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Abstract
Singular Alternating Matrices over Rings of Integers
by
Kristina Nelson
Doctor of Philosophy in Mathematics
University of California, Berkeley
Professor Melanie Wood, Co-chair

Professor Kenneth Ribet, Co-chair

Let K be a number field with ring of integers Og. Consider the set of n x n alternating
matrices with fixed rank, » < n, norm bounded by X, and entries in Og. We give an
asymptotic formula for the number of such matrices as X varies, where n, r and K are
treated as constants. Our work extends previous results by Eskin and Katznelson [EK95],
who considered an analogous problem about symmetric integer matrices; as well as by Park,
Poonen, Voight, and Wood [PPVW19], who counted alternating integer matrices.

The principal ideas behind the proof were first introduced by Katznelson in [Kat93]. There,
the problem of counting matrices is reduced to one of counting lattice points. Because
our matrices have entries in O rather than 7Z, the lattices of Katznelson are replaced in
the present work with Og-modules. The generalization from Q to K renders the standard
tools of lattice-theory less directly applicable, and we rely on the Minkowski map and novel
arguments to, at various turns, reduce to the lattice case, or abstract results from lattices
to Og-modules. Ancillary results in our work include a new formula for the discriminant of
a torsion-free Og-module in terms of its pseudo-basis and a novel structure theorem about
the set of alternating matrices whose rows lie in a specified Og-module.
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Chapter 1

Introduction

Understanding the distribution of the bounded integer points of a variety is a major problem
in arithmetic geometry. Consider, for example, the affine case: let fi,... fo € Z[x1,. .., x)
be a set of irreducible polynomials and define

V(Z,X):={zeZ:||z|| < X and fi(z) =0, Vi=1,...,a}.

Here, we are interested in the growth of #V(Z, X) as X tends to infinity. See also the discus-
sion of Duke, Rudnick and Sarnak in [DRS93] for a more extensive background. Though re-
solving the above problem for varieties in complete generality is “hopeless” [DRS93|, progress
is underway in a number of cases where additional structure exists.

Take the set of matrices A € M,..(R) of specified rank, rk(A) = r. This is a quasi-
affine set, defined as the zero set of the (r 4+ 1)-dimensional minors intersected with the
open set where at least one r-dimensional minor is nonzero. Katznelson tackles the integer
point problem in this case in [Kat93] and [Kat94]. In the former, he estimates the number
of singular A € M, (Z) contained in a bounded open set, and in the latter, the number of
A € Myym(Z) with tk(A) = r and ||A|| < X.

Expanding on the same techniques, Eskin and Katznelson bound the number of symmet-
ric A € M,(Z) with rk(A) = r and ||A|| < X in [EK95]. Park, Poonen, Voight, and Wood
adapt their argument to estimate the number of alternating A € M,,(Z) with rk(A) = r and
[|A|] < X [PPVW19]. Their paper proposes a probabilistic model based on random alter-
nating matrices to predict the arithmetic behaviour of elliptic curves over Q. In particular,
the distribution of rk(A) over alternating A € M, (Z) with ||A|| < X, as X goes to infinity,
is used to make heuristic predictions about the boundedness of ranks of elliptic curves.

Let K be a number field and Ok its ring of integers. In the current work we investigate
the number of alternating A € M,(Ok) with rk(A) = r and norm bounded by X. One
motivation of this work is a potential future analog of [PPVW19]’s model, extended to
elliptic curves defined over K and ranks considered over certain finite extensions L/K.
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1.1 Main result

As above, let K be a number field with ring of integers Ok. For a matrix, A € M, (K), we
define the Minkowski norm of A to be

1/2
1Al :( > > ’T(Aij)‘2> :

1<i,j<n m:K—C

where the inner sum varies over all complex embeddings of K. We say A € M, (K) is
alternating if A = —A and we denote the collection of alternating matrices by M, (K )a;.
Let AX (X) be the set of rank r matrices A € M, (O )a With norm bounded by X, that is,

Affﬂn(X) ={A € M,,(Ok)ar : tk(A) =r and ||4]|, < X} (1.1)

We consider #AX.(X) as a function of X and investigate its behaviour as X grows.
Using Notation 2.1.2, our main result is as follows.

Theorem 1.1.1. Let 0 < r < n, withr even, and s = [K : Q|. Then #Aff’r(X) Lgep X2,
For X sufficiently large, #AX (X) >k, X™/* as well.

Proof. The theorem is proven in two parts, the upper bound in Proposition 6.0.14, and the
lower bound in Proposition 7.0.5 O]

Remark 1.1.2. We let r be even in Theorem 1.1.1, as otherwise the number of alternating
matrices of rank r is zero [Lan02, Chapter XV, Theorem 8.1]. The nonsingular case follows
from Theorem 1.1.1. Indeed, in Corollary 6.0.15 we show when r = n is even, Af (X) <k
Xn=U/2 and for X sufficiently large AK, (X) >k, Xsn=D/2,

1.2 Methods

For v € Z", define the lattice ¥, := {u € Z" : u L v} and let M(X,) be the set of matrices
A € M,(Z) whose rows lie in ¥,, or equivalently, the set of A € M, (Z) with v € ker(A).
Then M(X,) is itself a lattice. Our key idea comes from Katznelson’s paper [Kat93] counting
singular matrices A € M, (Z) with ||A|| < X: since every such matrix has some short integer
vector, v € Z" in its kernel, the problem can be split into counting the small matrices of
M(%,) for finitely many vectors v € Z".

The present work follows previous adaptions of Katznelson’s argument to symmetric
[EK95] and alternating [PPVW19] matrices of rank < n. We are interested in matrices over
Ok rather than Z. Thus, instead of lattices, >, C Z", spanning codimension 1 subspaces
of R", we consider Og-modules, A C O}, spanning r-dimensional subspaces of K". We
restrict our count to alternating matrices by replacing M(%,) with A(A), the Ox-module
of alternating matrices A € M,(Ok)a whose rows lie in A. Then #A% (X) is estimated by
counting the number of matrices each A(A) contributes.
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In practice, A(A) is much nicer to work with when A is primitive, i.e. when A = O% N
Spany (A). We prove results about the structure and discriminant of a more technical Og-
module of matrices, B(A), and then show in Lemma 4.0.6 that A(A) = B(A) whenever A is
primitive. This lemma generalizes [EK95, Proposition 3.3]. Some additional work is needed
in the proof, as the lattice bases have to be replaced by more complex pseudo-bases for A
and B(A).

The upper bound involves two broad steps: first, we need to choose the set, P, of Og-
modules A which we will consider A(A) of; secondly, we need a count of the small matrices
contributed by each A(A).

