
|
o)
+
>
Il
|
w
>l
_l_
VN
<
S| f
N———
Il
6
VN
S
N——

Therefore, none of the three integrals has order of magnitude greater than v/D. Thanks
to the triangle inequality, this also holds for their sum.
Next, we treat the error integral from line ([34)):

2,/D 2,/T
< [ =[] <[P =0 (vD).

Last, we have to deal with the sums of line . We begin with the integrals of the first
sum, and suppose [%W +1< L% + %J to be true as an additional condition. Thereby, we
can divide the domain of integration in three sections again:

2.2 2o B 2325 23

For the leftmost part we get
Dys 2a \/5 2a a
/{; 4\/ at — / [T] 0 Va2

[21+ a ({t
[y,
D
by using the substitution x = at — D. As above, the middle section is calculated using the

| ! Sl

(36)

D 2vat — D
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integrity of its boundaries and a primitive function for {¢} — . This yields

/L “ila({ -3
[2]n 2Vat-D

[Waff {t}22 {t}}mi /[E Z(

'_

()
Vat — D

1 rLe+g] a’ 1 a Lol
§5/P1+1 RH R = HE

a
<4\/ l+a-D _4\/aL§+§J—D 4 4\/aL%+%J—D.

The third integral can be bounded in the following way:

o i =3y =]

1 (D a
38 <S4= 4 —} max :
( ) 2 { a 4 L%+%J <t<Dya 2vat — 4\/a LQ + %J - D

We see that <\/L§ + i) V/a is an upper bound on the absolute value of the overall integral
by adding up the results from lines (36)—(38).

It remains to look at the two cases, in which the additional condition [%w +1< L% + %J
is not true. Supposing L%—i—ﬂ € {(%1 , (%1 —1} yields %—i—% < (%W +1< % +2. Asin

we conclude
e+ a({t}——) d&t a
. .
All in all, we have shown that

2\/r
/Dm%dt‘ﬁ(%ﬁ)ﬁ<ﬁ,

and we get the following bound for the sum:

N

2+ ({t) — L VD] \/5% 3
Z/D Q(J{Ziﬁ—) <Z\/_ { J (WEDZO(DQ.

3
a=1 2
Now, we look at the second sum from line . Our modus operandi will be quite similar.
We first suppose a+ 1 < L% + %J and employ these two numbers as division points for the
domain of integration from a to % + 4. Recall that a > VD.

We apply the substitution from to the first section:

<[ e n D)

2 a?2—D

_ a o :LE
2(Va®+a—D++a®>—D) ~ 2y/a 2

/ ot —5) dt
a 2vat — D
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As in we cover the middle section:

/L5+3J a({t}—3) at| < a a
atl 2vat — D 4va?>+a—D 4\/a |24+ -D

L Ve a
4 4\/ all 42
The third integral has already been bounded by the above subtrahend (see line (38))).

Hence we find % a as an upper bound for the whole integral.

We finally look at a = L% + %J and use the substitution x = at — D again.

2

{t}—3 ae « ). 5@ -D)
/a 2\/(;5—D)dt |:7:|a2—D:%(§_ G_D>_a+2m
§§—Za:(§+%)—a<1§\/5
We see now, that the sum fulfils
B
< a ({t} 5
Z / 2(\/;7_)dt<aL%Jf0<D4>.

This completes the proof of the first statement of Proposition |3.6]

To prove part (b) we show that the remaining double sum has at most linear growth. We
observe, that the fractional part <\/ ac — D> is trivially bounded by one, which will do the
job:

VD 2%
Z<ac—> Zl—z 214—2 Zl
D* i Dplh ., e|vD)n, S,
VD] 23]
= (Z+(9(1))+ 3 (%—Za—l—@(l))
a=1 a=|vD|+1
28] VD]
LTS (23 8 () o)

— Dlog (@) - DC+ 0O (@)

1 logD —log3 1 3 logD
D(=+loga+-—2—2 082 -~ 2 (\/D)
<8—|— 0g2+ 5 2+8 5 )—l—(’)

-D <log2— 1°§3> +0(VD) =0(D) .
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We summarize our results in the following table.

Table 1: Aggregated Class Numbers of Planar Lattices

Case | Name Aggregated Bravais Class Number

I oblique HO(D) =1D> —3Dlog D+ O (D)

II rectangular Hyo(D) =ZlogD+ (C—1%)D+0O(VD)
I11 centered rectangular | H, (D) = 2log D + %D + (9(\/5)
I rhombic Hy(D) = IOEBD +0(VD)

v square Hy (D) =D+ 0O(1)

\Y% hexagonal Hyex(D) = \/g + O(1)

Remarks 3.10. 1. We observe that

%Hre(D) = H.(D) + Hy(D) + O(VD).

We recall from Remark that H..(D) + Hy,(D) is an aggregated Bravais class
number, whereas the individual summands are not.

2. We employed a C-program to count all lattices with determinant up to a given bound
in order to check the plausibility of the results of Table I, We denote the output for
all lattices with determinant less than or equal to 10 million:

Table 2: Numerical Results for Planar Lattices

Case | Name Exact Cl. Nr. Predicted Cl. Nr. | Relative Error

all lattices 11.096.955.716 | 11.038.431.406,440111 -0,005302
I oblique 10.974.911.701 | 10.974.909.430,262256 -0,000000
II rectangular 81.361.101 81.362.634,903807 0,000019
11 cent. rect. 37.933.877 37.934.786,730233 0,000024
Inr rhombic 2.744.050 2.746.530,721670 0,000903
v square 3.162 3.162,277660 0,000088
\Y hexagonal 1.825 1.825,741858 0,000406

The exact class number is determined by counting the possible entries of a Gram
matrix corresponding to the lattice.

For the cases II - V, the predicted class number is the evaluation of the explicit terms
from Table [I] for D = 10.000.000. As the predicted class number for oblique lattices
we take

3 1 3C
D2 — (Dlog D +D (— - —>

7T
9 8 4
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from Conjecture . The number of all lattices is compared to %D%, the result of
Minkowski (see Theorem [3.5]).

The relative error is given by

predicted class number — exact class number

predicted class number

We observe the exceptionally small relative error for lattices with trivial automor-
phism group. This further supports Peter Zeiner’s Conjecture |3.8|
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4 Asymptotics of some Three-Dimensional Lattices

In this chapter we want to determine aggregated class numbers of three-dimensional lat-
tices. The Schiemann reduced lattices form a set of representatives for the isometry classes
of all three-dimensional lattices (see [Sch94]). In Appendix [A] we enumerate all groups
G C GL3(Z) that occur as isometry groups of Schiemann reduced lattices (Z3,bg). For
each group we shall investigate the asymptotic behaviour of the aggregated class number

(39) Hg(z) == Y he(d)

1<d<z

for x — oo, where
(40) ha(d) = hé; (d) ;

see Definition . Furthermore, the list of these (rational conjugacy classes of) groups
G is subdivided into the list of Bravais classes of lattices (Z3,bg), where O(Z3 bg) =
G = pGL3(Z). These Bravais classes are in one-to-one correspondence with the GL3(Z)-
conjugacy classes of the occurring groups G. Technically, most of the Bravais classes are
subdivided further by a geometrically motivated case distinction. Table |5| gives a Gram
matrix B in each of these cases. For each index i of Table [l we write

Definition 4.1. Let G be a subgroup of GL3(Z). We define the corresponding Dirichlet
series by

Fa(s):=> ha(d)d ™, s €C.
d=1

In the first part of this chapter we will use this series for a given isometry group GG. Under
some additional requirements it will help us to find a real function fg with fg(x) ~ Hg(x)

for © — oo. (Here, the symbol ~ denotes the asymptotic equivalence of functions, that is

lim, o $22 = 1.)

The results obtained by this method will be summarized in Table [3]

We use a special form of Delange’s Theorem from [BSZ14, Appendix A].

Proposition 4.2. Let F(s) = > 52, h(d)d™® be a Dirichlet series with non-negative co-
efficients h(d). Suppose that there is o > 0 such that F(s) converges in the half-plane
H, := {s € C | Re(s) > a}. Assume in addition that F(s) is holomorphic on the punc-
tured line {s € C| Re(s) = a} \ {a}.

Let n € Ny and let g(s) be holomorphic at s = a with g(«) # 0. Suppose that F(s) has a
singularity of the form F(s) = g(s)/(s — )" in a when approaching from H,.

Then, for x — oo we have the asymptotic equivalence

> hid) ~ 5(.62!

d<zx

z® (logx)" .

Proof. A more general version of this result can be found as Theorem 7.28 in [Tenl5l
Chapter I1.7]. It is proven in [Del54]. O
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Our first aim is to determine the Dirichlet series Fg(s). We start with the following
auxiliary result which is a special case of the Euler-Maclaurin formula (see Lemma [3.9).

Corollary 4.3. Let x,y € N with x < y, let a, 5 € R with a # 0 and at + 5 > 0 for all
t € [x,y], and for s € C let o0 := Res. Define f : [x,y] — C by f(t) := (at + 5)~°. Then

Z f(n) _ (am—i_ﬁ)l_s — (ay+5)1_s . a,ﬁ(s)

n=xr+1 Oé(S - 1) Pay
_ (x4 B) —(ay+ )" 1 1 .
N a(s - 1) * 2(ay + ﬁ)s N 2(04113 + ﬁ)s ™ Xay (8> )

where we can estimate the error terms as follows:

o8 Isl | 1
LS IQI e N F vyl v

ond (o) < B2 ( R )
SO = oy \(Gerarm s a)

Proof. Since the function f is continuously differentiable on [z,y|, we can apply Lemma
and get

> - [ " Ftydt + / (- 1))t

—z+1 ) M Y Yt —[t])(=s)a
_[ a(l —s) ]x+/x lat + 5 .
_(az+B)" —(ay+B)' so [ 2= L)
) /x : dt

a(s—1) at + )5+

with

|oay (s)] = sal -

y
[ it <t
- ozt+6 5+1 at—i—ﬁ "+1

e e @yim)
1 1

ez + By (ay+B)

This proves the first assertion. For the second one we calculate @3;5 (s) more precisely using
that {t} =t — [t] equals 5 on average. We have

Bl Yoe—1t) o, sa [Y 1 vy -l
o= [t =5 [ Gttt aepa

As on page , in the proof of Proposition (class number of two-dimensional lattices

with trivial automorphism groups), we have {t} —{} a5 an antiderivative for {t} -3 on each
interval of the form [n,n + 1],n € Z. We use the integrality of the integration bounds and
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apply partial integration to the second integral:

25 (s) = ? [(at+6)3]z N { sa At - {t}r

—sa (at + B)st1 2 N
Y—s(s+1)a? {t}*—{t}
- / gz 2

B 1 B 1 s(s+1)a? {t}? — {t}
20z +p) 2ay+ ) +¥ 2 /m (at+ﬁ)s”dt'

g

Xy (s):=

It remains to show the estimate on x2:7(s). We get
s+ 1 (Yt} - {t s+ 1]-a® Y 1
g < S0t P | ! g N
Y 2 . (Ozt—l—ﬂ)SJrQ 8 . (&t+ﬁ)a+2

sl s+ 1] 0? [(at 4 8)” (o+1)
B 8 { —a(o +1) ]

sl s+ 1 < 1 B 1 )
 8(c+1) (ax + B)t1 (ay+p)7t )
]

Now, we will use this result to approximate the Dirichlet series for some isometry groups
of three-dimensional lattices.

Proposition 4.4. For every index i Table [5 specifies a function F; with Fy(s) = Fg,(s),
where the summands R;(s) and S;(s) are holomorphic for Res > 3.

Proof. For every index i Table [5|in Appendix [A| contains a matrix B; with G; = g, GL,(Z),
that is, (Z3,bp,) is a lattice with automorphism group G;. Since all matrices of Table
are supposed to be Schiemann reduced, different matrices correspond to non-isometric
lattices. Thus, we can determine h;(d) by counting all reduced matrices of the given form
with determinant d.

In the following calculations we will replace certain Dirichlet series by the Riemann zeta
function ((s). In each case we suppose o = Re s to be big enough for the equation to hold.
In particular, all modifications must be admissible at the rightmost pole « of the resulting
expression which is given in the third column of Table [3} We need this for the application
of Proposition later on (see Proposition [4.5)).

G4sp The reduced Gram matrix of a primitive cubic lattice is given by multiplying the
identity matrix by a € N:

Its determinant is a®. We have

2. haye,(d =1
heus,(d) =Y 1and thus, Fg, (s) = Gd—() => — =((3s)

aeN d=1 a=1
a3=d

for the corresponding Dirichlet series. Since the Riemann zeta function ((s) is given
by its Dirichlet series for Re s > 1, the last equality holds for all complex numbers s
with o > % The pole with the biggest real part of the resulting expression is a = %
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Table 3: Dirichlet Series and Asymptotic Class Numbers

Index | Fj(s) (Res=0 €RY) | a fi(x)
48, p ¢(3s) % »
48,1 | 15((3s) L 273 a5
48, f | £¢(3s) ! 2-% . z3
24,p,1 | G5 ¢(8s — 1) + ¢ (3s) — Raapa(s) 1 ©2)a
24,92 | g2e5((3s — 1) + $51((35) — Raipals) 2 </§ 2k
16,p,1 | ((5)C(25) — 555C(3s — 1) — ((3s) + Rigp(s) 1 ¢(2)x
16,p,2 | 5:15¢(35 — 1) — Rigp(s) 2 3. 43
16,1,1 mg(i’)s —1) — Ryg,1(s) 1 Q2w
16,4,2 | (35 — 17) 557635 — 1) — 155C(3s) — Rigia(s) 2] 2(VA-V2)ah
16,1,3 (123 363) 25— 1“38 —1)- 365C(38) Rigi3(5) % % (\:75— \ %) x5
16,14 | gy C(3s — 1) + 55:((35) — Ruga(s) 2 39/t at
12,71 ﬁ((?)s —1) = Ryg1(s) 1 5C(2)x
12,r,2 | (3 = 525) 25C(3s — 1) — £¢(35) — Rizya(s) 2 L(V1-1)a5
12,73 | (2= 242) 525C(3s — 1) — 1-¢(35) — Ria(s) 2| 1 (1 _ %) 3
12,7,4 | 57555 ;¢(35 — 1) = Rugra(s) 2 R
8,p §C(5)? = 3C(s)C(25) — 5¢(3s) 1 15 - (logx)?
8,f,1 2??;%?2:?;2 + 2-36355(‘5318)?213—1) + = f 1(5 + Ss.f, 1(s) 1 4_18 m(logm)Q
8,12 | ateri — Caa ety + A 4 Sspa(s) | 1 S5 - wlogw

For each index i the function Fj(s) equals the Dirichlet series of the group G; (see
Proposition . Its abscissa of convergence is given by «, and f;(x) denotes the
corresponding asymptotic class number (see Proposition[4.5). All the expressions R;(s)
and S;(s) are holomorphic for Res > 3.

34



G4s,; The Gram matrix for the body-centered cubic lattice is given by

3d d d
Bis;=|d 3d —d
d —d 3d

Since the Gram matrix is supposed to be reduced, we have d € N. The determinant
of this Gram matrix is given by 16d® and the corresponding Dirichlet series is

N hag(d) =1 ((3s)
F . e —48’1 e e .
s, (5) ; d ; (164%)* — 16°

Again, this holds for o > % = Q.