Eskin and Katznelson showed that for their counting problem it suffices to consider
primitive, rank r, lattices of bounded discriminant. Analogously, we show in Proposition
3.2.6 and Lemma 6.0.8 that P can be taken to be the set of primitive, module-rank r, Og-
modules with bounded module-discriminant. Specifically, Proposition 3.2.6 shows that if
B(A) contains a small, rank 7, matrix then the module-discriminant of A is small as well.
This generalizes Corollary 4.2 of [EK95], however their proof uses reduced lattice bases, which
do not translate in quite the way we need to Ox-modules [FS10]. Instead, we develop a novel
proof in Chapter 3.2 that exploits the structure of B(A) and works with any pseudo-basis of
A.

An extended version of the Minkowski embedding p : K™ — K (Definition 2.5.3) allows
us to turn Ox-modules, A, into lattices, u(A). We define the module-discriminant, ©(A), of
an Ox-module A as the lattice-discriminant of (A) (see Chapter 2.5). This agrees with other
authors [Thu92, FS10]. However, we also give a novel expression for ®(A) in terms of the
pseudo-basis of A* (Proposition 2.5.17), which is critical to the proof of the above-mentioned
Proposition 3.2.6 as well as Proposition 3.1.8 and other results.

Proposition 3.1.8 shows D(B(A)) < D(A)"~! and generalizes [EK95, Lemma 3.5]. A new
method of reducing to the r = n case is used?.

We rely on Thunder [Thu92] for a bound on the number of modules in P. Thunder’s
work generalizes that of Schmidt [Sch68] to an arbitrary number field. Schmidt’s result, a
count of the number of primitive lattices of fixed rank and bounded discriminant, is used
analogously by Eskin and Katznelson.

Having figured out P, the second step is to bound the size of the set

A()<x = {A € AN : [|All, < X},

In Lemma 5.0.10 we generalize a standard formula for the number of lattice points in a
ball [EK95, Lemma 2.4] to Og-modules. We replace the reduced basis used there with
(successive) minima, as the latter generalize more usefully to Og-modules. Lemma 6.0.5
relates the minima of A(A) to those of A. This lemma is functionally equivalent to [EK95,
Lemma 3.2], but requires a new proof using the relation D(A(A)) < D(A)""! since we no

1Or equivalently, the Steinitz class and a basis matriz of A.
2This allowed us to avoid the use of orthonormal vectors, which was desirable as our norm || - ||, does
not play as naturally with the module-discriminant as the L?-norm on R™ does with lattice-discriminants.
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longer have all the features of a nice reduced lattice basis. The above results in hand, Lemma
6.0.6 then bounds A(A)-x in terms of the minima of A — or more precisely the truncated
modules, trnc,(A), of A, which are constructed using the minima.

Truncated modules are new to our version of the matrix-counting argument, though they
also appear in Thunder [Thu92]. Using trnc,(A) in our expression for #.A(A)x standardizes
all terms appearing in the upper bound on #Aff’T(X ) (Proposition 6.0.14). This leaves us
with a single formula to bound and no error terms needing to be handled separately [EK95,
Theorem 4.1, Sections 6 and 7].

Finally, the proof of the lower bound on #A%,.(X) (Proposition 7.0.5) follows that of
[PPVW19] and relies on the notion of a c-regular Og-module, i.e. one whose the smallest
minima vector is short. We show a large number of Ox-modules in P are c-regular (Lemma
7.0.4) and that each c-regular Ox-module contributes at least one matrix to A}, (X). Lemma
7.0.4 is a generalization of [EK95, Proposition 2.6] and uses a new argument: instead of
inductively constructing c-regular modules, we use [Thu92, Lemma 15] to show there cannot
be too many non-c-regular modules in P.

1.3 Roadmap

We begin in Chapter 2 with background material on lattices and Og-modules that will
be used throughout the article. In Chapter 3 we introduce the Og-module of matrices,
B(A) € M, (K)at, which is constructed from another Og-module, A C K™. We relate
the module-discriminant of B(A) to that of A. Chapter 4 discusses primitive modules, a
generalization of primitive lattices. We show that when A is primitive, B(A) consists of
exactly the alternating matrices whose rows lie in A, that is, B(A) = A(A). Chapter 5
generalizes the notion of successive minima from lattices to Og-modules and shows how to
count module-points of small norm using the minima. In Chapter 6, we bound #.Anff,,(X )
above by summing A(A)_x over a finite set of primitive A C K™, P. Chapter 7 bounds
#Aflfr(X ) below by showing a large number of modules in P each contribute at least one
matrix to A .(X).



Chapter 2

Background, lattices and modules

2.1 Notation

Notation 2.1.1. Throughout this note K will be a number field of degree s = [K : Q] with
ring of integers Ok .

We use the following asymptotic notation.

Notation 2.1.2. Let X be a set of allowed function inputs and B a second set of inputs,
which are thought of as parameters. Let f,g : X x P — Rsq be a pair of nonnegative
functions. Then we write
f(@,a) <a g(z,a)
(or, for the reverse bound, f(x,a) >, g(x,a)) to mean that there ezists a positive function
C P — Ry such that f(z,a) < Cla)g(z,a) (f(x,a) > C(a)g(x,a), respectively) for all
values of (x,a) € X x B that are under consideration.
The expression
f(z,a) <4 g(x,a)
indicates that both f(x,a) <, g(x,a) and f(x,a) >, g(x,a) hold for all (z,a) € X x P
under consideration.
Most often, we have X = R<q. In this case, we write

f(z,a) >, g(z,a) for x sufficiently large,

when there exist functions C : P — Ry and x¢ : P — X such that f(x,a) > C(a)g(z,a)
for all (x,a) € X x P with x > xo(a). This is necessary in situations where g(x,a) can be
zero for small values of x.

Remark 2.1.3. To simplify the asymptotic notation, when possible we will replace pairs of
parameters with a single value. For instance, let B = {(a,b) € N? : a < b} and consider
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functions f,g: X x P — Rsq. If there exists some nonnegative function C' : P — R>q such
that f(z,a,b) < C(a,b)g(x,a,b) for allx € X and integers 1 < a < b, then

f(x,a,b) < C(a,b)g(z,a,b) (2.1)
< (C(1,b) + C(2,b) + ---C(b,b))g(x,a,b)

= (Z C’(@',b)) g(z,a,b) = C"(b)g(x,a,b).

Thus we can shorten f(z,a,b) <ap g(,a,b) to f(z,a,b) < g(z,a,b).

In practice this means our asymptotic bounds will depend on the ambient number field
K, and the dimension n, but not the rank r, since r < n.

Notation 2.1.4. Let L be a field. The following symbols will aid our matrix manipulations.

Throughout this thesis, bold letters will denote column vectors. Let wy,...,u, € LP.
Then by [u; - - - u,] we mean the matriz in Myy,(L) whose it" column is ;.

el,...,e, € L’ denote the standard basis vectors and I, = le1 ... ey denote the m x m
identity matriz.

If A is a matriz, A;; refers to the entry of A in row @ column j.

For any ring R, My(R).; denotes the set of alternating b x b matrices with entries in
R. In all cases we consider char(R) # 2, so My(R)a; = {A € My(R) : A' = —A}.

Fiz b > 0. For any 1 <i < j <b, we write EY to mean the alternating b x b matriz
that is zero everywhere except at (EY);; =1 and (EY);; = —1.

We let £° := {EY : 1 <i < j < b} be the standard basis of alternating matrices.

If F: X — Y is a linear map and X,Y are bases of vector spaces X,Y respectively,
then [F]% denotes the matriz of F' with respect to those bases. When the exponents are
clear from context, we simplify [F|5, to [Fle.

All vector spaces in this work are assumed finite.

Checking the following fact is a fun exercise for one’s working memory.

Fact 2.1.5. Let R be a ring and let A = [ay - -~ ap] € Myxp(R) and B = [by -+ - by] € Mexp(R).
Then we have

b
AB'=Y " a;b.
=1
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Definition 2.1.6. On the complez vector space C°, by the standard complex inner prod-
uct we mean the map (, ) : C® x C® — C given by

b
(@,y) =) Ty, =z'y.
=1

Note that the conjugation is on the first input. We denote the induced norm by

b
]| = (2, 2)"* = (D laal)2.
i=1

The inner product and norm are extended to matrices A, B € Myyxo(C) via

(A,B)= > A;By, and||Al] = (4, A)"

1<ij<ab

2.2 Lattices

This thesis contains many lattice-inspired arguments about Og-modules. Because the fol-
lowing definitions will soon be generalized to such modules, we emphasize when we are
speaking about the lattice-rank versus the module-rank.

Definition 2.2.1. Let V be a real vector space with inner product ( , )y : V xV — R.
A lattice is a subgroup > C V of the form ¥ = Zxi + --- + Zx, for some R-linearly
independent vectors xy,...,x,. The set of x; form a lattice-basis of . The number
of basis vectors is a constant associated to ¥ and called the (lattice-)rank of X. The
value 3(X) = |det((zy, x;)i;)|/? is ©'s (lattice-)discriminant. One can check d(%) is
independent of the choice of basis.

A standard result shows lattices are automatically discrete (that is, every point of the
lattice is an isolated point) [Neu99, Prop 4.2].

Warning 2.2.2. The requirement that the basis vectors x; be linearly independent over R
15 strictly stronger than requiring Zx, + - - - + Zx, be a direct sum. This stronger condition
1s necessary for “discreteness” of the lattice. For a mon-example of a lattice: consider the
Z-module T = Z[v/2](2,0,1) + Z[+/2](0,0,1) C R3. Indeed, the sum

' =7(2,0,0) + Z(2v/2,0,0) + Z(0,0,1) + Z(0,0,v/2)

is direct, but, as one can check, I' does not have a generating set of R-independent vectors.
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2.3 Finitely generated Ox-modules

This work adapts the matrix-counting arguments of [EK95] and [PPVW19] from M,,(Z).y to
M, (Ok)ar- Because our matrices have entries in Ok rather than Z, we use Og-modules in
place of their lattices. Specifically, we consider finitely generated Ox-modules in a finite di-
mensional K-vector space, W. Let I' C W be one such module. Note that I' is automatically
torsion free via its containment in W!.

Traditional lattices come equipped with a basis because they are modules over the princi-
pal ideal domain (PID) Z. As we noted above, Ox-modules in W are automatically torsion
free. Thus, when Ok is a PID, any finitely generated Og-module I' C W is in fact free and
armed with a basis.

In general though, Ok is only a Dedekind domain and I' may well have no basis. Re-
markably, there is an alternative notion of “basis” for finitely generated torsion-free modules
over Dedekind domains (such as I') that allows many arguments to run analogously to their
form in the free case.

Proposition 2.3.1. Let R be a Dedekind domain with fraction field L, W an L-vector
space and I' C W a finitely generated, torsion-free R-module. Then there exist vectors
Uy, ..., u, €W, and fractional ideals 31, ..., 4, C L of R such that

F:ﬂlul—i—---—i—ﬂaua,

with the sum being direct. The ; are called coefficient ideals of I' and we call the set of
pairs (Y, uq), ..., (U, u,) a pseudo-basis for I'. The number of vectors in any pseudo-
basis of I' is a constant and called the (module-)rank of I' [Coh00, Cor 1.2.25 and Def

1.4.1].
Fact 2.3.2. Let I', W, {(&;, w;)}, be as in Proposition 2.3.1.

1. For eachi € {1,...,a}, 1 € 4; if and only if u; € I'. By scaling, one can ensure that
all the vectors w; lie in I'. Alternatively, one can scale the other way to ensure the
1deals ; are contained in R.

2. The rank of T (i.e. the number of pseudo-basis vectors) agrees with the dimension of
Spang (T).

2.4 Og-modules in M,(K)

This thesis includes both Og-modules lying in K™, as well as Og-modules of matrices con-
tained in M, (K). Throughout our arguments we will (often implicitly) interpret these ma-
trices as vectors in K™, It will be useful to allow such vectors to be indexed by a pair.

"Whenever we say I' C W is an Og-module, we mean that the action of Ok on T is the restriction of
the action of K on W.
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Notation 2.4.1. Let the pairs {(a,b) : 1 < a,b < n} be ordered lexicographically, so (1,1) <
Using this ordering, we will speak of the (a,b) entry of a vector v € K",

Definition 2.4.2. For 1 <a,b <n, let ey, € K™ be the standard basis vector with value 1
in position (a,b) and zeros elsewhere.

Definition 2.4.3. Let ¢ : M,(K) — K™ be the isomorphism given by L(A) =" Aweas
for any A € M,(K).

Typically, we will define a given property for finitely generated Og-modules in K°, and
then extend this definition to Ox-modules of matrices, I' C M, (K), by viewing I' as the
vector module «(T') € K.

2.5 The Minkowski Embedding

This section is dedicated to defining several maps, in particular several variations of the
traditional Minkowski embedding of a number field. These will allow us to embed any Og-
module living in K into a real vector space, where we will be able to view the module’s
image as a lattice and make use of norms and discriminants.

Definition 2.5.1. Recall s = [K : Q]. Let K¢ := C*. We index the components of C*
by some ordering of the s complex embeddings 7 : K — C. FE.g. x, is one component of
the vector x € Kc. Then the Minkowski space of K is the subset Kg = {x € K¢ :
T, = xz}. One can check that Ky is a real vector space, and that the complex inner product
(x,y) == _Z;y, and norm ||z|| = (x,x)/? on Kc restrict to a real inner product and
norm (respectively) on Kg.