Gas,r From Table [5| we have the Gram matrix

20d d d
Biss=|d 2d d
d d 2d

for the face-centered cubic case. As before, we have d € N. The determinant equals
4d? and we get

—h 48f(d) - 1 3s
P, (9) = 2 == =2 (Ad) C(48 L

d=1 =1

G241 The Gram matrix

2d d 0
Boypi=|d 2d 0
0 0 ¢

for the first hexagonal case, where the shortest vectors are orthogonal to the sixfold
axis, has two independent parameters ¢ and d. The reduction conditions give 2d < c.
The determinant is 3cd?. We get

> hgy . (d) 1 1 1 1
Foans) =0 =Y G = 5 Y m

d=1 c,deN
2d<c

We apply Corollary [£.3|for (z,y,a, 3) = (2d,k,1,0) and suppose o > 1. Then

=1 1 (2d)F — k'
2 5= lim ((Qd)s s G

c=2d

1 2 Y
_ 1 )
Td BT Pa(s)

and, using this, altogether we have

1 1 2 o 1 I 1 .. 10
Fsuya(8) = 5 D =5 + 65— 1) DT T 3 2 g A i)
d=1 d=1 N d=1 ,
R24,p71(s)::v
((3s) 2
= 3s—1)—R :
65 + 65(8 _ 1) g( 8 ) 24»2771(8)
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Beginning with this case, we will not be able to express the Dirichlet series Fi, by
Riemann zeta functions in an exact equation but we will have to deal with certain
remainder terms in most cases (the primitive orthorhombic case being the only ex-
ception). The approximation by zeta functions will nevertheless be useful if the error
terms are given by functions that are analytic in a right half-plane of the complex
numbers that contains the rightmost singularity of the explicit expressions.

The remainder term in this case can be estimated in the following way:

1 & 1 X1 . |S| 1 1
Bl N <— ) — lim — | —— — —
| Roapa(s 3 dz 20 m | oaun(s)] < 30 21 d2o ,}L‘Eo o ‘(2d)" ko
5| 1 s
= — —_— M 3 .
o dZ: 20 2d 6 JC< o)

We can see now that the rest Raqp,1(s) is holomorphic for o > 3. Since the rightmost
pole of the explicit expressions lies at s = 1, we will be able to apply Delange’s
Theorem (Proposition to this situation.

G24,p2 The second hexagonal case (shortest vector spans the sixfold axis) deals with Gram
matrices of the form

a 0 O
Bopo= 10 2f f [,
0 f 2f

where a < 2f. If we had a = 2f, reducedness would imply |f| < e =0, thus f = 0.
But this is not possible. So, both inequalities have to be strict. The determinant of
Baypo is given by 3af? yielding

FG24,p,2(S) = Z (3af2 38 Z as Z f25 33 (1,5 k—)oo Z f?s ’

a,fEN feN
a<2f a<2f 2<f<k

We want to apply the Euler-Maclaurin formula to the function ¢ — ¢t72%. For a odd we
have § ¢ N, so we do not meet the premises of Corollary and have to use Lemma
mstead The expressions of the right-hand side of the Euler-Maclaurin formula
are: main integral, error integral and two error terms for non-integral summation
bounds. Thanks to the special form of the considered function we can proceed as in
the proof of Corollary for the calculation of the two integrals. Because of k € Z
the second error term for the bounds vanishes. We get

1-2s
( ) — kT 1,0 g~ LEJ
D = —@a(28) + 250
fen f2 2s — 1 2 (5)
L<f<k
22371 2s—1 10 1
= T d2)- — Yad (2 —_—
a1 T @med ) T e (29 + g
For o > % and k — oo the last expression of the last line vanishes and we end up
with
2%s-1 1 «— 1 = 1 =1 . 49
Foupel) = =5 | 555 ; a1 Z a¥ | 3 ; @ i Pl 2)-
a odd (. J
Rayp2(s):=
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We can express the first two series by the Riemann zeta function if we assume o > %
Regarding the Dirichlet series ((s) = >.°7, L we know that the subseries over all

a=1 g3
even a and odd a have the values 5-((s) and (1 — 55)((s), respectively. Then

223—1 1 1
F,,(8) = 3 (EC(&S‘ —1)+ (1 - ﬁ) C(33)) — Roupo(s)

22571 s
= w1 6Bs—1 3s) — R
3%(2s — 1)C< s—h+ 2.6° C(3s) 24,p.2(5)
with
11, 1,0 1 1 |25] 1 1
Faaaa)] < 55 3 7 Jim [eihien)] < 55 30 05 Jim 50 (@F

G16,p,1 1f a primitive tetragonal lattice has four shortest vectors, its Gram matrix has the
form

with a # ¢. Together with the reduction conditions we have 0 < a < ¢ and determine
the Dirichlet series as

00 c—1 [e's] 00 o]
1 1 1 1 1 1
ORCED S S DT ST P IR T 983 |

a<c

We have to employ the last transformation because an application of Corollary

on 22;11 aés would give an error term too big for the rest of the calculation. Next,

we use Corollary for (z,y,a,8) = (¢, k,1,0) and assume o > 1. This yields

P (5) = C()C(25) i1 i 1 +Cl—2s_k1728 10125
Con D TOINE T e e 2s — 1 Pejl=
. ((3s—1) =1 1,0
= ((8)C(28) = C(3s) = 5 —— F > = im0 (28)
Rm,pyl(s)::v
and
=1 10 =1 . |2s] |1 1| s
Raoaa(6)l = 3 2 Jim [oei9)] < 3 22 Jim 50 |7 = o] = 5 4039)

for the remainder term.

G16,p,2 A primitive tetragonal lattice with two shortest vectors is given by Gram matrices
of the form

Bigpe =

o O e
o o O
ot OO
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with a # b. Thus, the independent parameters must fulfil 0 < a < b. For o > % we
get

FG16,p,2(S) = Z ab2 Z Z sz

a,beN 1 b=a+1
a<b
0 ql—2s E1-2s Lo
T Lw i < 25— 1 %vk(ZS))
((Bs—1) — 1 1,0 ¢(Bs—1)
=2 N ] 0(2s) = — ,
23 -1 ; as kingo spa,k( S) 28 1 Rlﬁ,p,l (S)

Since both primitive tetragonal cases involve the same remainder term with a different
sign, we in particular have the exact result

FGIG,p<S) = FGle,p,l (8) + FGlﬁ,p,2<S) = C(S)C(ZS) - g(?’s)

for the Dirichlet series of all primitive tetragonal lattices.

G16,i,1 The first body-centered tetragonal case deals with Gram matrices of the form

2¢ 0 e
BlG,i,l = 0 2e e
e e C

Reducedness implies 2e < c¢. For the special case 2e = ¢ the boundary conditions
would require e = 0, so this case is prohibited. We would have a face-centered cubic
lattice (see the geometric derivation in Appendix [A]) which we do not want to count
here anyway. We calculate det Byg;1 = 4e*(c — e). Then we have

1 Il 1 « 1 1l 1 «
FGm,i,l(S):ZWIEZ§ > (c—e) 4—527526;

e cs
c,e€N e=1 c=2e+1 e=1 c=e+1
2e<c
11 11 el=s — gl

_ — _ h —_— = — . @e7k(5>
4s 625 k—s00 s 4s 625 k00 s 1 )
e=1 c=e+1 e=1
[e's)
o €(38 — 1) - i 1 1,0(8)
48(8 — 1) 4s €25 k—o0 ek
e=1
N -~ 7

1 & , 0 1. s |1 1
<N < = Phol=_
o ()] < 4U;e”1ch—> ‘(’Oe’k(s)‘ - ‘T;e% kh—>oo o |e? k°
1 s]
—4—0';5(30)
G16.:.2 The next Gram matrix
2d — f d d
Bigin = d 2d—f /
d f 2d — f



has the determinant det Byg ;2 = 4d(d — f)*.

First, the essential reduction conditions imply f < 0 < d. Because of a = b, the
boundary conditions necessitate |f| < d in addition. Thus,

But we also have

since f = 0 would mean a = 2d, requiring e < f in turn. Therefore, we have to
claim —d < f < 0 < d. Finally, we want —d # f, in order to prevent from counting
body-centered cubic lattices. For the Dirichlet series it follows that

1 < 1 1
Foa(8)= Y W—;;g > A=

d,feL fez
—d< f<0<d —d<f<0
2d—1
Z s Z r2s s Z s Z 2s s
dldfd-i-lf 4d1dfd1f 16
L~ 1 fd> = (2d)' > 1,0 ((3s)
- —\N "= — oY (25) ) —
7 ( 95 — 1 P24l 5)) 16°
d=1
1 — 21 2s
=— %  ((3s—1 (25)
FEs - 165 st #a2a(25)
R16,i,2(5)3:
1 2\ ((3s—1) ((3s)
- (= - = _ — Rigs
<4S 165) 25-1 16 Faaal®)
with the estimation
I =1, 10 I 1 |25/ |1 1
Rigsi <N = 9 S ookl A e S
Pasaa(®)] < 55 ;da Piza(29)] = gz Ladr 20 |d@ T (2d)¥
1 1 s
—\4e 16“) & o39)
for the error term.
G16,i,3 For the Gram matrix
d+ 2e d e
Bl6,i73 = d d + 2e —€
e —e  d+2e

we have to consider the essential condition 0 < d < 2e and the boundary condition
e < d. So, again one parameter equals zero if and only if the other does, yielding the
zero matrix in this case. To exclude body-centered cubic lattices, we must assume
d # e. Altogether, we have 0 < e < d < 2e. The determinant values 4e(d + ¢)?. We
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determine the Dirichlet series:

00 2e—1
1 1
Fq,. .. = e il
GlG,z,d(S) l;\] (46(d+6 8 4 ; s 2_ d—f-@
e<d<2e
(X a )
e=1 d=2e+1
L1 ((2e)7% — (36)1’23 1,0 ¢(3s)
S N — o0 (25) ) — 22
I e ( 25— 1 P2eel28) | ~ 5
2 3\ ¢Bs—1) ((3s) 11
= (= - — - 2
(163 363> 25— 1 360 44 68%636( s)
R16,i,3(8)1:v
and give a bound for the remainder term:
I <1 19 1 =1 |25 1 1
R i < — —_— i 2 < — — . . _
‘ 16, ,3(‘9)’ = 4o ; €0 9025,36< S)’ = 4o ; €0 20 (26)20 (36)2U
1 1 s
= — —((3
167 36“) o ((30)
G16,i,a In the last body-centered tetragonal case we consider Gram matrices of the form
4f 2f 2f
Bigia=2f b f
2f f b

The essential reduction conditions yield 0 < 4f < b. All boundary conditions are
already included in this. In the special case b = 4f the lattice has no additional
symmetries and is still body-centered tetragonal. Hence, b = 4f is admissible here.
The determinant is given by det Byg; 4 = 4f(b— f )2 leading to

FGlG,iA(S) = Z W 43 Z fs Z _ f

b,fEN b=4
4f<b f

L
Z fs ( 3f k’—)oob Pyt ﬁ)
3 3 1-2s kl 2s
B Q:S,fsf T Z fs i (( : 25 — 1 B ‘Pé}gk@s))

_SBs) | 3 ((3s—1)— 415 Z% lim 57 (25)
=1

36 36%(2s5 — 1) F—r00
R16,i,4(8)2=v
with the remainder

Il 1 10 I 1 . |24 1 1
. < i ’ < i = —
Rl < 32 3 7o m @l < g 3o w5 |G~

L |s]
— . (s
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For the Dirichlet series of all body-centered tetragonal lattices we conclude

4
FG161<S):ZFG1613(8>
j=1
! 1\ ¢(Bs—1) 12 !
N (s— 1 oo 1) T (168 * 363> ¢(3s) _;Rlﬁ’i’j(s) '

G12,r1 The first rhombohedral trigonal case has the Gram matrix

2d d d
Blgﬂﬂ’l == d 2d d
d d c

The reducedness of Bjs, ;1 requires 0 < 2d < c¢. The additional condition 2d # ¢
ensures that we do not count face-centered cubic lattices. With the determinant
det Bya,1 = d*(3c — 2d) and the assumption o > 1 we get the Dirichlet series

1 N | 1
F, E = E — 1 E
G12,r,1 (5) P (d2(30 _ Qd))s o d25 klm oy (3c — 2d)5
2d<c
1 . ((4d)'* — 3k —2d)'~ 324
=N —
2 o {8 ( 3 1) P (5)
= ! ((3s—1)— goo 1 lim %24 (s)
3-45(s—1) = d25 ko0 T 20K
Ri2,7,1(5) g
The remainder term can be bounded by
=1 . 324 1 s 1 1
) P ) < E — e _
Pz (s)] < L o Jim |¢;0)] < Lo o Ao [aar T BR—2de
1
= Bl

G12,r2 Next, we deal with Gram matrices of the form

Biayo =

QU L
QUL X
Q Q&

The reduction conditions amount to 0 < @ and 0 < 2d < a. Since d = 0 and 2d = a
would give primitive and face-centered cubic lattices, respectively, we claim the strict
inequalities 0 < 2d < a. The determinant is given by det Bia,.o = (a + 2d)(a — d)?.
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Then

a,deN ,dEN
2d<a d<a
fe’e) a—1 fe'e) a
1 1 1 1 1
Y i sk S ar)
— a? (3d + a) —~a <d1 (3d + a) (4a)
SS ()
— a* 3(s—1) O.a 4s
L1 AN D By =1,
B (3 3,45) s—1 45 ;a%%po@(s) .
Ri2,r2(8):=

Here, we have used the Euler-Maclaurin formula from Lemma in the version from
Corollary for sums starting at x = 0. This is correct even though in Lemma
we assume x > 0 and in Corollary even x € N. We see this by looking at x — 0
for the formula from [3.9] On the left-hand side 2 < 1 implies

Y f)y= ) fn)

neN neN
z<n<y 0<n<y

On the right hand side all expression depend continuously on x for x — 0, since for
f(n) = Grvayr + 75 the terms ft), (t—[t])f'(t) and (t — [t])f(t) possess no singularities
at t = 0 and since the value of an integral depends continuously on the integration
boundaries. Thus, this generalisation of the Euler-Maclaurin formula holds, as long
as the function f is suitable. For Corollary we need § # 0 in particular, since
otherwise the estimate of the error term would involve dividing by zero.

For the error term we have

N sl (11
‘R12,r,1(5>’ = Z a2 (IDOa } — Z a2c . ; . a_g B (4a>a
a=1

:(1_4%)9 (30) .

G12,r3 Gram matrices of the form

a d d
Blgmg = d a —d
d —d a

possess the determinant (a — 2d)(a + d)?>. The essential reduction conditions are
0 < aand 0 < 3d < a. They are not sharpened by the boundary conditions. The
special case d = 0 must be excluded as well as a = 3d, since this would lead to a
body-centered cubic lattice.
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Then

a,deN ,deN
3d<a d<a
o) a—1 o) a
1 1 1 1 1
- Z _s Z 2s - Z _s 2s 2s
—~ a® <=~ (3d +a) — (d:l (3d + a) (4a) )
o0 1 a1—25 — (4q 1—-2s . C 3s
=2 3(25(— 1)) N 9033“@5)) N 568)
a=1
1 4 ((3s—1 ((3s 1 4,
—\3" s ( ) o ( 5) B _s(pg:a(QS)
3 3-16 2s —1 16 —~a
R12,r,3(s)
with
=1 25 |1 1
Ria,. < [ vt AR D
Brzra() Z 900a - ; a® 20 |a*  (4a)?

:(1-%)% (30) .

As in the last case we have applied the Euler-Maclaurin formula for x = 0 here.

G12,r4 The last type of rhombohedral trigonal lattices is represented by Gram matrices

3d d d
Biya=|d d-2f f
d f d—2f

Reducedness requires 0 < d < —f. The second inequality has to be strict as well
in order to prevent the lattice from being body-centered cubic. Having calculated
det Bia,4 = (d — 3f)* and assuming o > %, we get

— 1 < 1
Fepna(s) = D ((d—?)f =27 2 Gf+d>

oi’a{f%f d=1 f=d+1
R A G R Y
— 2l ( S— Pe)
_ 4 Z I (25)
BENEA 7 dm (2
R12,r,4( )A—v
with
1 =1 2s] | 1 1
|Rigra(s)] < dz:; do kl_{f)lo ‘Pd,k(s) > ; do k_m 20 |(4d)2  (3k + d)2°
1 s
RET ;C(?’U)
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Adding up all trigonal lattices leads to
4
FGm,r(s) = Z FG12,7>,]' (S)
j=1

(1 1\ ¢Bs—1) 11 4
B <8—1+25—1) 3 a <42+168)C(38)—;R12m(3) :

Gsp The Gram matrix of a primitive orthorhombic lattice is given by an (arbitrary)
diagonal matrix. So, from now on we have to consider three parameters. A lattice
with Gram matrix

B&p =

o O 2
o ot O
o O O

could be tetragonal or even cubic unless we prescribe the parameters a,b,c to be
pairwise different. Furthermore, reducedness implies 0 < a < b < c.