More generally, for any b € Zso, we will refer to K C C** as the Minkowski space of
K°. The complex inner product and norm again restrict to a real inner product and norm
on K% and will again be denoted by { , ) and || - ||, respectively.

Definition 2.5.2. Let 7,...,7, : K — C be the complexr embeddings of K. For vectors
w = (uy,...,up)' € K° and matrices A € My (K), 7. is applied element-wise. Thus

(u) = (1.(w), ..., 7-(u))" € C°,

and

T.(A) € My (C) with (1,(A))i; = 1.(Ai;) for all ij.

Definition 2.5.3. For w = (uy,...,uy)" € K?, let u: K* — C* be given by

1 (u)
p(u) = ( : ) = (1i(ur)y o (U)o To(), .o o))t € C.

7s(u)
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We call i the Minkowski embedding (or map) of K® into K§ C C%.
When b = 1 we will simply write p(u) for w € K. If A € Myxp(K) then u(A) denotes

the block matriz
1 (A)

M(A) = € Masxb(©)~
Ts(A)

The Minkowski embedding allows us to pull the complex norm (Definition 2.5.1) back
from K§ to K°.

Definition 2.5.4. For w = (uy,...,u;)" € K® we let

boos 1/2
|ull = [|p(u)]| = <§E:j£:!720aﬂ2> :

i=1 2=1
Likewise, for any matriz A € Myyx,(K), the Minkowski norm of A is

1/2

AL =l = [ > > (AP

1<i<a m:K—C
1<5<b

Remark 2.5.5. Because the non-real embeddings 7 : K — C come in conjugate pairs, and
because |T(x)| = |T(x)| for all x € K, the inner sum in Definition 2.5.4 will include these
values twice. One could consider a modified version of || - || where factors of & are added
to the components corresponding to non-real embeddings (see Neukirch’s discussion after
Proposition 5.1 in [Neu99, Chapter 1]). However, once Theorem 1.1.1 has been proven for
one choice of complex norm || -|| it holds for all. One can see this by viewing Theorem 1.1.1

as an asymptotic count of the complex “vectors”
{p(A) € Mpssn(C) : A€ My (Ok)au, Th(A) =1}

with ||u(A)|| < X. By the equivalence of norms on finite dimensional complex vector spaces,
given any other norm, || - ||2, there exists constants Cy,Cy > 0 such that Cy|| - ||a < || - || <
Col| - |l Thus the matrices A with ||u(A)lla < X satisfy ||n(A)|] < CoX and there are
asymptotically at most (Co.X)"*/2 of them by Theorem 1.1.1. Similarly, the theorem implies
there are at least (C1X)"*/2 matrices (A) € Mysn(C) with ||u(A)|ls < X, because all
matrices with ||p(A)|| < C1.X satisfy ||u(A)]]2 < C%HM(A)H < X.

Remark 2.5.6. Note that for any A € M,xp(K), ||A|l, = [|t(A)||,. Thus when I' C M, (K)
is an Ok -module of matrices, the norms of its elements as matrices in M, (K) and as vectors
in K™ agree.

The Minkowski map also has the interesting ability to embed the Q-vector space K* into
C" in such a way that Q-linearly independent vectors become C-linearly independent.
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Lemma 2.5.7. Letuy, ..., u, € K° be Q-linearly independent. Then p(wy), ..., u(uy) € C®
are C-linearly independent (and thus in particular R-linearly independent, when viewed in

K2).

Proof. By extending the set if necessary, we may assume a = sb so the u; form a basis for
K? over Q.

Let 0 € Q be a primitive element for K, i.e. K = Q(f). Consider the following Q-basis
of K v;;:=0e;fori=0,...,s—1and j=1,...,b. Our goal is to show the u(v;;) form
a C-basis of C**. Then, because the u; span the v;; over Q, and g is Q-linear, it follows that
the p(u;) are a C-basis as well. Thus it suffices to show the claim for the v;;.

Consider the matrix A = [p(vo1) p(v11) - p(vs—1p)] € Mg(C). After rearranging the
rows, one sees it is row equivalent to a block-diagonal matrix A’, where each of the b diagonal
blocks is of the form

1 6 - o5t
L 6, - 651
, € M,(C),
1 6,4 --- 9;:%
where 6 = 0, and 0,,...,0,_1 are the roots of #’s minimal polynomial over Q. This is

a Vandermonde matrix, and its determinant is [[o<; <, ,(0i — 0;) # 0. It follows that
det(A) # 0, and thus the p(v;;) are linearly independent. Since there are sb of them, they
form a basis for C**, as desired. O]

Lemma 2.5.7 allows us to investigate p(I") using tools from lattice theory.
Fact 2.5.8. Let I' C K" be a finitely generated O -module. Then u(T') C K} is a lattice.

Proof. Indeed, T' is a torsion-free Z-module, and therefore has a basis over Z. Since the
elements of this Z-basis must be Q-linearly independent, their images under p will form an
R-linearly independent basis of u(I") by Lemma 2.5.7. Note that if a is the module-rank of
I' then the lattice-rank is sa. O]

We can now extend the definition of the discriminant from lattices to Og-modules, ad-
mittedly in a fairly naive way. This discriminant will get a nicer expression later on in the
section.

Definition 2.5.9. Let I' C K be a finitely generated Ox-module. Then the (module-
)discriminant, (') of T is defined to be the lattice-discriminant of the lattice u(I"). That
is, letting @y, ..., x, € Kb be a lattice-basis for p(T'), we have

D) :=d(u(l) = | det(({zi, x;))iy) >,

Notation 2.5.10. IfI' C M, (K) is a finitely generated Ok -module of matrices we also use
D(T) to denote what is technically the module-discriminant of «() € K™, ©(4(T)).
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Definition 2.5.11. Let ' C K" be a finitely generated Oy -module. Let (Uy,uy), ..., (Y, u,)
be a pseudo-basis for I'. We will refer to the matriz U = [uy - - - u,] C Mpxa(K) as the basis
matriz of I' associated to the given pseudo-basis.

Notation 2.5.12. IfT" C M, (K) is a finitely generated O -module of matrices with pseudo-
basis (U, UL, ..., (U, U?) (i.e. U' € M,(K)) then when we speak of the associated basis
matriz we mean the n*> x a matriz U = [L(UY) -+ 1(U2)].

Definition 2.5.13. For A € M,y,(K), let o(A) € Mysxps(C) be the block diagonal matriz

When a = b =1 we will simply write p(u) := ¢([u]) for u € K.
We recall the field norm and discriminant of K.