For ¢ > 1 all of the following series converge and we have

1 1
=6 3 3 .
2 @ = wa TP @ PP @ T 2 (e
a,b,ceN a,b,ceN a,b,ceN a,b,ceN a,b,ceN
a<b<c a=b<c a<b=c a=b=c

We rewrite this as
C(5)3 = 6FG8,p(5) + 3FG16,p,1 (5) + 3FGl6,p,2 (S) =+ FG48,p (S) .

Taking into account the results that we have already established for the primitive
tetragonal and cubic cases, we conclude

Foo (s) = ((s)>  ¢(s)¢(2s) = ((3s) N ¢(3s) _ ¢(s)®  ¢(s)¢(2s)  ¢(3s)
o 6 2 6 6 2 3

In particular, we have an exact formula here.

Gs,¢1 The first face-centered orthorhombic case corresponds to the Gram matrix

af 2f 2f
Bsyi=1\2f 0 f
2f f ¢

with b # ¢ and det Bg s1 = 4f(b — f)(c — f). The essential reduction conditions are
given by 0 < 4f < b < c¢. Boundary conditions are already fulfilled. We assume
Re(s) > 1 and start with

1 Il ml o 1 O
Pl = 2 G = =17~ ¥ 2 2o = 17 2

b,c,feN
4f<b<c




We want to apply Corollary |4.3| with (z,y, o, 8) = (b, k, 1, — f) to the innermost sum
but have to use its second approximation here since the first one would include an
error term that would turn out to be too big. We get

1 S 1 1 &= 1 ¢ 1
(41) ImZFZ(b_f)QS_1—2.4SZFZW

=1 b=4f =1 b=4f
I o= 1 & 1

__SZ_SZ 5 lim kaf(s)
45 i fr Lt (b= f)7 koo

Next, we approximate the sums over b:

R | G|
2;<n-nx kawész‘ w? E; =

1 (3f)\* —kl=® 1 ] y
IREE +£&( P e T TETIE &”@0
- ! BN F 1,0
B T @ DE T A Xark(@) -

Including this twice in line yields

FGs,f,1(3>:2,4s 323 (s — 1) Zsz 1 s . 325 2(3_1 (25— 2) Zf3s 2

S/

<1 1 1
45(s—1) Z_:f—khmngﬁ 1)_4-z14~’-:’)28f_1]“”5
1

1 =1
T 9. 4s . 9251 _ Z 35—1 Z_ mX3fk (25) —ri(s) .
2-45-32571(25 — 1) lef ? = fsk )

rg(s).:

We simplify and express the remaining series with the help of the Riemann zeta
function:

9-((3s—2) 3s-((3s—1) ~((3s)
2.36%(s — 1)2 | 2-36%(s— 1)(25 — 1) 4-36°

1
mm(s) +r3(s) .

FGS,f,l(S) =

— 7“1(8) —_

The first two terms possess a pole at &« = 1 of order 3 and 1, respectively. There
is no pole with a bigger real part in the explicit expressions. We estimate the three
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error terms. The first one can be bounded by

1 Is| - |s + 1] 1 1
) szUZ i ey (G )

b= 4f
|s| - |s + 1]
9. 4ot (g + 1 Zfa Z b2a+1 :
b=3f
The sum over b was already determined above. We get
8| - [s+1] =1 1 1 .10
< — -1 (2 1
)l S e et ; 77 \2BHF T aemrE e Xark(20 T )

|s| - |s + 1 (C(30+ 1) N Q(Sa))

- 16~36“(0+1) 3 o
N | |s +1] ii \2a+1| 120 + 2| 11
2. 4a+1 (0 +1) & for 8(20 +2) (3f)2o+2  f2o+2
_ sl-ls+1] @ >+<< 0) | [204+1]- (B0 +2)
16 - 367 (0 + 1) 3 o 36 ’

from which we infer that r(s) is holomorphic for ¢ > 3. For the second error
expression we have

|2s — 1| - 2] 1 1 |25 — 1] - |s] - ¢(30)
< _ ) = ,
Ira(s)] Z o T, B2 k> 80 - 97

Hence, 5(s) is holomorphic for ¢ > z, too. Finally, the same holds for r3(s) since

12s] - |2s + 1| 1 1
r3(s)| < 9. 40 Z fg k_m 8(20 + 1) (3f)2+1 2o+l

IEE \23+1| (30 +1)
2436920 + 1)

We define
—7ro(s 3
Regals) = 425 D and Sugals) = ra(s) = ls) - 536)5
Then, Rg ;1 and Sg s are holomorphic for o > % and fulfil
9 . 35 — 2 35 . 38 _ 1 R s
FGs,f,1<3) = C( ) << ) + 8’f71< ) + SS,f,1(5>

2.365(s —1)2  2-36°(s—1)(2s—1)  s—1

for o > 1. We can see now that the rightmost pole of Fg ,, (s) is given by aw = 1 and
has order 3. We will calculate lim. (s — 1)°Fg,,,(s) in the proof of the following
o> >

Proposition

G5, r2 In the second face-centered orthorhombic case we have Gram matrices of the form

d+ 2e d e
Bg’ﬁg = d d+2e —e
e —€ C
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with essential conditions d < 2e < d 4 2¢ < ¢. Assume d = 2e. Then 2d = d + 2e
and the boundary conditions would require e < —e. But e > 0 and thus, d = 2¢ is
not possible. To exclude lattices of type 16,%,3 we suppose d + 2e # c¢. Then, the
other boundary conditions give no further restrictions. The determinant det By ¢o =
de(c — e)(d + e) leads to the Dirichlet series

8
—_
\
8

1

CS

1 1

F s) = =

G8,f,2( ) C;N (46(0 _ 8)(d + 6 45
2d<d+2e<c

We suppose Re(s) > 1 and apply Corollary with (z,y,«,5) = (d+ e, k,1,0) to
the sum over ¢ which yields

e=1 d=1 c=d+e+1

. 2e—1 y (d+ e)l—s _ kl—s
Cs f2 45 65 k—>oo s—1
1 1 1.0
T T 2dteyr Xd+ek(8))
0o 2e—1 o) 2e—1
1 1 1 1 1 1
(42) - s Z s 25—1 S Z s 2s
4(8—1)8:16 — (d+e) 248 o8 i (d+e)
00 e—1
1 1 1 1.0
s Z e . Xd'pe(5)
4s o8 = (d+e)* k—
rl(s)::v
We approximate the explicit sums over d
2621 T _ (3¢)l® 1 L 10
— — - — = x
—~ (d+ e)* d”” (3e)® r—1 2(3e)r  2e” Xes3e
el * 1
— 1 1—x o 1 1,0
r—1 ( 3 ) 2eT ( + 3 ) Xe,3e(‘r)
and include the result twice in line to get
1 — 32—23 o0 1 1 + 31—25 o0 1
F = _
600205 = BT D)5 = 2) & Z 2 T 2 43(s — 1) & e
1 1 0 1-32 X1
- — X2, (25 — 1
4°(s — 1) D Xeel2s 1) = & 45(2s — 1) & &35
\621 vy
r2(s) :v
1+3 21 1 1
+ T ; pEn + 2 15 2 - X836<2S) —r1(s) -
r3(s).—v
We convert this to
9° -9 9%(3s — 2) + 3s
F =————-((3s —2) — -((3s—1
6502 = 33512 T T e nes o B Y
9 +1 1

T 4.365 ((3s) —ri(s) — mTz(S) + 73(s) .

47



As in the first face-centered orthorhombic case, the first two expressions have a pole
at a = 1 of order 3 and 1, respectively, and no pole with a bigger real part occurs
in the explicit terms. We will show, that the domain of analyticity of the three error
terms is large enough for the application of Delange’s Theorem. We start with

o0

2e—1
11 1 s| s+ 1 1 1
<=5 -5 1 _
Im1(s)] < 1o e L (d+e) o 8(c +1) \(d+e)tl kot

e=1

2e—1

B |- |s+ 1|
2 4a+1 0-+1 Zeoz d+62‘7+1 :

The sum over d has been calculated above. We get

5| |s+1] =1 (1-32 14321
< — — 2 1
‘7’1 (S>| = 9. 40+1(0_ n 1) Z o 2520 9¢20+1 Xe 3@( o+ )

|s| - |s + 1] 6(30)
_16-36”(0+1)( el

3% —1) = (30 +1) (3% + 3—1)>

n |s| - |s + 1 Z:1 120 + 1| - |20 + 2| 1 1
2. 40+1(O- + 1) — eo 8(20 + 2) 620+2 (36)20+2

e (S8 1) oo 5 45

|20 + 1] - ((30 + 2)

% (3% — 1)) :

We conclude that 7(s) is holomorphic for o > $. Next, we show that the same is
true for the second error term:

o0

1 |2s—1]-|2s] 1 |25 — 1] - |s] - ¢(30) ,.,
ROlSY e S () T e D

It remains to estimate the third error. We have

I =1 [28]-|2s+1] [ 1 1
< E - . _
|7'3(3)‘ = 9. 4o g o 8(20’+ 1) e20+1 (36)20+1

s -]2s 4+ 1] - ¢(30 + 1)
2436920 + 1)

(320+1 o 1)

and see that r3(s) is holomorphic for o > % as well. We define new error terms

—ro(s) 9% 4+ 1

RS,f,Z(S) = and S&ﬁQ(S) = 7“3(3) — 7“1(8) + 1365

¢(3s)
that are holomorphic for o > % With this definitions and o > 1, we get

(9°—9)C(3s—2) (9°(35s—2)+35)((3s—1) Rgra(s)

F — —~
Gssa(8) = 5 36°(s — 1) 2-36%(s — 1)(2s — 1) s—1

+ S&f,g(s) .

As in the first face-centered orthorhombic case the rightmost pole is at a = 1.

The proof of Proposition [4.4] is finished. O
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Proposition 4.5. For every index i Table [3 gives a function f; with f; = fg,, that is
filz) ~ Hg,(x) for x — oo.

Proof. For every index ¢ the Theorem of Delange (Proposition will be applied to Fj(s).

Gls,p The Dirichlet series Fg,q ,(s) = ((3s) has a pole of order one at v = 3. We want to
use Proposition for n = 0. If s tends to 1 from the right-hand side, that is, with
o > 1, we have

1 =lim(s —1)¢(s) = lim (3s — 1)¢(3s).

e—>1
o>1 i ?
o>3
We deduce
: 1 1
limy ( - 5) Fou,(5) =3 -
O‘>%
Thus, there is a function g(s) with g(a) = g, which is holomorphic (in this case in

the complete complex plane C) such that Fyg,(s) has a singularity of the form

Fugp(s) = %

3

—

at a = % Applying Delange’s Theorem yields

W=

fG48,p(x) = Zs.

L
165

Gs,;; The rightmost singularity of Fi,,,(s) = 5¢(3s) is a pole of order one at a = % We

have

1 1 1 s
li — ) F.. (s)= .= =9273371,
Sgl%l (S 3) G48,1(S) ] 3 3

a>%

As for the primitive case, there is a holomorphic function g(s) with g(e) = 27337
and

g9(s)
(s—3)

at the pole a. Delange’s Theorem for n = 0 and a = % gives us

Fisi(s) =

Wl
Wl

fG48,i (I) =2

xT3.

Gls,y An analogous calculation for Fg,, ,(s) = $:¢(3s) shows that

W=

2
2733,

fG48,i ('T)

G24.p,1 The Dirichlet series for the first hexagonal case is given by

2

1
60 —1Bs ~ D G0(38) = Raupu(9)

Foypa(s) =
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The first expression on the right-hand side has a pole at @ = 1 whereas the second
and the third expression converge for o > % We have

. 1
lslirll (S - 1) FG24,p,1 (8) = gC(z) .
o>1

Thus, there is a function g(s) with g(1) = 3¢(2) that is holomorphic in the halfplane

to the right of s = 2 (the second rightmost singularity of Fb1(s)). We can apply

Proposition With (n,a, g(@)) = (0,1,1¢(2)) to obtain

1
fG24,p,1 (ZE) = gg(2> Z.
G242 In the second hexagonal case we have
225—1 s _
Foyp0(5) C(3s—1)+ ((3s) — Raupa(s),

T 35(25— 1) 2. 6°

and once again the second and the third expression converge for o > % Regarding
the first term, the pole of the zeta function at a = % has a bigger real part than the
zero of the denominator. From

(43) 1 =lim(s — 1)((s) = lim(s — 2)¢(s — 1) = lim (3s — 2)¢(3s — 1)

s—1 52 S_>2
o>1 o>2 g
(7>§
we infer
2 1 23
. 3 1._2
hH21 3_§ FG24,10,2($):§. 2 =2337s
3 33 - 2
2 3
o'>3

Applying Delange’s Theorem to the case (n,a, g(a)) = (O, 2, 2%3%) yields

2
fG24,p,2(I) = Z "I
G16,p,1 For the first primitive tetragonal case we have determined the Dirichlet series

C(3s—1) — ((3s) + Riep(s).

Fipa(s) = C(s)¢(25) — 2s — 1

The crucial expression on the right-hand side is the first one, having a simple pole
at a = 1, since all the other terms converge for o > % As before, we can deduce the
existence of a holomorphic function g with

g9(1) = lim(s — 1) Figp,1(s) = ¢(2).

With the Theorem of Delange we see that

fG16,p,1 (.’L‘) = C(Q) €.
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G16,p,2 We start with

1
2s — 1

F167p,2(8) == C(?)S — ].) — R167p(8) .
The rightmost singularity is the pole of ((3s — 1) at « = % Using the result from
line (43]), we get

) 2 1 1
lim (s — §) FGIG’%Q(S) = 3 g =1,

2
s—g

0>%

and, applying Proposition to (n,, g(a)) = (O, %,

—_

),

2
3

3
fG16,p,2 (I) = 5 T
for the asymptotic frequency of primitive tetragonal lattices of the second type.

Gl1s,i,1 From Proposition we have

1

F16,i,1(3) = m

g(?)S - 1) - R16,i71(3) .
For (n,a,g(a)) = (0,1, 1¢(2)) Delange’s Theorem gives us
1
fG16,¢,1(x> = ZC(Q) ZT.

G16,i,2 The rightmost singularity of the Dirichlet series

1

Figi2(s) = (4_13 - és) EC(?)S —1)— %634(33) — Rig,i2(s)

is the simple pole of ((3s — 1) at a = % Considering again, we have

9 1/1 2\1 1 1
E{gf (s 3> G642 (8) 3(23 23)% V16 V32
0>3

which leads to

3 1 1 2
.fGlG,i,Q(x) = 5 ( 3 16 - 332) T3 =

G16,i,3 The Dirichlet series

| w

VS
N
i
|
S
[\V)

—
Wl

2 3 1 1
Fie. — — —1) = — .
16,i,3(5) (165 365> 95 — 1((35 ) 363C(38) Rigi3(s)

is very similar to Fig;2(s) from the last case. We end up with

y N g o238 11
im [s— - L (8)=— — = —
=33 T s 03l VB2 U
o>3

and




G16,i,a The next Dirichlet series also resembles very much the ones of the last two cases:

3

Feail®) = 350, 1)

(35— 1)+ %g(:as) ~ Rugaals).

Again, the relevant singularity is the simple pole of ((3s — 1) at a = % From

2 3 1
lm(s— =) Fq,..,(8) = =
2 ( 3) 016,1,4( ) o1 3 \3/@

o'>%

ol
[SME

we get to

3./4

2
fG'le,iA(x) = g g xrs

with the help of Delange’s Theorem.

G121 For the first rhombohedral trigonal case we have calculated

4

— mg(&? — 1) — RlZ,r,l(S) .