Definition 2.5.14. Let ay,. .., a4 be a Z-module basis of the ring of integers O . Then the
discriminant of K is
d = det((n(aj))ij)z € 7.

Definition 2.5.15. The (field) norm of an element u € K is

Nigjalu) i= [ 7:(u) = det(p(w)) € Q.

The norm of an ideal ¥ C Ok is
Nk o(U) =[Ok : U] or 0, if TV = {0}.

In either case the norm is multiplicative (e.g. Ng/o(U1U2) = Ni/o(U1)Nk/o(U2)). The
tdeal-norm can be uniquely extended to a multiplicative norm on fractional ideals. On prin-
cipal ideals the two norms “agree” with Nk g((v)) = |Nkjg(u)| for all u € K. Finally, if
Uy, ..., us € K form a Z-basis for 0, then

drc - Nigyo(0)? = det([p(ur) - - po(u)])*. (2.2)
[Neu99, Chapterl, Prop 2.12]

It turns out that 7, u and ¢ play nicely with matrix multiplication. Indeed, one can check
we have the following results.

Fact 2.5.16. Let 7 : K — C be a complex embedding. Then for compatibly-sized matrices
A, B and vector w, all with entries in K, we have

1. 7(AB) = 7(A)7(B), which implies p(AB) = ¢(A)p(B).
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2. 7(A)1(u) = 7(Au), which implies p(A)pu(u) = p(Auw) and in turn p(A)u(B) =

4. det(7(A)) = 7(det(A)), when A is a square matriz, and it follows that Nk g(det(A)) =
det(p(A)).

Proposition 2.5.17. Let I' C K° be a finitely generated Oy -module with pseudo-basis
(U, ur), ..., (Mo, wg). Let U = [ug...u,| € MyyoK) be the associated basis matriz and
let U =TT;_, & be the product*. Then the module-discriminant of T' satisfies

D(T) = |dg|*?| det(p(U) (U)V?[Nr/a(Lh)]- (2.3)

Proof. Let w;1,...,w;s € K be a Z-basis of 4;, i.e. %; = Zw;1 + -+ + Zw;, for all i. By
Lemma 2.5.7, u(I") is a lattice and the set

{z;; = p(wiju;) 1 <i<a, 1<j<s}
is a lattice-basis of u(I'). Let X = [11®12 - ®as] € Mawxsa(C). Then Definition 2.5.9
becomes
D(T) = 2(u(I) = | det ((2ij, @ay)ijay) |'/* = | det(X*X)|'/2,

where X* is the conjugate of X.

Let M = [(w11u1)(wi2u) -+ (WasUa)] € Mpysa(K). We have X = (M) so

D() = [ det(u(M)*pu(M))[/2. (2.4)
Let U = [ug -+ -1, € Myyo(K) and

W1,1...W1,s
w2,1..- W2,
W= ) € MyyoulK).
Wq,1---Wa,s

Then M = UW, so by Fact 2.5.16, u(M) = o(U)u(W). Also, by exchanging rows, one sees
(W) shares its determinant with an equivalent block diagonal matrix (W) where block

(,7) of u(W) is
Ti(win) - Ti(wis)
( : : ) = ([(win) - p(wis)])-

Ts(u}i,l) e Ts(wis)
Thus
det (u(W))? = det(u(W))> = ] det([u(wis) - - - (. ,)])?
= [[dx - Nigjoltti)?, (2.5)

2This is the Steinitz class of T'.
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where we've used equation 2.2 for the last equality.
Finally, combining equations 2.4 and 2.5, and using that u(M) = ¢(U)u(W), we have

D(T)* = [ det(u(M)"u(M))]
= | det(p(U)"(U))]] det(u(W))[?

= [ det(p(U) 0 (U))[ldx|"] H N/ ($h)?

The claim follows. O

Any nonzero lattice has nonzero discriminant. Combining this with Proposition 2.5.17
implies that the matrix used to compute ©(I') has nonzero determinant.

Corollary 2.5.18. LetT' C K be a finitely generated, nonzero, Ok -module with basis matriz
U= [u...u, € Mpo(K). Then o(U)*@(U) is non-singular, as are its block-diagonal
blocks, T(U)*T(U), for all 7: K — C.

To review, given a finitely-generated Og-module I' C K°, we previously defined the
module-discriminant of I" only in terms of y and the standard inner product on K%. Specif-
ically, we had D(T) := d(u(T)) = |det({x;, x;)i;)|'/2, where the x; were a lattice basis for
w(I'). We have just shown that this module-discriminant also equals

D(I) = |dx|*2] det(o(U) o (U))|"*| Nieja(41)], (2.6)

where U and 4 are as defined in Proposition 2.5.17. Note that, information-theoretically,
the embedding p is appearing in equation 2.6 as .
Applying Proposition 2.5.17 in the case of a module of matrices gives the following.

Corollary 2.5.19. Let I' C M, (K) be a finitely generated Ok -module of matrices with
pseudo-basis (Uy,UY), ..., (U, U*), for U € M,(K). Then the module-discriminant of T
satisfies

D) = D((T)) = |dx | det(o(U) o(U)V*| Nigso(81)],

where U = [(UY) ... o(U")] € My2a(K) is the associated basis matriz and 4 = [}, ;.

Remark 2.5.20. The form of the module-discriminant appearing in Proposition 2.5.17
agrees up to a constant factor with the definitions of Thunder [Thu92] (see Remark 6.0.10
for details) and Fieker-Stehlé [FS10)].

Warning 2.5.21. The ring of integers Oy 1is itself an example of an Ok -module contained
in K. In this case our module-discriminant, D(-), differs from the usual number field dis-
criminant of K (which is sometimes also described as a discriminant of Ok ) by an absolute
value and a power of 1/2, i.e. D(Ok) = |dx|"/?.

As in the free case, a finitely generated Og-module can have multiple equivalent pseudo-
bases.
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Proposition 2.5.22. Let ((Y;,u;))%, and ((,u)))%, be two pseudo-bases for an Of-
module T C K°. Let C € GL,(K) be such that [uy ---u,|C = [u}---u,]. Then it follows
that

1. Gy e g™t
2. iz, 86 det(C) = [, &6

Conversely, if (4, u;))%, is a pseudo-basis for Ox-module T C K°® and there exists C €
GL,(K) and ideals 31}, . .. 3 such that items 1 and 2 above are satisfied, then (L, u;C))%,
forms a pseudo-basis for T' [Coh00, Prop 1.4.2].