F12,r,1(5)
With (n, o, g(@)) = (0,1, 3¢(2)) we get

foran @) = 56(2)

G122 Next, we have to deal with

1 4 1 1
meg(S) = (g - 3. 43) S——1C(38 - 1) - EC(BS) - ngmg(S) .

The rightmost singularity lies at s = 1. Because of

(1 4 \C(Bs—1) . £ (G-5%)
llfi(é_g-zls) s—1 _<(2>£§?d%?3—314)
4 2log?2
— o)ty (5 Jos-1) = 2E2¢q2)

this singularity, however, is removable. Hence, we have to look at o = %, the simple
pole of ((3s — 1). With we conclude

: 2 11 43\ 1 1
v (3_ 5) Forals) =3 (5 - ?) -5 (Vi-).

o'>%

Applying Proposition yields

Wl

(Vi-1)at.

1
fG12,7‘,2 (.%‘) = 5
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G12,r3 The Dirichlet series for the third rhombohedral trigonal case

1 4 1 1
2 —(Z_ 1) - — _ .
12,,3(5) (3 Y 16S> 5 — 1C(35 ) 163C(33) Rig3(5)

also leads to av = % and n = 0. We have seen several times already that

: 2 1
lim (s—g) 2S_IC(3S—1)—1,

S*}z
3
o'>%
thus,
2 11 1 !
Sgr%l (8 3> G12,r,3<8) 3 3. 2% 3 ( w)
o>%

Delange’s Theorem gives us

wln

1

fG12,r,3(I) = 5 <1 - %) x

G12,r4 The last trigonal case is similar to the third one. We have

4
F12,r,4(8) = mC@S - 1) - Rl2,r,4(8)

2 and

with a simple pole at o = £
2 1 1
SEEI% (S 3> G12,7',4<S) 3 . 2% 3\3/2l
o>§

Hence, the asymptotic frequency is given by
1 2 1
3 = €T

12,4\ L) = X
sz,,4() 2\3/4_1 332

(V1N

G5, The Dirichlet series for the primitive orthorhombic case is

Figls) = 2C(5)° — 5C(5)C(25) — 5C(39).

Its rightmost singularity is a pole of order 3 at a« = 1. We have

1
lim (s — 1)? Fay,(s) = 6
o>1

2,1, %) and end up with

We apply Proposition 4.2 with (n, a, g()) = (

Jas, (@) = 5 @ (log)”.
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Gs,51 For o > 1 we have

. 9-((35s—2) 35-((3s—1) Rg f1(s)
Fournl®) = 9 36012 T 280G - (s 1) T 51 o)

with Rg r1(s) and Ssf1(s) being analytic around o = 1. Furthermore,

(s~ 1)¢(3s —2) =t (5~ 1) 65— 2) =ty (52 < 1) ()
o>1 (i>3 1 o>1
— Lim(s ~ 1)¢(5) = £

s—1
o>1

and thus

m 3 1
ISL1 (8 - 1) G&f,l(S) 1312} 2.36% 24

o>1

Delange’s Theorem for (n, o, g(a)) = (2,1, 5;) gives us

1 2
fGS,f,1<x) = Ex(logx) .

G, 72 As in the last case we use
. 1
lim(s —1)((3s —2) = =
i 3
to infer

‘ . 95— 9 . 9s ng 9 lOg 3
lim(s — 1)2F, = lim o = -
S@}(S ) Gs,f,2<8) g}l 6-365(s—1) fgrlll 6 - 36° 12

o>1

With (n, a, g(a)) = (1,1, 1°1g23) we conclude

log 3
fG&m(x) = 01g2 xlogw.

]

In the rest of the chapter we determine the class numbers of type HE(D) of complete
Bravais classes. We will not use the finer subdivision into isometry classes of Schiemann
reduced lattices any longer since their class numbers seem to be harder to calculate.

Proposition 4.6. The aggregated class numbers of the body-centered orthorhombic and
base-centered orthorhombic lattices fulfil the following asymptotic equivalences:

D D
Hs (D) ~ -2 (log D)? and Hgy(D) ~ < (log D).

Proof. We begin with the body-centered case. We consider lattices (L, b) with b the usual
dot product and

A\ (0N (v
L=7(0|+2Z|Vb +Z§ Vb, abceN.
0 0 Nz
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Then, the given vectors form a basis for L and

a O % . a 0 a )
_ b _ _
det L = 0 b 5 =1 0 b b —Z—labc.
£ % %b*c a b at+b+ec

The Gram matrix shows that for the lattice to be integral we must have a,b € 2Z and
a+b+c € 4Z. In order to exclude the cases of body-centered tetragonal and body-centered
cubic lattices we assume a, b and c¢ to be pairwise different. Interchanging the values of a, b
and c¢ yields isometric copies of the same lattice. Except for this ambiguity there are no
further isometries between lattices of this type: Let

NG 0 N
M:=72Z0 |+Z|Jy]|+Z VY|, 2y,2z€2N, x+y+2z€4N

0 0 vz

be another lattice of this kind. Without loss of generality, we can assume a < b < ¢ and
x <y < z. Suppose that there is an isometry F': L — M. We will prove that L = M by
showing that (a,b,c) = (z,y, z). The square length of an arbitrary lattice vector

Va 0\, (Va

u=i| 0 | +5[Vo]|+=|Vb]|,ijkeZ
2
0 0 Ve

N | —

is given by

E\? E\? K2

Let u # 0.

Suppose k = 0, then |u|? is minimal for ¢ = +1 and j = 0 resulting in |u[*> = a. The
corresponding vectors are the first basis vector and its negative. The shortest vectors that
are not spanned by these arise for ¢ = 0 and j = £1 (second basis vector and its negative).
For k # 0, the square length is bounded from below by %b“. The bound is (only) realised
for k=1, i, € {0,—1} and k = —1, 4,5 € {0,1}. The vectors that correspond to these
eight possibilities span the whole lattice.

We determine the successive minima of the lattice and count the vectors that realise these
minima. Depending on the value of “+Z+C we distinguish the following cases (a visualisation
can be found in the appendix on page 89| and onwards):

Case | Condition | Successive Minima | # Minimal Vectors
1| S5 <q < b | (S, e athic) (8,8,8)
2 | e —g <) (a,a,a) (10, 10, 10)
3 la< @ | (g, utbie otbic) (2,8,8)
4 Ja<se—yp (a,b,b) (2,10,10)
5 | a<b< ot (a, b, “tite) (2,2,8)

Since isometries preserve square lengths and linear independence of vectors (therefore, the
successive minima as well), L and M must belong to the same case (z,y, z replacing a, b, ¢
in the table).
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a+b+c> — ( w+y+z>

e In the last case the equality of the successive minima (a, b, “* Ty,

yields (a,b,c) = (z,y, 2) at once.

In Case 4 we start with (a,b) = (z,y). The assumptions of the case being b = 2+o+<

and y = %, we have (a, b, %b*c) = (z,vy, %) again.

If the lattices L and M belong to Case 3, the assumptions are a = x and %b*c =

%. Therefore, we have b+ ¢ = y + 2z, and we are done if we can show that b = y.
We look at the second basis vector of L and its image under F":

0\ , 0\ , 1\/6 1—\/52

b=\ Vo) | = e va [ =|FG [vep+FG [ Vo ]

0 0 2 \ve 2 \—ve
—— ————

vi= w:=

The vectors v and w of the right-hand side are two of the eight ones that realise
the second successive minimum of L. The isometry F' maps them to corresponding
vectors of M, but without further knowledge of F', we do not know the signs of the
vector entries. So, we have

b= % Z;g + % 2\\/2 2_ (et fi)’z (e +4f2)2y + (e3 + f3)*2
NE f3v/z

with e;, f; € {1,—1} for i = 1,2, 3. Hence, (e; + ¢;)* € {0,4} and

be {07$7y7’z7x+y7x+Z7y+z7'r+y+z}'

The assumptions 0 < a < b and a = x imply b # 0 and b # x. Now suppose, b > z.
Having b < c and y < 2z, we can conclude

b+c>20>2z2>y+ z,

in contradiction to b+ ¢ = y + z. Therefore, b < z, and only the possibilities b = y
and b = x +y remain. Analogous considerations for F'~! yield y € {b,a +b}. But for
b # y we would have b = x + y = x + a + b, which is impossible.

In the second case, the beginning of our considerations is exactly the same. The first
difference occurs when we look at F(v) and F(w). Here, because of a = 2+ it is
also possible that these image vectors equal the first basis vector of M or its negative

(that is, ey = £2, ey = e3 = 0, for example).
If none of them does, we have the above possibilities for the value of b.

If one does and the other not, we get e; + f; € {—3,—1,1,3} and hence b = zHy+z

4
9x+y+=z
4

or b= . Because of

atbtc zTHy+z
4 4

the first case is impossible. The second case would imply

b>a=

rT+y+=z

b=2
T+ 1

=3a=0b+c,
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which is a contradiction as well .

Since v and w are linearly independent, they cannot both be mapped on multiples
of the first basis vector of M. This leaves us is in the situation of Case 3 and finishes
the argument for Case 2.

e In Case 1 we only have a + b+ ¢ = x + y + 2z to begin with, corresponding to the
eight shortest vectors of L and M. But, looking at the square length of an arbitrary
lattice vector of L in line (44]), we see that the coefficients for a,b and ¢ are either 411

or at least 1, in which case we would have |u|?> > a. Therefore, the second smallest

length can only occur for £ = 0 and is given by a, only realised by the first basis
vector and its negative. So, these vectors must be mapped to the corresponding ones
of M, which gives us a = x in this case as well. Now the argument of Case 3 can be

applied.

We have shown L = M for all five cases, and thus we can count as follows:

hgﬂ-(d):% > 1.

a,b,c€2N
a+b+cedN
abc=4d
a#b#c#a
For appropriate s € C the corresponding Dirichlet series Fg,,(s) converges, in which case

we can change the order of summation:

Foy(s) = ZhGS st( 3 1>:é 3 (lazc)s'

d=1 a,b,c€2N a,b,c€2N 4
a+b+ce4N a+b+ce4N
abc=4d a#b#c#a
a#b#c#a

It is easier to determine the sum if we drop the inequality condition on a,b and ¢, thus we

define
~ 1
Py (s) 6 ;@N ( ZbE:N ZGN: 2abc
ottt ceAN ST eSath

The new series ﬁg&i comprises the body-centered tetragonal and cubic lattices in addition:

ﬁGS,i = FGS,i + 3FG16,i + FG’48,1"

We already know the asymptotic behaviour of the tetragonal and cubic lattices. Their
number grows linearly with and like the cube root of the determinant, respectively. Hence,
the error that occurs if we allow a,b and ¢ to partly coincide is small enough not to affect
the result we want to show. To deal with the parity condition on ¢ we have to look at the
parities of a and b which yields four different cases:

Fey,(s) = ZZZabC +ZZZabC +ZZZabc

aeN beN ceN aeN  beN ceN aeN beN ceN
a=90 b=90 c=90 a=90 b=91 c=gl a=9l b=90 c=91

+ZZZ abc

aeN  beN ceN
a=91 b=91 c=90
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The last three sums are equal because their summands are symmetric in a,b and c¢. We
substitute even numbers by their halves and odd numbers by the smallest integer greater
than their half:

- 1 1 1 3 1
Fo,,(s) = = 2 T T
GS,Z(S) 6-25 | 8 abZCGN (abc)s + 9s Z (a(Qb — 1)(20 — 1))S

a,b,ceN

:6-1168<§:1> 2. Zas<22b—1>2'

a=1

The remaining series can be expressed with the help of the Riemann zeta function which
leaves us with

Fop () = S8 S6) ((1—l> g(s))2: I (14320 — 1)),

6-165 2-4° 2s 6-16°

Now, we apply Proposition [4.2l The rightmost pole of the last expression is at & = 1 and
has order 3, hence n = 2. We can choose

¢(s)’®

T (1+3(2°—1)?)

g(s) = (s — 1)°

to meet the requirements of Proposition 4.2l We observe

1 < oy 1
g(1) = o (1+3(2°=1)) = TR
Then, we get
9(1) 2 1 2
Z hsi(d) + 3higi(d) + hasi(d) ) ~ TD (log D) = @D(log D)
d<D '

since ﬁg&i corresponds to the sum on the left-hand side. Finally, we also have

H8z Zh8z N—D(lOgD)

d<D

because of the smaller growth of the number of body-centered tetragonal and cubic lattices.
This proves the first formula of the Proposition.

The result for the base-centered orthorhombic lattices can be shown quite similarly. The
lattices have the form

NG 0 0
L=2Z|0|+Z|(Vb|+Z=|Vb]|, abceN,

0 0 Je

N | —

which implies

0 0 a 0 0 X
detL=\10 b 3 [|=7[l0 b b [|=Zabe
b bic 0 b b+c

o8



Integrality of the lattice requires b € 2Z and b+ ¢ € 47Z. Again, we start with assuming
pairwise different parameters a,b and ¢ to exclude lattices of higher symmetry but can
forget this restriction as soon as it poses a problem. This time, we can only swap the
values of b and ¢ if we want to remain in the same isometry class of lattices. Hence, we
must divide by 2 instead of 6 and get

1 1 1 1 1
hsold) = 2 Z Land Foy,(s) = 2 Z (1abc)® T2 Z (3abc)”

1
a,c€EN,be2N a,ceN,be2N \ 4 a€N,b,ce2N \ 4
b+-cc4N b+c€4N %52%
abc=4d a#b#c#a
atbteta a#b#cH#a

We substitute b and ¢ by their halves and omit the inequality condition:

- 1 1 J | 1 1
Fag,(s) =3 Z (abe) 2525 Z (bc)8+ Z (bc)s

a,b,ceN a=1 b,ce2N b,ce2N+1
b=gc

The first sum equals ((s). We compute the other sum with the help of the same substitu-
tions as in the previous case:

_ Cs) [ 1 1 1
Fo =5 | s X 5 * 2 @ a1y

D (S (-5) ) - S0

With regard to Proposition 4.2] we have a = 1 and n = 2 as before. We set

3C(5>3
2-4s

g(s):==(s—1) (1+(2° - 1)2) :

Then g(1) = ; and

1
Hss(D) ~ 5 D{log DY

Here, the difference between Fg,, and Fg,, is irrelevant for our computation because of
the same reasons as before. O

For the remaining Bravais types (groups of order 4) the method of calculating Dirichlet
series appeared to be less fruitful. Rather, we use a direct approach for the aggregated
class number H (D).

Proposition 4.7. For the aggregated class number of three-dimensional lattices of primitive
monoclinic type we have the equation

3
H 03
H,y,(D) = W<9(2) D% — 16D (log D)?+ O (Dlog D).
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Proof. The calculation of the class number of primitive monoclinic lattices uses the result
for two-dimensional lattices with trivial automorphism groups. With the help of Proposi-
tion part (b) we get

s 1:zﬂo<§>:;(g(@f—z-%mg@)w@))

a<D b feN asD
2f<b<c
be—f2< D
N N a2
Da2 a<D a<D
= R — O D_E S — 1 D C O D_l
9 (¢1)+§(2)+ ( >> s (Rpreron)
3D (1
+5 (5 (log D)* + (9(1)) +0O(Dlog D)
3) .
_ WCQ(Z)Dg - %D (log D)* + O(Dlog D) .

Proposition 4.8. In the base-centered monoclinic case the following formula holds:

Hyp(D) = Wé\(f) D? — 3720 (log D)* + O (Dlog D).
To prepare the proof we start as in Proposition [4.6, We assume that the bilinear form b is
given by the usual scalar product. Let u,v,w € Q3 such that (v,w) is a reduced basis of
the two-dimensional lattice (v, w)z in the subspace (v, w)g and v L (v, w)g. We suppose
that O((v,w)z) = {£id}. Let a,b, ¢ be the square lengths of u, v, w, respectively, and let
f = (v,w). We assume that a,b,c, f € Z. Then every base-centered monoclinic lattice is
isometric to exactly one lattice of the ones with the following bases:

Bl = (%(u+v),v,w) )
1
82 = <§(u+w),v,w> 5
1
Bs = <§(u+v—w),v,w) :

We want to count all the possible bases of this kind (or more precisely their Gram matrices)
in order to determine the class number for base centered monoclinic lattices. However, if
3a=3f=0bor 3a=3f=c, then the corresponding lattice is trigonal and not monoclinic.

Thus, we will count too many lattices. We already know that the asymptotic frequency of
the trigonal lattices is given by

%g(z)p +o(D3).

For the class number in the base-centered monoclinic case we only claim accuracy up to
multiples of Dlog D, hence the error of counting additional lattices is neglectable.
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The corresponding Gram matrices for the three bases are

atb b [ ate [ ¢ atbie [ bf [-c
4 2 2 4 2 2 4 2 2 2
Bi=| 2% b f|.Bo=| L b f]| and By= bl b f
LoJ e 5 f e 5 e

The determinant of all three matrices is given by Z—ia (bc — f?). Since bc — f? is the deter-
minant of a two-dimensional sublattice, this expression is at least one. Therefore, a < 4D.
Moreover, we have 0 < 2f < b < ¢ because of the reducedness of (v, w). We want to find
an upper bound on ¢ as well. We begin with

1 4D 4D f?
—a(bc— f2Y< D be < — + f? < — 4L
4@(0 f)_ <:>c_a+f <:>c_ab+b
Using 2f < b and b < ¢ gives us
<4D+b<4D+c:3c<4D® <16D
¢ ab 4 ab 4 4 ab ¢ 3ab

We can weaken this inequality to

- 16D
c< —.
3a
In each of the three cases some additional conditions must be fulfilled to ensure the integrity
of the lattice. In the first case we need b, f € 2N and a + b € 4N, for example. We sum

over the possible values for a, b, ¢, f and calculate the three sums in the following lemma.

Lemma 4.9.

m(5) s 3 2
a E 1= 2. D2 — —D (log D +0O(DlogD),
( ) it 18V/§ 32 ( g ) ( g )
2f<b<c
b,fe2N
a+be4N
a(be—f2)<aD
mC(3) 2 5 2
b g 1= 2.D> — —D (logD)* + O (Dlog D),
( ) it 18\/§ 64 ( g ) ( g )
2f<b<c
c,feE2N
a+ce4N
a(be—f2)<4D
™ (5) 5 3 2
c E 1= 2.D> — —D(logD)*+ O (Dlog D).
( ) N 18\/5 64 ( g ) ( g )
2f<b<c
b—f,f—c€2Z

a+b+c—2f€4N
a(be—f2)<4D

Before we prove this lemma, we state two auxiliary results from analytic number theory
and the calculation of a certain sum that arises in all three cases.

Lemma 4.10. Let x and s be real numbers with x > 2 and s > 0,s # 1. Then

(a) 3 ni _ ‘”1_8 L ((s)+ O ().

1
(b) 3 loi” _ %(logm)Z + o).

n<x
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Proof. For the first formula see [Apo76], Theorem 3.2.

Part (b) follows from Euler’s summation formula (see Lemma and is formulated as an
exercise in a sharper version in [Apo76](Exercise 1(a) on page 70). O

Lemma 4.11.

>y :—wg<> —2D(logD)2+(’)(DlogD).

a€2N  b,c,fEN
a<4D 2f<b<c
be—f2< 22

Proof. We begin with substituting a by § and observe

2D
)IEDIIRED DS 1=ZH0(—a 7
a€2N  b,e,fEN a€N  b,c,feN a€N
a<4D 2f<b<lc a<2D 2f<b<lc a<2D
be—f2< 4D be—f2<2D
that is, the inner sum over b, c and f can be interpreted as a class number of two-dimensional
lattices with trivial automorphism group. For comparison, see line (20]) in the proof of

Proposition . We apply part (b) of this proposition and get

Xy (%@)3—3(25)10%(25%0(%))

a<4D 2f<b<c a<2D
be—f2<4D
_3 loga D
(45) nD? E a 2——log (2D) E -4+ — +O< E —)
a a
aeN a€N a€N aeN
a<2D a<2D a<2D a<2D

Next, we approximate the four remaining sums. We obtain

Y ai = % +¢ (g) +0 (<2D)—%) =¢ (g) +0 (D—%) . (cf. 10} (a))

a€eN
a<2D

Z clz log(2D)+C+ O (22) =log D + O(1), (cf. B4 (a))

a€eN
_ loga 1 9 1 2
>~ =5 0g(2D))* + O(1) = 5 (log D)* + O (log D), (cf. {10} (b))
aeN
and for the error term
ol ¥ Cap O(D(logD+0(1))) — O (DlogD).
a€eN @

a<2D

We include these results in line (45]) and get

Z Z 1-—#(() —Qlongog@D)%—%(logD) + O (Dlog D)

a€e2N b,c,fEN
a<4D 2f<b<c
be—f2<4P

:ng( )Di gD(logD) +O(Dlog D).
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Proof of Lemma[/.9. We note that all three sums are finite since 2f < b < ¢ < 82 and

9
a < 4D. Therefore, we can always change the order of summation.

Part (a)

We want to apply Lemmal4.11} Therefore, we have to get rid of all equivalence conditions on
the summation indices except for a € 2N. We begin with choosing an order of summation
for the first sum:

(46) =Y Y Y 1.

a,b,c,fEN a€2N b,ceN fe2N

2f<b<c a<4D pooc4D 1 b 2f<b
b, f€2N po T E e p2.4D
a+be4N =49 - a

a(be—f2)<4D

To calculate the innermost sum from the right-hand side we want to get rid of the parity
condition on f. We multiply by % instead and determine the arising error:

> 1:% > 1+%< >ooi- Y 1).

fe2N feN feN feN
2f<b 2f<b 2£<b 2£<b

be—f2<4D be—f2<4D be—f2< 4D be—f2<4D
f=20 f=21

Now, we change the expression within the brackets by leaving out the condition on the
determinant D and subtract corresponding sums with the reverse inequality:

- Y 1—(21—21)—( dooi- Y 1).

feN feN feN feN feN feN
2f<b 2f<b 2f<b 2f<b 2f<b 2f<b
be—f2<4D be—f2<4D f=20 f=21 f2<be-4D F2<be— 4P

f=20 f=a1 f=20 f=21

The value of each sum over odd f is equal to or greater by one than the corresponding
sum over even f, because the upper bounds are the same and the smallest natural number
is odd. Hence, the bracketed differences equal 0 or —1.

For bc — % < 1 in particular, the second difference is 0 since both sums are empty in this
case.

The first difference depends on the remainder of b modulo 4. To be more specific, we have
to check if the greatest integer f.x smaller than the upper bound % is even or odd:

b=,0 = %e2Z = fuax 1S 0dd,
b=41 = 3622—1—% = fmax IS even,
b=,2 = geZ\QZ = fmax IS even,
b=43 = Le(Z\2Z)+1 = [fuaxisodd.

The cases b =4 1 and b =4 3 cannot occur here because of b =4 a € 2N. Nevertheless, we
consider them here since they will be used later on in part (b) of this lemma. We have

— = O(1), be—12 >1
S sy ao{ b b3y fow. we-ail
0 b:41,2 O7 bC—le

)

feN feN a
2f<b 3f<b
be—f2<4D be—f2<4D

f=20 f=21
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and

1 1, b=,0,3 O(1), bc—
(47) > 15( ) H{ 0, 6541,2}_{ 0, be—

fe2N feN

25215
IN V
—_
——
N——

27<b 2f<b
be—f2<4D be—f2<4D

We insert this result into line :

CIED IEEL S b SIEED oD SIETS SIb o-T))

a,b,c,fEN a€2N  b,c,feN a€2N b,ceN a€2N b,ce€N

2f<b<e a<4D 2f<b<c a<4D 4, 4D , b a<4D 4, 4D . b
P bo_ 2 4D <C<_ab +7 <C<_ab +z
atbeAN > b=4a b=4a

a(be—f2)<aD b=a0 b=40,3 be— 4D 51

The three double sums on the right-hand side will be dealt with separately. First, we
will show that the order of magnitude of the last one does not exceed Dlog D. Since
the summands are non-negative, and we want to find an upper bound, we can ignore the
congruence conditions on a and b:

Y ¥ on-o(L £ oi)-o(L T x1)

1
a<4D b<c<4§£+% a<4D ag4D . /D E<C<Z
4D+1<<AQ+Q 3a
b=4a ab €<ab T4
bcf%>1

For the last transformation we have used that b < ¢ and ¢ < % + g imply b < 4,/%.
Because of

Y 1=00), Y b:@(%) and Z%z(’)(DlogD)

ceN beN a€eN
1

b <
pe<h b<an/ B a<4D

we have

(49) Y ) 0(1)=0(DlogD).

a€2N b,ceN
a<4D @ b
> b<c< +4

b4a

bc—g>1

Now, we deal with the second double sum from line . As above, we first sum over ¢ and
deduce b < 4,/ 3—[; as a weakened upper bound on b that is independent of ¢. This yields

BB SEEED SID DD DEEED DD Dl C-RR0)
a€2N b,ceN a€2N beN ceN a€2N beN

4D | b /

a<4D b<c<%+% a<4D bed /32 b<e<dP 4 b a<4D bed 3%
17_24‘1 b=4a b=4a

b=40,3 b=40,3 b=40,3

We consider the congruence conditions. Since b =4 a =5 0, the case b =4 3 cannot occur.
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Therefore, a =4 b =4 0 and

Yoo a=> > (%Jr(?(b)):Z > (%How))

a€2N b,ceN a€4N  bE4N a€4N  beN
a<4D poocAD b a<4D D a<4D D
<c<ap Tz b<dy/ 42 b<y/ £
b=4a
b=40,3

XX (frew)-Sx(l X i) ze(d)

a<D a<D D a<D
b<v/ 155 b<v/ 13a

We apply the asymptotic formula for the sum over the reciprocals of the natural numbers
up to a given bound:

Z Z 12%2%(1@ (\/112) ) +0(1 )) + O (Dlog D)

a€2N b,ceN a€eN
a<4D 4D a<D
b<c< =3 +4 s
b= 4a
b=40,3

D log D —log12 —loga
:gz + O (Dlog D)

aeN a
a<D
Dlog D loga
3 Z———Z +O(Dlog D).
a<D ;5%

For the second sum in the last line we need the second formula of Lemma [£.10, whose
appliance results in

1 > _ D(log D)?
(50) E E (——1—6>D(10gD) +(9(DlogD)—1—6+(’)(DlogD).
a€2N b,ceN
a<4D b<c<%+Z
b=4a
b=40,3

Finally, we look at the first double sum from line . We want to avoid the congruence
condition b =4 a, so we take the following approach:

SIDDIESTS o SIRED o (15 SR TS Sl )

ac2N b,c,feN a€2N b,c,feN ac2N b,c,feN b,c,feN
a<4D 2f<b<lc a<4D 2f<b<lc a<4D 2f<b<c 2f<b<c
be—f2<4D be—f2<4D be—f2< 4D be—f2< 4D
b=4a b=4a

and subdivide the last sum in four parts according to the remainder of b — a modulo 4.
Note that the difference in the interior brackets vanishes for x = 0, so only three cases
remain. We get

sy r ey (xo-x )

a€2N  bc,fEN a€2N  bc,fEN ac2N gef+12} b,e, fEN bic, fEN

a<4D 2f<b<c a<4D 2f<b<c 2f<b<lc 2f<b<lc
be—f2<4D be—f2< 4D be—f2<4D be—f2<4D

b=4a b=4a b=ya+=x
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The first double sum is known thanks to Lemma [4.11] Therefore, we have

Yooy D* 332D(10gD)2—|—iZ > ( >o1- Y 1)

a€2N b,c,fEN a€2N :EG{:EI,2} b,c,feEN b,c,feEN
a<4D 2f<b<c a<4D 2f<b<c 2f<b<c
be—f2<4D be—f2<4D be—f2<4D
b=4a b=4a b=ga+x
+ O (Dlog D).

We include this preliminary result as well as those from lines ) and ( in line (
which gives us

> 1= Sy Z 3 ( Yy 1)

a,b,c,feEN a€2N iEE{jZl 2} b,c,fEN b,c,fEN
2f<b<c 2f<b<c 2f<b<c
b, fE2N be— f2< 4D be—y2<4D
a+b§4N b=4a b=4a+z
a(be—f“)<4D
D(log D)?

We simplify to

3 1:712%1)3_634910@ DS ( RN 1>

a,b,c,fEN uEZN Z‘G{:‘:l 2} b,c,fEN b,c,fEN
2f<b<c < 2f<b<c 2f<b<c
b,fe2N be— f2< 4D be— f2< 4D
s S el
=4a b=4a+x

a(be—f2)<4D

+ O (Dlog D),

and see that it remains to show that

(51) >y ( d>ooi- Y 1):%4&(1}@1}).

agip TElFEL2E N Jefeh Y
be—f2< 2D be—f2< 4P
b=ga+tx b=4a

We begin with determining the sums of the inner difference:

DIRE S ST Sl L B N

0, bc—%gl

b,e,fEN b,cEN fen b,ceN
2f<b<c b<c<%+% 2f<b b<c<%+%
be—f2<4D = ¢ be—f2<4D = ¢
c =g b=4a+x S b=4ga+x
b=ga+x
20 =3 |[=|- % be— | —1]).
2 a
b,cEN b,cEN
4D | b 4D , b
b<c_<ﬁ+1 b<c<E+1
b=qate be—4D 51
b=ga+z

These two sums will be calculated separately. We start with the first one:

b—1 b—1 b—1 4D  3b
e ED YD M L B o e C e )
b<cb<3‘:—'5+% b<:EN% b<c£%ﬁ%+1 b<:€NQ

_ 3a
b=4a+z b=ga+zx b=y a+zx
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If we just approximated the value of the floor function by its argument, the error would be
too big to obtain line . Therefore, we have to do a case-by-case analysis with regard
to x. We can assume a =5 0 since we want to insert the result in line . That yields

> [ T I (B Tew)

b,ceN 2
b<e<dP 1 b bedr/ 2
b=ga+x b=ga+tx

oD 3> [ 4, x=0,2)D D
59) -2 (7_?_{2, | }%>+O(3)'

Since we have to subtract two sums in line that only differ with regard to z, all
expressions that are independent of x will be irrelevant later on. We split up line in
three sums and begin with
2D 2D D
> 221 % o) -2 (2 ow)
a a 3a
beN beN

D D
b<4 3q b<4 R

b=ga+x

o A

Next, we let y € {1,2,3,4} with y =4 a + x. Then, by substituting b = 4k + y we have

Z 3—b2:§ Z (4/’{;—|—y)2:§ Z (16k* + 8ky + y?)
g8 8 8

bEN kENg k€Ng

b<ay/ £ akty<ay/ 2 r<y/ 24
b=ga+x
(55) =6 > k:2+0( )—6 > k2+0< )
keNgy keNg

k<\/_—— k<q/ 2
We apply the same substitution to the following sum:

1 1 1
2. 5= ;;NO ity 2 Tty oW

beN keN

b<ay/ £ hty<ar/ 2 1<k<y/ P-4

b=ga+tx

The Euler-Maclaurin formula (Lemma yields

Y D _y
a4 3074 —4 (1 —
E / " t+/ e —(t I"tQJ)dt
beN 4t +y 1 (4t + y)

VB (2-0) o

b=ga+tzx
3a




Because of a < 4D we have O (/%) = O(1). Thus, the terms of the last line can be
neglected, and we have
D

1 1 Eriaby \/%*% —4
3 7= L—llog (4t+y)} +0 </1 mdt> +0(1)

beN 1

/ D
b<4y/ 35

b=ga+tx

+01)

1 ]\/EZ

1 D 1
= —log [ 41/ | — ~log(4
4og< ) 7 1os( +y)+ 0O {4t+y1

3a

D D
56 1 =-1
(56) 8og(3)+0<> sioz () +ou.
Inserting the last results (b4 and (b6 in line (53) gives us

n 3 [ o )

b,ceN
4D | b
be<Tap 1 k<y/ £
b=ga+x a

for the first sum of line . Recall, that only the third summand will be relevant since
the others do not depend on =.