Though Proposition 2.5.17 showed D (I') can be written in terms of a pseudo-basis, the
original definition of the module-discriminant, ©(I") = 0(u(I")), reassures us that (") is
independent of the specific pseudo-basis chosen.
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Chapter 3

The module of matrices, B(\)

Our first goal in this chapter is to construct an Og-module of matrices, B(A) C M, (K)ax
from a module of vectors A C K™. Later, we will show that in all cases we care about
B(A) = A(A), where A(A) is the module of matrices whose rows all lie in A. Thus, the
results we prove here using the simpler structure of B(A) will apply to A(A) as well, and
can help us estimate the number of matrices contributed to A%, (X) by each A(A).

The first section relates D(B(A)) to ®(A). In the second we show that ®(A) cannot be
too large if there exists A € B(A) with ||A]|, small.

3.1 The discriminants of B(A) and A

We will need a specialized formula for ®(B(A)). The following notation will keep our sub-
scripts from exploding too much in complexity.

Notation 3.1.1. In this chapter we will encounter several “large” matrices whose rows and
columns are naturally indexed into by a pair rather than a single integer. For example, in
Definition 3.1.3 we introduce the (;) X (;) matriz B and will speak about the (zy,ij) entry
of B, where l <z <y<nandl<i<j<r.

Similarly, “large” vectors in K™ will be indexed by a pair and we will speak of the (a,b)
entry of a vector v € K" (see also, Notation 2.4.1).

In order for matriz multiplication to work, we fix a consistent lexicographical ordering for

each set of pairs we consider. For example, the set of pairs {(a,b) : 1 < a,b < n} are ordered
(1,1),(1,2),...,(1,n),...,(n,n).

Definition 3.1.2. Let J¥ € M, (K) be the standard basis matriz with 1 in position (i, 7)
and zeros elsewhere. Let J" :={JV :1 <1i,j <n}.

Definition 3.1.3. Let A C K™ be an Ok-module with pseudo-basis {(B;,v;)}i_, and basis
matriz V = vy -+ v,| C My« (K). Define

B(A) = {VZVt cZ € MT’(K)alt7 Z,‘j < QL%]}
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One can check B(A) C M,,(K)q is itself a rank r(r — 1)/2 Og-module with pseudo-basis
{BY := (0,90;,VEV"): BV € £"}.

We think of B(A) as the Ox-module t(B(A)) € K™ with module-discriminant D (B(A)) =
D(u(B(A))).

The pseudo-basis in Definition 3.1.3 involves multiplying the matrices of £” by V and
V. It will be useful to give a name to this action.

Definition 3.1.4. Let L be a field and G € Myxp(L). Then we define Fg : My(L)ay —
My (L) to be the map Fa(A) = GAG".

Recall, as described in Notation 2.1.4, that [F]% denotes the matrix of a linear map
F: X — Y with respect to bases X', Y of vector spaces X,Y.

Fact 3.1.5. Let L be a field and G € M,x,(L) be a matriz. Then for all E* € E°
GE™G' = Y GuGyEY. (3.1)
Eijega
In particular, with Fg as in Definition 3.1.4, the (ij, zy) entry of [Fgle := [Fal% is GiuGyy.

Lemma 3.1.6. Let A C K" be an Og-module with pseudo-basis {(U;,v;)}i_, and basis
matriz V. = [vy---v,] C My (K). Let B := [Fylé € M() ()( ). Then B(A) has

module-discriminant
D(B(A)) = |dg |~ D/427 =4 det(p(B) o (B))|"*|Nic ()], (3.2)
where 0 = [,_, V.

Proof. Let E = [I{., where [ is the identity embedding M, (K )a; — M, (K). Then EB =
[Fy]Z", and in particular the %" column of EB is «(VE“V?') = 1(B¥). Thus EB is the
basis matrix of t(B(A)).

Because the entries of E are all 1, we have p(E)* = ¢(E*). One can also check that
E*E = 21, where I is the (g) X (g) identity matrix. Thus

p(EB) 0(EB) = ¢(B)"p(E)" ¢(E)p(B) (3.3)
= @(B)"p(E"E)p(B) = 2¢0(B)"¢(B).

Inserting equation (3.3) into the module-discriminant formula from Proposition 2.5.17,
@(B(A)) — ’dK|r(r—1)/4| det(cp(EB)"%p(EB)) |1/2|NK/Q(Q]T_1)|,

then proves the claim. O
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Our goal in this chapter is to show D (B(A)) < D(A)"~!. The following lemma will form
a core step of the proof.

Lemma 3.1.7. Let G € GL,(C) and Fg : M, (C)ur — M.(C)uy be as in Definition 3.1.4.
Then det(Fg) = det(G)" .

Proof. Let f: GL,(C) — C* be the group homomorphism sending G € GL,(C) to det(Fg).
Note that the determinant, det : GL,.(C) — C*, is also a group homomorphism.
By [Lan02, Chapter XIII Theorem 8.3]

SL,(C) = [GL,(C),GL,(C)] := {ABA™'B™': A, B € GL,(C)}.

Because its target is abelian, f sends [GL,(C), GL,(C)] to zero. Thus ker(f) contains
SL,(C) = ker(det) and it follows that f = g o det for some g € Hom(C*).

Let # € C* and z'/7 € C* be any root. Let I, be the r x r identity matrix. Then
f(@YL) = det([A — 2¥"Alg) = det(x?"L(—1)2) = 2"~!. Thus for all z € C*, since
x = det(z'/"1,), we have

g(x) = g(det(z¥" L)) = f(zV/"1,) = 2" L.
This proves the claim. O
We are now prepared to prove the main result of this chapter.

Proposition 3.1.8. Let A C K" be a finitely generated, rank v, Ok -module. Then

s (r—1)/4
D(B(A) = (\570 DAy,

Proof. Let {(;,v;)};_; be A’s pseudo-basis and V' = [vy---v,] € M,.(K) be the associ-
ated basis matrix. As in Lemma 3.1.6, let B = [Fy]&,, or [Fy]e, for short.
By Lemma 3.1.6,

D(B(A)) = |dg [ D127 0D det(o(B) (B) [V Nicja (D),
while
D(A) = |di|""?| det(o(V) (V)| Nk /o (D)
Thus it suffices to prove det(p(B)*p(B)) = det(p(V)*¢(V))""'. Thanks to the block-
diagonal structure of the matrices on either side, this is in turn equivalent to showing

det(r(B)*1(B)) = det(r(V)*r(V))" 1, (3.4)

for all embeddings 7: K — C.

Consider first the rational square case, i.e. when K = Q and n = r. Because V is then
in GL,(Q), Lemma 3.1.7 implies det([Fy]¢) = det(V)"'. Since B = [Fy]e, in this case
det(B) = det(V) !, which implies (3.4).
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In order to apply Lemma 3.1.7 in the general case, we need to massage 7(B)*7(B) into a
more useful form. Specifically, we will show 7(B)*7(B) is itself of the form [Fg|s so Lemma
3.1.7 can be applied to the entire thing.