Now, we want to determine the second sum of line . We want to get rid of the ceiling
function and choose to sum over c first:

= (51 £ x (%)

b,ceN beN ceN
b<e<dD i b<4\/_b<c<4D+z,f
be—4D 1 b=gatz be—2D>1
b=4ga+z

(5 o)

ceN

beay /D b<e<iAP b
a
3 4D 1

b=ga+x ab + <c

- T T (D)

beN ceN

b<dy/ £ b<c< TR

b= 4a+z a,b +b<c

To calculate the interior sum over ¢ with the help of the Euler-Maclaurin formula (Lemma
3.9) we need to know which of the lower bounds on ¢ is the bigger one. That clearly

depends on b. We have b < % + % S bh< @/% + 1 and therefore

3 ({ bc—%}—l)z 3 > e

b,ceN

(&
4D , b 4D 1 4D b
b<e<dP 1l b<dy/ £ ab T <eSTap T
be—4D 51
/4D
“a b<+/ 2L 11
b=ga+=x 7b— a(:Lz
=4
+ E E \fbe=—+ 0| —
a a
beN ceN
4D
VAP t1<b<ay/ b<e< TP+
b=y a+x



(Note that the second sum over b is empty if a > %D.) The interior sums only differ in
their lower bounds on the summation index c¢. To calculate them efficiently let A denote

a general lower bound on ¢ and define f(t) := /bt — %. The Euler-Maclaurin formula
yields

‘ =
v)

4D

NI}

b T i
> o= [ e [T e 1) roa
A<e£3D g —o)
r1 (2+5) Q% 1l - (G Z))}—f(A) (LA] - 4).

=0(1)

We find a primitive function for f to calculate the first integral and roughly estimate the
rest by the value of f at the summation bounds:

2 Je= [% (”t—%ﬂ a +(9(f(A))+(’)(f (%ﬂ%))

ceN
4D | b
A<esptia

= (W)= 5 (ven)

b,ceN b
4D b
b<e< B +4 b<dy/ £

4D
be—==>1
(37 @ b<+/4D 41
b=ga+tx -V a

/4D / D
S T1<b<4 3a

b=ga+x

(58) -y O(b)+o(§)=o(§).

beN

D
b<44/ 35

b=4ga+z

We look back on line and plug in the findings from (57)) and for the two sums:

3
2 (D\? 1 =02\ D D D
> o= () e e T P ()40 (7).
boc.feN 3 a e x:j:l a a a

kENg
2f<b<c D
be—f2< 4D k<V 3a

b=y a+x
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We use this to start verifying line (51)):

M (HREIE B (TR G RIG)

a€2N IEE{:EI,2} bcfEN b,c,feN a€2N =41
a<4D 2f<b<c 2f<b<c
be— f2<4D bc7f2§4D
bE4a+x b=4a

D log D —loga
:5 Z f‘FO(DlOgD).

a€2N
a<4D

We substitute a by § and apply the usual asymptotic formulae to finally get

Z Z ( Z B Z 1)ZgzlogD_lgia_logQ—l—O(DlogD)

aEZN xe{:l:l 2} gc fbeN g,c,fbeN a<62l\llj
be ff<2 <<4€D bc—ff<2 §<487D =
bE4a+z b=4a
Dlog D
2% <log(2D) + 0(1)>
D /1
- <§ log (2D)* + 0(1)> + O (Dlog D)
2 2
_ D(lo4gD) B D(108gD) + O(Dlog D)
2
- M +O(Dlog D).

This finishes the proof of part (a) of Lemma [4.9]

Part (b)
Our approach to part (b) of Lemma [4.9|is quite similar to part (a). We choose an order in
which to carry out the summation and apply the result from line to the sum over f:

2= > )

a,b,c,fEN a€2N b,ceN feE2N

2f<b<c a<4D pooc4D L b 2f<b

¢, fE2N _ab ti be— f2< 4D
c=4a S5

a+c€e4N

a(be—f2)<4D

Sy (zoe{

ENENS
= o
[NV
——
|
—N—
S
o=
St o
o o
I
2[5= 15
IN V
—_ =
——
N——

a€2N b,ceN feN
a<4D 4D | b 2f<b
SAD pee< P44 A
c=g4a be—f ST
( a€2N  b,c,fEN a€2N b,ceN a€2N b,ceEN >
<4D 2f<b <4D 4D, b <4D 4D , b
o= S “TE by T #=t b<e< Gyt
bc*ffST c=4a c=4a
c=4a b=40,3 bc—%>1

Next, we separately calculate the three double sums. Apart from the congruence condition
¢ =4 a of the inner sum, the last double sums in lines and are identical. Above,
we ignored all congruence conditions since they were irrelevant for finding an upper bound
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on the expression. Thus, in doing the same here, we end up with the same result:

(60) Y > 0(1)=0(DlogD).

a€2N b,ceN
a<4D 4D
b<ce< =% +4

(,411

bc—g>1

The second double sum from line can be determined as follows:

DI SIED S S DRSS I ol (3D SR RRE0)!

a€2N b,ceN a€2N beN a€2N beN ceN

a<4D b<0<4D+z; ag4D . /_b<°<4D+Z{ agaD . /_a b<c<%+%
c=4a c=4a _
b=40,3 b= 403 b=40,3

We will see that the error term of this estimate is small enough for our purpose. We start

"z ene(s £ ) oz ) efozs)

ac2N beN a€eN beN aeN
a<4D D a<4D D a<4D
b<dy/ 3q b<iy/ 3q
b=40,3

and apply Lemma [4.10] part (a) which leads to

S O(l):(’)(\/5<2\/5+§(%)+O(D‘5)>):O(D).

a€2N beN

a<4D D
b<dy/ 35

b=40,3

Hence, we have

2. 2! ZZ 2. 2. 1tom).

a€2N b,ceN a€2N y€{0,3} beN ceN
asAD pce<iP 4 b<ay/ B b<e< Wk
C:4ﬂ b
b=40,3 4y
We want to get rid of the congruence condition b =4 y. In order to achieve this we
switch the summatlons over b and c using 3= 16D as an upper bound on ¢ (see Remarks after
Proposition Then, the summands of the sum over b are all equal to one, and we can
replace the congruence condition by a multiplication by 2 as done above for the sum over

c. We get

2 > ! ZZZZHO

a€2N b,ceN a€2N ye{0,3} ceN beN

as4D peecdD L b e<I9P b<e< P +h
c=ga b=4y
b=40,3
:_Z 3 }: Y 11001 +oD).
a€2N y€{0,3} CGN beN

b<c<%+£r

For the upper bound on ¢ see the remarks before the statement of this lemma. The
summation index b of the innermost sum is constrained by b < ¢ and

4D b b? 4D 16D
(< —4- & ——ch+—>0 & b — 4bc+6—>0.
ab 4 4 a a
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We interpret the left-hand side of the last inequality as a parabola function with variable
b and determine its zeros:

16D D
bijog = 2c+ 4/4c? — :2<c:|: c2——>.
a a

For the inequality to be fulfilled we must have b < b; or b > by. The second case is
impossible since b < 2¢ < by. Thus,

1 <b < min{c, b }.

Hence, we sum over a discrete interval, and adding one at every fourth integer is essentially
the same as counting all integers and dividing by four. This verifies the last approximation.

The remaining expression does not depend on y any longer. So the corresponding sum
over y translates into a multiplication by 2. We switch back the order of summation and
continue with

1
1=— 1+0 1] +0(D

4D b 16D

as4AD pcecdD 1 b agaD D b<e<{P+l ag4D o< 16D
CE4G
b=40,3

-y y T 1+(’)(Z§)+O(D)

a€N beN ceN a€eN
a<2D b<2\/_D b<e<2P b a<D
1
= - Z Z <—+(’) )) +O(Dlog D).
8 a€N beN
as2D o 3D
Because of
D
¥ ¥ on-o(X ¥ b) o( £ 2)-owmn),
aeN beN a€eN beN a€eN a
D

<2D <2D
052D 0, /3D a b<24/ 22 as2Db

the last estimate is good enough for us to have

>y 1:%2(% > %)+O(DlogD).

a€2N b,ceN a€eN beN

asdD pce<cdD 1 b as2D b<2\/E
CE4(Z 3a
b=40,3

We apply Lemma part (a):

> > 1:§Z<%<10g<2\/23:§>—i—C—l—(’)(\/%)))—l—(’)(DlogD)

a€2N b,ceN a€eN
a<4D 4D , b a<2D
= b<c< ab +4 =
c=4a
b=40,3




We once again use the same formula for the first of the remaining sums and Lemma [4.10}],
part (b) for the second one:

_ DlogD D /1
Z Z og <log(2D) + (’)(1)) Y <§log (2D)* + O(l)) + O (Dlog D)
:Seig b<cb<jti§]+zxr
bzzﬁJL,lS
D (logD)* D (log D)? D (log D)?
(61) - (Ogg S _ (ﬁ ) +0(DlogD)=%+0(mogD).

This concludes the computation of the second double sum from line (59)).

The yet to be calculated first double sum only differs in the additional congruence condition
¢ =4 a from the sum in Lemma [£.11] If we avoid this condition in the usual way, that is,
by multiplying by }l instead, the occurring error is sufficiently small. We begin with

a€2N  b,c,fEN a€2N b, feN ceN a€2N b, feN < ceN )
a<4D 2f<b<c a<4D 2f<b b<c a<4D 2f<b b<c<@+ﬁ
be— f2< 4D b2—f2<4D pef2<AD »2—f2<4D =ab b

c=4a c=4a

(62) SO 1+o<z 3 1>.

a€2N by, feN a€2N b,fEN
a<4D 2f<b<c a<4D 2f<b
be- 254D b2-r2<42

Again, the inequalities 2f < b and b* — f2 < 2 imply b* < 182, Thus, the error can be
bounded as follows:

(5 % )-o(2 £ 2)-(F £ 9)-(£7)

a<4D 2f<b a<
= = b<4
b2 f2<4D

=0 (DlogD).

b<4 371

Together with the application of Lemma to the first summand of line this yields

3
(63) > D = —wg ( ) — 55D (log D)’ 4+ O (Dlog D).
a€2N b,c,feEN
a<4D 2f<b<c
be—f2<4D
CE4H.

Finally, we insert the findings from , and in line (59)) and end up with

mC(3) pr 5 )
- D% — 2D (log D)* + O (Dlog D),
aJ;&N 18v2 64 (log D) ( g D)

2f<b<c

c,feE2N

a+c€e4N
a(be—f2)<aD

which finishes the proof of part (b).

Part (c)
One condition on the sum in part (c) is the parity of b — f and f — ¢. Therefore, we can
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split the sum according to the two different cases that b, ¢ and f are either all even or all
odd, respectively. Note, that a + b+ ¢ — 2f € 4N requires a to be even in both cases. We

have
DIEED DD DIEES Dl D!

a,b,c,fEN a€2N  b,c,fE2N a€2N b,c,fEN\2N
2f<b<c a<4D 2f<b<c a<4D 2f<b<c

b—f,f—c€2Z a+b+c=40 a+b+c=42

atb+c—2f€4N be— f2< 4D be—2<4D

a(be—f2)<4D

To simplify the congruence conditions we further subdivide the sums with regard to the
remainder of a after division by 4. For the first sum, b and ¢ are even. If a is divisible by
4, then

a+b+c=,0=>b+c=,0=bb=,c

If @ is not divisible by 4 (but even), then
a+b+c=40=>b+c=42=b=4c+2.

For the second sum, b and ¢ are odd. If a is divisible by 4, then
a+b+c=42=b+c=42=b=4c.

If @ is not divisible by 4 (but even), then
a+b+c=42=b+c=,0=>b=4c+2.

Hence, we get

P DR IED LD DD VD

a,b,c,fEN a€4N by, fE2N a€2N\4N b,c,fE€2N a€4N b,c, fEN\2N a€2N\4N b,c, fEN\2N
2f<b<c a<4D 2f<b<c a<4D 2f<b<c a<4D 2f<b<c a<4D 2f<b<c
b—f,f—cE2Z b=yc b=yc+2 b=4c b=4c+2
a+b+c—2f€4N 24D 24D 24D 24D
2f be—f2<=g~ be—fo<55" be—f2<=g" be— <55~
a(be—f*)<4D

a€c4N b,c,fEN a€2N\4N b,c,fEN

a<4D 2f<b<c a<4D 2f<b<lc

b=gc=of b=gc=of

b=4c b=ygc+2

be—f2<4D be—f2<4D

The sums over f will be carried out first, since they coincide for both expressions:

(o9 )SEEED SED DRED SIEEED SHED DRND D!

a,b,c,fEN a€4N b,ceN fEN a€2N\4N b,ceN fEN

2f<b< a<4D 4D . b 2f<b <4D 4D | b 2f<b

_f b SAD pee<cdD 1 b f2 D a< b<e<d 4l f2 D
bb'f’f ;EZfN b=4c be—fe<=2 b=yc+2 be—fe<=2
a+btc—2f€ f=ob f=ab

a(be—f2)<aD

For part (a) of this lemma we already calculated a sum which only differs from the present
sum over f in the congruence condition. Then we had f =5 0 and now we have f =, b.
Therefore, the next steps are quite similar to those following line (46]):

Y o= ZH—% dooi- > 1

feN feN feN feN
2f<b 3f<b 2f<b 2f<b
be—f2<4D be—f2<4D be—f2< 4D be—f2< 4D
f=2b f=2ob f=ob+1
1
:§§1+§1—§1—§1—§1
feEN feEN feN fEN fEN
2f<b 2f<b 2f<b 2f<b 2f<b
be—f2<4D f=2b f=2b+1 f2<be—4D F2<be—4D

f=2b f=ob+1
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To determine the first difference we have to take into account the remainder of b modulo
4 again:

b=40 = b=,02€e2Z = fuax is 0dd,
b=41 = b=12€2Z+1 = fuax IS €ven,
b=,2 = bEQO,§EZ\QZ = fmax 1S €ven,

b=43 = b=12€(Z\2Z)+31 = foaxisodd.

The difference to the calculation in part (a) is given by the commutation of minuend and
subtrahend for b =4 1 and b =4 3.
The second difference is considered as an error term. Altogether, we have

_]_ b =4 0 4D
1 ’ O(1), bc—*2>1
> 1——( Y 14{ 0, =12 _{ (1), be o })
/< 2 fen 1, b=43 0, bc—TSl
2f<b 2f<b
be—f2< 4D be—f2< 4D
f=ab

Inserting this twice in line yields

SIREH O3 RTE Vb S

a,b,c,fEN a€4N b,c,fEN a€2N\4N b,c,fEN
2f<b<c a<4D 2f<b<c a<4D 2f<b<c
b—f,f—ce2Z be—f2< 4D be—f2< 4D
="a ="a

a+b+c_22f€4N b=4c b=4c+2
a(bec—f*)<4D

N SIS TS SED MR SHD SIEEED Dl Ol

a€c4N b,ceN a€4N b,ceN a€2N\4N b,ceN a€2N\4N b,ceN
<4D 4D | b <4D 4D | b <4D 4D , b <4D 4D , b
Ot b<e< gt g Gt b<e< Gy g asEP b<e<p Ty ASEE b<e<p g

b=4c=40 b=4c=43 0=4b=4c+2 3=4b=yc+2
a€4N b,ceN a€2N\4N b,ceN >
<4D 4D 4 b <4D 4D , b
ax b<c< ab +7 az b<c< ab +4

be—4D 5 be— 2D >

b=4c b=ygc+2

We claim that the error terms in line do not grow faster than Dlog D. We have

Yoy owm, Y Y 0(1):(9(2: > 1>:(9(DlogD).

a€4N b,ceN a€2N\4N b,ceN a€eN b,ceN
a<4D 4D b <4D 4D b a<4D b<c
= b<ce< ab +Z as b<e< ab +Z = @+l<c<@+ﬁ
bc— % >1 be— % >1 b7Tb a 4
b=yc b=yc+2

The last equality has been explained in detail in part (a). Now, we want to show that
the four sums of line (65) are all equal up to this error term, and this line adds up to
O (Dlog D), thus. We note that all four sums share the following structure:

Yo > 1, zyz2e{0,1,2,3}

aeN beN ceN
a<4D /D b<e<dD 4 b
pl b<dy/ = 1
a=yw "V 3a cEibz
b=,y

This triple sum can be determined sufficiently exactly and independently of z,y and z.
The calculation is similar to that of the second double sum from line . That reflects
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the fact, that the expression from part (a) can be seen as a sum of four sums of the general
type (all combinations of z = 0,2 with y = 0,3). We start with the elimination of z by

YY LY X (i X e

a€eN beN ceN a€eN beN ceN
4D b 4D | b
as4Dy 4\ /D b<e<y asiDy 4 /B b<e<ptig
a:41 c= 42 (1:4(1) a
b=,y b=4y

aeN ceN beN < aeN beN )
a<4D c<%@ b<c< 4D+4 a<4D b<d 3Q
a=ygx b= 4y a

and continue with applying the same method to y:

Y ¥ 1=1zz(i > 1eom) o ¥/2)

a€N beN ceN a€eN ceN beN a€N
agaD, _, /_b<c< 4D+z; a<4D o< lgD b<c<%+1 a<4D
a:4z a= 4"1/‘
b= 4y
aeN b,ceN ( a€N ceN > ( aeN )
a<4D po. <4D+ZI a<4D <136 a<4D
a=4x

We once again change the order of summation to get rid of x and note that the first error
term dominates the second one:

SY Y o ¥ ¥ oe(x?)

a€eN beN ceN b,ceN a€N a€eN
a<4D \/_b<c< 4D+ b< .<Q+b a<4D a<4D
a=yT b<b4 c= 42 E ST <4D+4
4Y aEyx
1 1
—— Y (= Y 1+00) | +0(DlogD).
16 4
b,ceN aeN
b<c<£+b a<4D
b "1 <4D+4

It remains to show that the new error term is small enough:

> 2 > 1:6%1 > 1+(9< >y 1>+(9(DlogD)

a€eN beN ci% a,b,ceN beN ciND b
a<4D b<e a<4D D b<ce<=z=+4
= b<;l\/ <o 4z+4 beedD it b<dy/ B b<e<FHoHg
4Y
1 D
=— E 1+0 E — | +O(DlogD)
64 b
a,b,ceN beN
a<4D D
b<dy/ 5
b<c<%+£r < \/?
1
= — E 1+0O(DlogD).
64
a,b,ceN

a<4D
4D , b
b<c< b +7
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Having determined lines and , we arrive at

(67) > (Z Yoo+ Y > >+(9 (Dlog D).

a,b,c,fEN a€4N b,c,feN a€2N\4N  b,c,feN

2f<b<c a<4D 2f<b<c a<4D 2f<b<c
b—f,f—c€2Z be—f2< 4D be—f2< 4D
atbtc—2fcaN ="a = a

b=y4c b=gc+2
a(be—f2)<4D 4 4

For the calculation of the interior triple sums let y € {0,2}. We have

S i= Y Y 1= % (i 3 1+0(1)>

b,c,fEN b, fEN cEN b, fEN ceN
2f<b<c 2f<b b<c 2f<b AD f
b<c< +
be—2< 4D p2-y2<4D pe—y2<4D b2 f2<4D ab
b=4c+y c=y4b+y
boe,fEN ( beN fen ) b.e,fEN ( beN )
2f<b<c bed D 2f<b 2f<b<c b<d D
be—f2< 4P e be—f2< 4P e

1 D

== 1 =),

. > +O<a)
b,c,feN

2f<b<c
be—f2<4D

We insert this in line :

> 1:%(2 oo+ > Y 1>+O<Z§>+O(D10gD)

a,b,c,fEN

a€4N b,c,fEN a€2N\4N b,c,fEN a€2N
2f<b<c a<4D 2f<b<c a<4D 2f<b<c a<4D
b—f,f—ce2Z be— f2< 4D be— f2< 4D
a+b+c—2fcaN F7sg fos

a(be—f2)<4D

:éz > 1+0(DlogD).

a€e2N b,c,fEN
a<4D 2f<b<c

be—f2< 4D

We complete the proof of part (¢) by applying Lemma once more:

Z 1= §<£w<( ) SD(long) + O (Dlog D)

a,b,c,fEN
2f<b<lc
b—f,f—cE2Z
a+b+c—2f€4N
a(be—f2)<4D

R, 3
= 18\/_D —6—4D(10gD) + O (Dlog D).

]

Altogether, adding up the three formulas of Lemma and taking into account the pre-
ceding remarks finishes the proof of Proposition

To finish this chapter, we give a review of the above results that were obtained by the
different methods. We coarsen the findings by concentrating on complete Bravais classes.
Moreover, we only specify the terms of highest order of magnitude.
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Theorem 4.12. For every index i, the function f; of Table[] fulfils the asymptotic equality
filz) ~ Hy(x) for z — co.

Proof. The results for the cubic Bravais classes carry over from Table [3| unchanged. The
same holds for the primitive orthorhombic case.

The formulas for the hexagonal, tetragonal and trigonal Bravais classes are obtained by
summing up several results for the corresponding Schiemann classes from Table The
same holds for the face-centered orthorhombic case.

The body-centered and base-centered orthorhombic results are given in Proposition [4.6]
The monoclinic formulas are established (more precisely) in Propositions and .

For the triclinic case, that is, for the lattices with trivial automorphism group, we use
the Theorem of Minkowski (Theorem [3.5)). For the three-dimensional case Minkowski has
shown

H(D) = v3D? + O <D2> ,

where H (D) is the class number of all three-dimensional lattices and vs is a certain constant.
Since all the other Bravais classes grow with D at most as fast as some multiple of D%,
we can deduce that v3D? is the order of magnitude of the triclinic lattices. It remains to
> 2
calculate the constant. We use I' (3) = /&, I'(1) =1, T'(2) =iymand ( (%) = % to
get
2 ra(k 1 721 1
— T(2)ck) = ST C(3) = —(C(3) .
= e LI (3) = oy v = 5y

This proves the last line of Table [ O
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Table 4: Asymptotic Class Numbers of Bravais Types

Crystal System | Bravais Type | Index i fi(x)
cubic primitive 48, p z3
cubic body-centered | 48,1 27373
cubic face-centered 48, f 2-5as
hexagonal primitive 24, p %C (2)x
tetragonal primitive 16, p C(2)x
tetragonal body-centered | 16,1 i(’ (2)x
trigonal rhombohedral | 12,r $C(2)z
orthorhombic primitive 8,p Lz(logz)?
orthorhombic body-centered | 8,7 =z(log z)?
orthorhombic face-centered 8, f =z(logx)?
orthorhombic base-centered | 8,b sz(log z)?
monoclinic primitive 4,p 3¢ (%) 3
monoclinic base-centered 4,b =56 (%) 2
triclinic primitive 2,p i ¢(3)a?
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A Bravais Classes of Lattices

We collect some properties of three-dimensional lattices. Each lattice has a certain Bra-
vais type. There are 14 Bravais types, which belong to the following seven crystal sys-
tems: cubic, hexagonal, tetragonal, trigonal, orthorhombic, monoclinic, triclinic. Subsets
of Euclidean vector spaces are called Bravais equivalent if their symmetry groups (dis-
tance preserving affine transformations of the surrounding vector space that leave the set
invariant) are conjugated in the general affine group of the space. We will use another
definition (specialised for lattices) that involves the orthogonal group (see Definition
of the lattice.

Definition A.1. Two lattices (L1,by) and (Lo, by) are Bravais equivalent if there is a
linear transformation F € GL(V) with F(L;) = Ly and F o O(Ly,b;) o F~1 = O(Ly, by).

For the equivalence of the two definitions see [Sch12, Lemma 2.6.12].

Definition A.2. Two lattices (L1,by) and (Lo, bs) belong to the same crystal system if
there is a linear transformation F' € GL(V) with F o O(Ly,b) o =1 = O(Ly, by), that is,
if their orthogonal groups are conjugated in the linear group of the vector space.

For the fact that every three-dimensional lattice belongs to exactly one of the following
crystal systems and Bravais types see [Kle82), Satz 12.9]. There, the hexagonal and trigonal
crystal systems are merged.

Provided the isometry group of the lattice has order at least eight, we sketch an excerpt of
the lattice containing a fundamental domain of the group’s action on the lattice. We add
the shortest vectors, a reduced basis with corresponding Gram matrix, and the isometry
group of the lattice.

We use Schiemann’s notion of a reduced basis here, so that reduced will be short for
Schiemann-reduced.
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Cubic Crystal System

The cubic crystal system (more precisely, the set of all isometry classes of cubic lattices)
is subdivided in three Bravais classes: primitive, body-centered, face-centered.

Let a > 0 be the square length of a shortest lattice vector in the primitive case.

primitive body-centered
(0, va, va) (Va, va, va)

0, va, a) Va, va, Va)

(Va, a,0)

(Va, \/a,0) (0,0,0) (va,0,0)

8 shortest vectors:

% (£va, £va, +V/a) .

(0,0,0) (va,0,0)

6 shortest vectors: Reduced basis:

1
1
(0? :t\/a7 O)? 5 (\/aa _\/aa \/a) )
(0,0, ++a). 1
5 (\/au \/aa _\/a) .
Reduced basis: Corresponding Gram matrix:
3
(\/aa 07 0)7 1 CLa v?)aCL _aa
(0,v/a,0), 4 a —a 3a

(0,0, Va).

Isometry group of order 48:

Corresponding Gram matrix: 01 0 10 1
({1t o o), [oo0 -1],
00 —1 01 —1
a 0 0
0 a 0 01 —1
0 0 a 10 1 >:Z G48,i~
00 1

[sometry group of order 48:

—~
o = O
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face-centered

(0, Va, va) Va, va, Va)

(Va, Va,0)

(0,0,0) (V@,0,0)

12 shortest vectors:

% (£Vva, £v/a,0),
5 (va,0,%va)

% (0, +va, =V/a) .
Reduced basis:
(\/57 \/57 0) )

(Va.0,Va),
3 (0,v/a,+/a) .

Corresponding Gram matrix:

=N =N =

20 a a

-l a 2a a

a a 2a

Isometry group of order 48:

010 1 1 1

({1 oo],[o -1 o
001 0 0 -1
1 1 1
0 -1 0 >:IG487f.
-1 0 0

)
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Hexagonal Crystal System

This crystal system consists of only one Bravais class.

Again, let a be the square length of a shortest lattice vector. In the generic hexagonal case
a reduced basis contains at least one vector of greater length. According to the common
entries of the corresponding Gram matrix, we denote this second length by b, if there is
only one vector of length a, and by ¢, otherwise.

1(-va,v3a,2ve) 1 (va, V3a,2ve)

a<c

(Va,0,0)

1(-va,—v3a,0) L(va —v3a,0)

6 shortest vectors:

(+£v/a,0,0),
% (i\/a, +v/3a, o) .
Reduced basis:
(va,0,0),
: (Va.v3a.0).
(0,0,+/c).
Corresponding Gram matrix:

20 a O
-l a 2a 0
0 0 2c

[sometry group of order 24:
01 0 -1

(11 0 0 ],{0 1

00 -1 0 O

-1 0 0

0 -1 0

0 0 -1

-1 0
0f,
1

> =: G24,p71 .

* The equality a = ¢ is admissible here as
well. Then, however, there are eight short-
est lattice vectors. In the second hexagonal
case we need the strict inequality a < b for
the given vectors to form a reduced basis.

1(2va, VB, V38)

(Va, Vb, 0)

a<b

2 (2va, Vb, —/3b)

1(0,—v5,—v3b) 1(2va, —vE — V3b)

2 shortest vectors:

(£+/a,0,0) .

Reduced basis:

(v/a,0,0),
(o, NG 0) ,

%(0,@,\@).

Corresponding Gram matrix:

1 2 0 O
-1 0 2b b
0 b 2b

Isometry group of order 24:

-1 0 0 1 0 0
(fo o1],lo -1 -1],
0 10 0 0 1

-1 0 0
0 —1 0 >:IG247p72
0 0 -1
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Tetragonal Crystal System

This crystal system includes the primitive tetragonal and the body-centered tetragonal

Bravais class.

There are two free parameters again. We denote them with a and b or ¢, following the

same principle as in the hexagonal case above.

primitive
(0, Va, Ve) (Va, Va, V)
a <c
(Va, a,0)
(0,0,0) (v/a,0,0)

4 shortest vectors:

(+£+/a,0,0) ,
(0, £v/a,0) .

Reduced basis:
(va,0,0),

(0,va,0)
(0,0,/¢) .

Corresponding Gram matrix:

o O 2
o Q@ O
o O O

[sometry group of order 16:

0 > =. GlG,p,l .

OO~ OO
O O OO
—

(@]

o
[

(0, Vb, Vb) (va, Vb, Vb)

a<b

(Va, Vb, 0)

(0,0,0) (va,0,0)

2 shortest vectors:
(£/a,0,0) .
Reduced basis:

(v/a,0,0),
(0, Vb, 0) ,

(0, 0, \/E) .

Corresponding Gram matrix:

o O 2
> O O

0
b
0

Isometry group of order 16:

100\ /1 0 0
(oo 1].,l0o =1 0],
010/ \o 0 1
~10 0
0 1 0])=:Gigps .
0 0 1

For a = ¢ and a = b the lattice would belong to the primitive cubic type.
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body-centered

(0, va, 2) (Va, Va, V) 0, Va, V) (Va, Va, Ve)
1 *
5 c<a<c
1
a < 5 C (Va, Va,0)
(0,0,0) (v/a,0,0)
8 shortest vectors:
(Va, Va,0) 1
(0,0,0) (va,0,0) Reduced basis:
. 1
4 shortest vectors: 5 ( Va, Va, \/E) :
(+£v/,0,0) 1
S\ —Vva,va,vc),
(0,++/a,0). 2( Va, Va, /)
1
Reduced basis: ) (\/67 —Va, \/E) :
(\/E, 0, O) ' Corresponding Gram matrix:
(Oa \/5, O) )
1 2a + ¢ c c
- 1
2(\/5’\/5’\/5)' - c 2a +c —2a+c
4 —2a+c¢ 2a+c
Corresponding Gram matrix: ¢
1 4da 0 2a Isometry group of order 16:
- 0 4a 2a
2a 2a 2a+c 0 -1 1 1 00
[ £ ord ‘ (o 1 0],{0 0 1],
sometry group of order 16: 1 1 0 01 0
1 0 1 010 -1 0 0
(f0 =1 0 |,(1 0 0], 0 —1 0 |)= G2 -
0 0 -1 0 01 0 0 -—1
-1 0 0
0 —1 0 |)=:Gus - * For a = ¢ we get a body-centered cubic
0O 0 —1 lattice.

In case of 2a = c there are twelve shortest vectors, the spanned lattice is face-centered
cubic. It can be obtained from the above given representative by a rotation of 7 around

one of the space diagonals followed by a dilation with factor v/2. None of the given bases
remains reduced for 2a = c.
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(0, v, V) (Va, Vb, Vb)

a<b< % a
(va, Vb,0)

(0,0,0) (Va,0,0)

8 shortest vectors:
1
- (i\/a, +V/b, i\/l_7> .
2

Reduced basis:

(Va, vb,vh),
(—va, Vo, vb),
(Va, Vb, ~v5).

N DN — DN —

Corresponding Gram matrix:

a+2b —a+2b a
- | —a+2b a+2b —a
a —a a+2b
[sometry group of order 16:
-1 0 0 01 0
(11 o 1},{1 0 0],
1 10 0 0 —1
-1 0 0
0 —1 0 > = G16,i,3
0o 0 -1

For a = b the lattice is body-centered cubic.

(0, VB, VB) (va, Vb, V/b)
3 k
2a<b
2
(va, Vb,0)
(0,0,0) (va,0,0)

2 shortest vectors:

(£+/a,0,0) .
Reduced basis:

(Va,0,0),
L (Vavevh).

 (Va.—vB.v).