We proceed in several steps.

Claim 3.1.9. [F e = 7([Fv]e).
Recall by [Frle we mean [Fy))s . By Fact 3.1.5, the (ij, zy) entry of 7([Fy]¢) is
7(VizVjy) and the (ij, zy) entry of [Frv)le is (TV)i(TV)jy = 7(ViaVjy).
Claim 3.1.10. [Frv)+le = [Fronle-
Indeed, Fact 3.1.5 implies the (zy,ij) entry of [Fryli is 7(V)iw(V);, and that the
T(V)yy =7Vt (V)

(zy,ij) entry of [Fry)e is T(V): Vi

i

Claim 3.1.11. For any embedding 7 : K — C, 7(B)*7(B) = [Frqvyr(v)le-
For all A € M,(C),y we have
Frvyry(A) = (r(V) T (V) AT (V) 7(V)' = Froy- (Frvy (A)).
So Frovyer(vy = Frv)y- © Frvy. Combining this fact with claims 3.1.10 and 3.1.9 we have

[Frvyrnle = [FrvyJe[Fronle
= [F( >]Z[F wle = T([Fv]e) T([Fv]e) = 7(B)*1(B),

proving Claim 3.1.11.

We can at last show equation (3.4) (and thus the entire proposition) for general r < n
and K. Indeed,

det(7(B)*7(B)) = det([Frvyrv)le) = det(r(V)*r (V) 1,

with the first equality from Claim 3.1.11 and the second by Lemma 3.1.7 (using that
7(V)*r(V) € GL,(C) by Corollary 2.5.18). —

3.2 ®(A) is small when B(A) contains small matrices

Let A C K™ be a finitely generated Og-module. In this section we show that if B(A) contains
at least one rank r matrix of small norm then ©(A) must be small as well. They key idea is
that any matrix VZV* € B(A) (with V and Z as in Definition 3.1.3) contains the necessary
components for calculating ®(A) — namely A’s basis matrix V', and information about A’s
coefficient ideals in the matrix Z. Indeed, it turns out that a bound on the norm of VZV*
can be turned into a bound on the determinants of the relevant matrices used to compute

D(A).
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Expressing ||-||, in terms of ¢ will simplify our calculations because, unlike the Minkowski
embedding, ¢ is multiplicative on matrices.

Fact 3.2.1. Let A € M, (K). Then ||A||, = ||e(A)|| because ¢(A) € Msuxs(C) only
differs from u(A) € Mguxp by additional matriz entries of value zero.

Proving the main claim of this section is easier when A C K" is full (i.e. when A’s rank
r equals n). Rotation matrices will allow us to simulate this situation.

Fact 3.2.2. Let R € My(C). We say R is a (complex) rotation matriz if for all u,v € C,
(Ru, Rv) = (u,v). The following are equivalent

1. {(Ru, Rv) = (u,v) for all u,v € C°.

2. R"R = RR" = 1.

3. (R'u, R'v) = (u,v) for all u,v € C.

4. For any u € C°, ||Ru|| = ||ul|.

5. For any C € Myo(©), ||RC|| = [|CRI| = [|C1].

The next two lemmas allow us to turn a bound on the norm of a matrix into a bound on
its determinant.

Lemma 3.2.3. Let C € GLy(C) satisfy ||C|| < X. Then |det(C)| < b1 X°.

Proof. We have |Cy;[> < 37, |Cij|* = [|C]|* < X?. Thus, letting S, denote the symmetric

group, .
>, (sgn(a) 11 Cz‘a(i))

€Sy =1

|det(C)| = <) X' =bx"

€Sy

O

Lemma 3.2.4. Let a < b. Let C € Myyo(C) have rank a and let D € M,(C). Define
T € Myx(C) to be the “truncation matriz” T =[e;---e, 0---0] = (1. 0). Then there exists
rotation matriz R € My(C) such that

||TR(CDCY)R'T|| = ||CDCY||

and

| det(TR(C'DCYR'TY)| = | det(C*C)|| det(D)).

In other words, conjugation by T'R leaves the norm of CDC* unchanged, but allows us
to compute something like a “determinant” of C'DC". This will be particularly useful in the
case where det(C'DC") = 0 (which occurs whenever b > a) yet det(D) # 0.
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Proof. Let R be any rotation matrix sending the column space of C' onto Spang(ey, ..., e,)".
In other words, (RC);; = 0 when i > a. It follows that A := RCDC"R" is of the form

A= (1 3) € M(C),

for some A" € M,(C) and three all-zero matrices, 0, of the appropriate sizes. Note that
[|A|] = ||]A’||. We also have

TAT' = (1.0) (4 §) () =4"
Thus ||[TAT!|| = ||A'|| = ||Al|. Meanwhile, Lemma 3.2.2(5) implies ||A|| = ||[CDC?||. All
together ||[TR(CDC*)R'T!|| = ||TATY|| = ||Al| = ||CDC"||, proving the first claim.
We turn to the second result. Suppose B is a matrix of the form B = (%) € My, (C)
where B" € M,(C). Then (T'B)*T'B = (B')*B’ = B*B. Applying this with B = RC, and
using that R*R = I, yields

det((TRC)*'TRC) = det(C*C). (3.5)
Now, since TRC' € M,(C) is square, we can split up the following determinant
| det(TRCDC'R'T")| = | det(T RC)|| det(D)|| det(C*R'T")|
then conjugate one factor and apply equation 3.5 to obtain
|det(TRCDC'R'T")| = | det((TRC)*T RC)|| det(D)| = | det(C*C)|| det(D)].
O

Let A C K™ be an Og-module with pseudo-basis {(v;,0;)}:_;, V be the associated basis
matrix, and VZV with Z;; € 0,20; be a matrix in B(A). The next lemma will help us relate
N o(U) where U := []'_, U, is the product of A’s coefficient ideals, to | det(¢(Z)].

Lemma 3.2.5. Let U C K be a fractional ideal and let v € 8. Then |Ngo(U)| <
| Nicsa(u)].

Proof. Suppose first that B C Oy is integral. Then, as Ok is a Dedekind Domain, (u) C U
implies (u) =UQ, for some ideal Q C Ok. Thus

Nijg(u) = Nio((u) = Nijo(U)Ni/o(Q) = Nio(D),

because Nk /p(Q) =[Ok : Q] € Z.
Now, for any fractional ideal U C K, there exists m € Z such that mU C Ok is an
integral ideal. Then mu € m0 and by the previous paragraph

m®Nig(u) = Ngjg(mu) = Nkjg((mu)) = Nijo(m®) = m* Nk q(D).