Corresponding Gram matrix:

da  2a 2a
—|2a a+2b a
2a a a+2b
[sometry group of order 16:
1 1 0 1 00
(fo0 0 1}],10 0 1],

0 -1 0 010
-1 0 0
0 -1 0 > = G16,’i,4 .
0o 0 -1

* The equality 3a = 2b is possible here, re-
sulting in ten shortest vectors. In the preced-
ing case however, we need the strict inequal-
ity for the given vectors to form a reduced
basis.
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Trigonal Crystal System

The trigonal crystal system consists of only one Bravais class, which is called rhombohedral

rhombohedral
2a < ¢ (0,0,3v%)
L(—va, V3a,2./0) /
L(—a, —v3a,2e)
(0,0,0)
6 shortest vectors:
1
5 <i3\/5,i\/3a,0> ,

(0.+v3a,0).
Reduced basis:

| oa V).

)

(Va.0.ve).
Corresponding Gram matrix:

6a 3a 3a
3a 6a 3a
3a 3a 2a+ 2c

[sometry group of order 12:

010\ /1 1 1
([t 00],l0 =1 0],
001/ \o 0 -1
—0

G12r1

(V@,0,/¢)

1
za<c<a
2 < < (0,0,3V¢)
1(—/a, v3a,2,/2)
1(=/a, —v/3a,22)
(0,0,0)

6 shortest vectors:

+ (\/67 07 \/E) )

+ % <_\/Ea \/3_aa 2\/E> )

41 (—\/a, ~V/3a, 2\/5) .
2

Reduced basis:

(\/67 07 \/E) )

% <_\/a7 \/%7 2\/5) )

% <—\/6, —\/3_a,2ﬁ) .

Corresponding Gram matrix:

20 +2¢ —a+ 2c
—a+2¢c 2a+ 2c
—a+2c —a+2c

—a + 2¢
—a—+ 2c¢
2a + 2c

Isometry group of order 12:

—
O = O
O O =

—_

0 0
0], 0
1 1
O

—1
= Giar2 -
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1 1 1
] a<c< B} a c < 3 a
1(~Vva,V3a,2/0) (0,0,3v/2) 1(~va,v3a,2ve)
(0,0,3v/0)
(va, 0, V/2) (va, 0, V2)
3(=va, —V3a,2¢) 3 (=va, —v3a,2/c) (0,0,0)
(0,0,0)
6 shortest vectors: 2 shortest vectors:
+ (Va,0,Vc), (0,0, £3/¢) .
1
4= (—\/a, V3a, wz) ,
% Reduced basis:
+5 (—\/5, —V3a, 2\/5) .
: (0,0,3v/¢),
Reduced basis:
(\/57 07 \/E) )
(_\/57 07 _\/E) Y 1 \/_ \/3_ 2\/_
1 — (— a, Vv 3a, c> :
5 <_\/av \ 3&, 2\/E> ) 2
% (_ Va, —v/3a,2 \/E> ' Corresponding Gram matrix:
Corresponding Gram matrix: 18¢ 6¢ 6¢
2a+2c a—2c a—2c 92 ¢ 2a+42c —a+2c
5 a—2 2a+2 —a+2c 6c —a+2c 2a+2c
a—2c —a+2c 2a+2c
[sometry group of order 12:
[sometry group of order 12:
01 0 100 1 0 1 100
(1t 0o 01],{0 0 1], (101 —-1],{0 0 1],
00 -1 010 00 —1 010
-1 0 0 -1 0 0
0 —1 0 > = G127r,3 . 0 -1 0 > = G1277‘74 .
0 0 -1 0O 0 -1

If we replace any of the classifying inequalities of the different rhombohedral trigonal cases
by the corresponding equality, the given basis always remains reduced. The lattice becomes
cubic. For ¢ = 2a, 2¢ = a and 8c = a it is face-centered, primitive and body-centered,
respectively.
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Orthorhombic Crystal System

The orthorhombic crystal system’s Bravais classes are the following four: primitive, body-
centered, face-centered, base-centered.

Let a,b,c be the square lengths of the basis vectors in the primitive case. We assume
a<b<ec

primitive body-centered
(0, Vb, /<) (@, Vb, /e (0, Vb, V©) (Va, Vb, /<)
b a+b+c
< 4xorc
4
(Va,Vb,0)
(va, vb,0)
(0,0,0) (\/E,0,0)
2 shortest vectors: (0,0,0) (Va,0,0)
(i Va, 0, 0) . 2 shortest vectors:
Reduced basis: (:I:\/E, 0, 0) :
Reduced basis:

(Va,0,0),
(0.5,0).
(0,0,+/¢) .

Corresponding Gram matrix:

(v/a,0,0),
(0, Vb, 0) :

L (Vavh.ve)

Corresponding Gram matrix:

1 0 4b 2b
2a 2b a+b+c

a 0 0
O b 0 ) 4CL 0 2a
0 0 ¢

Isometry group of order 8:

10 0 1 0 0 10 1 ~1 0 0
(o1 of,[o -1 0], (fo1 1|,{o 1 1],

00 -1/ \o o0 1 00 —1 0 0 —1

-1 0 0 -1 0 0

0 -1 0 |)=:Gs, 0 —1 0 |)=:Gsis

0 0 -1 0 0 -1
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a<%b“§b *

(0, Vb, Vo) (Va, Vb, Vo)

(vVa, vb,0)

(0,0,0) (va,0,0)

2 shortest vectors:
(+£v/a,0,0) .
Reduced basis:
(va,0,0),

L (Vavhve),
(VA b ve).

Corresponding Gram matrix:

1 4a 2a 2a
- 12¢ a+b+c a—b+c
2a a—b+c a+b+c

Isometry group of order 8:

1 1 1 100
(o =1 o ],|loo0 1],
0 0 -1 010

-1 0 0
0 -1 0 |)=:Gsso.
0 0 -1

* For 3a = b+ ¢ the basis remains reduced
and we have ten shortest vectors. The ba-
sis of the following case would no longer be
reduced in case of this equality.
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(0, Vb, V<)

(Va, Vb, v/e)

(0,0,0) (v/a,0,0)

8 shortest vectors:

a—i—i—l—c <a

(Va, Vb, 0)

% (i\/a, +Vb, i\/E) .

Reduced basis:

NN~ —

(va Vb, ve),
(—va, Vb, ve).,
(v, ~vb,ve).

Corresponding Gram matrix:

a+b+c

—a+b+c a—-b+c
at+b+c —a—-b+c

—|—a+b+c

a—b+c

—a—b+c at+b+ec

[sometry group of order 8:



face-centered

(0, V5, /o) (va, Vb, /o)
*
3a < b
(va, Vb,0)
(0,0,0) (va,0,0)

2 shortest vectors:

(+£v/a,0,0) .
Reduced basis:

(\/67 07 0) )
1
5 (\/aa \/Bv O) )
1
5 (\/aa 07 \/E) .
Corresponding Gram matrix:
1 4a 2a 2a
1 2a¢ a+b a
2a a a+c
Isometry group of order &:
10 1 1 1 0
(o1 0 1],{0 =1 0],
0 0 —1 0 0 1
-1 0 0
0 -1 0 > = G87f71 .
0o 0 -1

* Here, as opposed to the next case, 3a = b
is possible, resulting in six shortest vectors.

(0, v, V/e) (Va, Vb, /¢)

b < 3a

(Va, Vb, 0)

(0,0,0) (Va,0,0)

4 shortest vectors:

% (j:\/a, +vb, o) .
Reduced basis:
(Va, vb.0).,
(~va, v5,0).
(Va.0,ve).

N RN DN~

Corresponding Gram matrix:

a+b —a+b a
1 —a+b a-+b —a
a —a a—+c

Isometry group of order 8:

10 1 010
(fo1 =1|,11 0 0],
0 0 -1 001

-1 0 0
0 -1 0 >—ZG87f,2
0o 0 -1
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base-centered

(0, V5, /o) (va, Vb, /o)
3a < b
(va, Vb,0)
(0,0,0) (va,0,0)

2 shortest vectors:

(+£v/a,0,0) .
Reduced basis:
(\/67 07 0) )
1
5 (\/aa \/l_)v O) )
(0,0,/) .
Corresponding Gram matrix:
1 da  2a 0
Z__L 2@ a + b O
0 0 4c

Isometry group of order &:

1 1 0 10 0
(o =1 of,{0 1 o0
0 0 1 00 —1
~1 0 0

0 -1 0 > = GS,b,l .

(0, v, V/e) (Va, Vb, /¢)

b < 3a

(Va, Vb, 0)

(0,0,0) (Va,0,0)

4 shortest vectors:

% (j:\/E, +vb, o) .
Reduced basis:
% (Va, v2.0).,
% (—va, v5,0).
(0,0,v/<).

Corresponding Gram matrix:

at+b —a+b 0
1 —a+b a+b 0
0 0 4c

[sometry group of order 8:

1
0
0
) :Ggpa -

—~
o = O
o = O

o O

10
00|,
0 1
0

In the limit case 3a = b the lattice is hexagonal and has six shortest vectors.
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(0, vb, V/©) (Va, Vb, /e) (0, v, V/e) (Va, Vb, /¢)

a<4<b

a+tc
b<5"

(Va, Vb, 0)

(Va, Vb, 0)
(0,0,0) (v/a,0,0)

(0,0, 0) (Va,0,0) 2 shortest vectors:

(£+/a,0,0) .

2 shortest vectors:

(+£v/,0,0) .

Reduced basis:

(v/a,0,0),

S (Va,0,ve)
(va0.0). (0.v5,0).

Corresponding Gram matrix:

Reduced basis:

1 4a 2a 0
. . —|2a a+c O
Corresponding Gram matrix: 0 0 4b
1 4 0 2a Isometry group of order 8:
-10 4 O
2a¢ 0 a-+c 1 1 0 1 0 O
(fo -1 0},{0 1 0 ],
[sometry group of order 8: 0 0 1 00 -1
10 1 1 0 0 PR
0 —1 0 > - Gg’b’l .
0 0 —1 0 0 1
-1 0 0 For 3a = c the lattice is hexagonal again and
0 —1 0 |)= Ggps- has six shortest vectors. The basis of the fol-
0 -1 lowing case remains reduced as well.
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(0, Vb, /) (Va, Vb, /e)

atc
=~ <a

(vVa, vb,0)

(0,0,0) (@, 0,0)

4 shortest vectors:

(+£va,0,+/c) .

N —

Reduced basis:

(va,0,Vc),
(_\/aa 07 \/E) )
0, vb, o) .

M~ PN

Corresponding Gram matrix:

a+c —a+c O
1 —a+c a+c 0
0 0 4b

[sometry group of order 8:

(0, v, V/e) (Va, Vb, /¢)

(Va, Vb, 0)

(0,0,0) (v/a,0,0)

2 shortest vectors:

(+£v/a,0,0).
Reduced basis:

(v/a,0,0),
(0, Vo, 0) ,

1
05
Corresponding Gram matrix:

1 4a 0 0
-1 0 4b 2b
0 2b b+ec

[sometry group of order 8:

10 0 ~1 0 0
(o1 1],{o 10

00 —1 0 01

-1 0 0

0 —1 0 |)=: Gspu

0 0 -1

applies to the following case.
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lattice with two shortest vectors. The same



(0, vb, V<) (Va, Vb, /e)

a<%<b

(Va, Vb, 0)

(0,0,0) (va,0,0)

2 shortest vectors:
(£v/a,0,0) .
Reduced basis:
(va,0,0),
5 (0.V5v2).
% (0, Vb, ﬁ) .
Corresponding Gram matrix:

1 4a 0 0
-10 b+c¢c —-b+c
0 —b+c b+c

[sometry group of order 8:

100 -1 0 0
(foo1],{o 10],
010 0 01

-1 0 0
0 —1 0 >:ZG87(,75.
0 -1

(0, Vb, V/e) (Va, Vb, v/e)

be g *

(Va, Vb, 0)

(0,0,0) (v/a,0,0)

4 shortest vectors:
1
= (o, +Vb, :t\/E> .

Reduced basis:

1

5 <O7 \/1—)7 \/E> )

1

5 <O7 _\/l—)a \/E> )

(v/a,0,0).

Corresponding Gram matrix:

b+c —-b+c 0

1 —b+c b+c O
0 0 4a

Isometry group of order 8:
0
0

Y

O O =

010\ /10

({1 00],]01
001/ \oo -1
-1 0 0

0 -1 0
0 -1

) = Gspa -

* The equality 4a = b+ ¢ is admissible here.

We have six shortest vectors in this case.
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In the following table we specify for each of the occurring groups G, which (additional)
conditions on the entries of a reduced Gram matrix

a d e
B=|d b f|ez®3
e f c

must be fulfilled in order to have G =p GL3(Z). Generally, all equalities and inequalities
from Lemma apply, since we assume the matrix to be reduced. Hence, if the table
gives a = c¢ for example, this implies a = b = ¢. Because of the additional conditions, not
all parameters are needed. We choose the independent parameters in such a way that no
fractions arise in the Gram matrix.

Table 5: Gram Matrices of Three-Dimensional Lattices

’ Index \ Conditions \ Gram Matrix \ Determinant
0= a 0 0
487p d : O’ O a O a3
a 0 0 a
3d d d
48,0 | O~ C_; 34, d 3d —d 164
N d —d 3d
2d d d
48, f Z:jﬁzd’ d 2d d Ad?
N d d 2d
2d d 0
24,p,1 . g =2, d 2d 0 3cd?
0 0 ¢
a 0 0
24,p, 2 Zng’ 0 2f f 3af’
0 f 2f
a 0 0
16,p, 1 3:27_&6’ 0 a 0 a’c
- 0 0 ¢
a 0 0
16,p, 2 Zf?j_c’ 0 b 0 ab?
T 0 0 b
2¢ 0 e
16,41 | 2=2=2) 0 2 e 4e2(c —e)
d=10
e e ¢
P 2d — f d d
16,1, 2 Z;C_;% g i 2d—f f 4d(d — f)?
d f 2d — f
g d+ 2e d e
16,14, 3 3 ; C_; d=2F, d d+2e —e 4e(d + e)?
e —e d+2e
. if of 2f
16,64 | " — 9 2f b f Af(b— f)?
a=2e=4f af [ b
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’ Index ‘ Conditions ‘ Gram Matrix Determinant
2d d d
12,7, 1 Zf;zw#c’ d 2d d d(3¢ — 2d)
a d d c
a d d
12,7,2 Z:jﬂi? d a d (a+ 2d)(a — d)?
- d d a
a d d
12,7,3 Z:C_?id’o d a —d (a — 2d)(a + d)?
- d —d a
3d d d
12,4 | @=3d=3¢7 b, d d-2f f d(d — 3f)?
b=c=d-2f
A f  d-2f
a 0 0
8,p ;‘fzfj;_o 0 b 0 abe
T 0 0 ¢
2¢ 0 e
$.i.1 Zzge#b% 0 2f f 2ef(2c— ¢ — f)
e f ¢
b= 2% d d
8,1,2 a =2e #4f, d b f 2d(b—f)(b+ f —d)
a#bVe#f d f b
a=c=d+e—f, d+e—f d e
8,i,3 | d#e, d  die—f f 2(d + e)(d—f)(e—f)
et —f e f d+e—f
if of of
a = 2d = 2 = 4f,
.01 | 5. Fotler vt 16— e~ f)
2f f c
L d+ 2e d e
8, f,2 Z:b_; 2etd 7 c, d d+2 —e de(c—e)(d +e)
a e —e c
2d d 0
8,0, 1 ‘Ji:%d%b’ d b 0 cd(2b — d)
a 0 0 ¢
a d 0
80,2 ngﬁd%o’ d a0 c(a+d)(a — d)
N 0 0 c
04— % 2¢ 0 e
8,b,3 f: 0 ’ 0 b0 be(2¢ — e)
N e 0 ¢
a 0 0
8.b,4 z;%f#c’ 0 2f f af(2c— f)
0 f ¢
a 0 0
= 2
8,b,5 2287& F#0, 0 b f a(b+f)(b—f)
0 f b
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