]
'For instance, R~! can be constructed by applying Gram-Schmidt to the columns of
[e1- - eqcar1 -] € Mp(C), where ¢y, ...,c, are the columns of C' and c441,...,cp are any b — a vec-

tors making the whole set linearly independent. Then invert to obtain R.
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We are now ready to prove the main result of this section.

Proposition 3.2.6. Let 0 < r < n, with r even and let X > 0. Let A C K™ be a finitely
generated O -module of rank r. Suppose there exists a matriz A € B(A) satisfying ||A||, < X
and rky(A) =r. Then

D(N)? < |dg|"(rs)! X",

Proof. We may assume r > 0, else the result is trivial. Let ((U,v1),...,(0,,v,)) be a
pseudo-basis of A and let V' = [vy---v,] € M, (K) be the associated basis matrix. Set
g .= H;:l Q?Z

Because A € B(A), we have A = VZV' for some Z € M,(K)a satisfying Z;; €
0,0;. In the r = n case, p(VZV?') is square and non- singular and one could show
D(A)? < |det(p(VZV)) (the reader need not try thls now). Lemma 3.2.3 implies that
| det(o(VZVY))| < (rs)! X" and so one could obtain D (A \/ rs)|X"s/2,

Unfortunately, when r < n, o(VZV?) is singular and 1ts determinant no longer bounds
D(A)2. Instead, we can handle the general 7 < n case by applying an argument like the one
above to the matrix T Rp(V ZV')R'T*, where the truncation matrix 7' = (Irs 0) € M, gypns(K)
and rotation matrix R € GL,(C) are as in Lemma 3.2.4.

First, because det(Z) € U?, Lemma 3.2.5 and Fact 2.5.16(4) imply |Ng(D)]* <
|Nko(det(Z))] = | det(o(Z2))]. It follows from Proposition 2.5.17 that

D(A)* = |dx["[ det(o(V) (V)| Nk /a(D)]*
< [dk["| det(o(V) (V)] det(p(2))]

From Lemma 3.2.4, we have that

D(N)? < |dg|"|det(TRp(V ZVHR'TY)|. (3.6)

Lemma 3.2.4 also implies ||[TRo(VZVHR'T!|| = ||p(VZV?')|| < X. Thus, by Lemma
3.2.3,

| det(TRo(VZVY)R'TY)| < (rs)! X", (3.7)

Combining equations (3.6) and (3.7) gives the desired bound on D(A). O
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Chapter 4

Primitive Op-modules and A(A)

A primitive lattice ¥ C R? is one satisfying ¥ = Spang () N Z® [EK95, Definition 1.1]. In
this chapter we translate this definition to Og-modules in K°, and show that when A is
primitive, B(A) is the set of alternating matrices whose rows all lie in A.

Definition 4.0.1. Let I' C K be a finitely generated O -module. Then we say I is prim-
itive if I' = Spang (') N OY%.

Note that any primitive module I' C 0% is automatically finitely generated because Ok
is noetherian. One can check that the set of primitive, rank a, Ox-modules in K are in one
to one correspondence with the a-dimensional subspaces of K°.

A defining characteristic of primitive lattices I' C Z? is that they are exactly those lattices
whose bases can be extended to a basis of Z°. Indeed, the quotient Z°/T" is torsion free (and
thus free) if and only if T is primitive. Equivalently, there exists a basis of Z?/T', to lift and
combine with I"s basis into a basis of Z°, if and only if I is primitive.

As the next lemma shows, primitive QOg-modules in K° share this property of being
precisely those modules which have pseudo-bases extending to 0% . We will make use of the
following notation.

Notation 4.0.2. Let W be a K-vector space, I' C W be an Og-module, and 4 C K a
fractional ideal. We define their product to be

=1

ur .= {Zwiui:nEN,wiEﬂ,ui EF},

and note UI" is again an Og-module. Note that if i,y C K are two fractional ideals, then
Uy (UsT) = (U)T. In particular, UUTT = O = T. Furthermore, if g : Wy — Wy is
any K-linear map, and T' C W, is an Og-module, then

Ug(T) = g(UT).
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Lemma 4.0.3. Let ' C K° be a primitive Og-module. Let (U, u1),..., (U, u,) be a
pseudo-basis of I'. Then there exist Uyiq,..., 4 C K and woiq,...,u, € K°® such that
(1, 1), ..., (L, up) forms a pseudo-basis for OF.

Proof. Let S = Spang(T') and let m : K* — K®/S be the quotient map. Then 7(0%) is a
finitely generated Og-module whose span has dimension b — a. Proposition 2.3.1 and Fact
2.3.2 then imply 7(O%) has a pseudo-basis of length b — a. Thus there exist fractional ideals
Yot1s -, Uy C K and vectors p,. 1, ..., p, € 7(K®) such that 7(O%) = Hy11Pps1 + - +hp
and the sum is direct.

Let i € {a+1,...,b}. Multiplying 4;p;, C 7(O%) by ;! shows that p, € L '7(O%) =
(U 1OY). Writing p, = 7(u;) for some w; € ;' OY%, we have t;p, = tim(u;) = 7(Lhu,).

By construction, Uy 1Uqer1, - - -,y all lie in O
To prove the {(8;, p;)}o_, 1 extend I'’s pseudo-basis to 0%, we show
Uy + -+ Uyuy = 0%, (4.1)

and that the sum on the left is direct.
Let v € O%. We have 7(v) = Zi’:aﬂ w;m(w;) for some w; € ;. Equivalently, v —
Z?:Hl w;u; € ker(r) = S, and since w;u; € OY%,

b
v — Z wiuiEOI}(ﬂS:F.
i=a+1
Thus v has expansion v = Y7 | wu,; + Z?:a 11 wiu; for some Y7 wiu; € T and equation
(4.1) follows. The vy, ..., v, span O% over O and thus also span K over K. It follows the
{v;}%_, must be K-independent and the sum in (4.1) is direct. O

The next lemma will be key in proving the main result of this chapter, Lemma 4.0.6.

Lemma 4.0.4. Let a < b. Let I' C K° be a primitive Og-module with pseudo-basis
(U, ur),y ..., (U, uy) and associated basis matric U = [wy -+ - u,| € Myxo(K). Then there
exists a left inverse, U™t € M,x,(K), of U satisfying U7'U = I, and (U™1);; € Y; for all
1,].

Proof. By Lemma 4.0.3, there exist ©q,1,...,u, € K® and H,41,...,4, C K extending I's
pseudo-basis to one of O%. Let U = [u; - - - up] € Myyp(K) be the associated basis matrix.
Note that Oge;+- - - Oxe, = O is another pseudo-basis for O and the basis matrix in that

case is simply I,. It follows from Proposition 2.5.22 that U has an inverse U'e GLy(K)

with (T ');; € 8,05 = 4, for all 4, .
Set U™! € Mux,(K) to be the first a rows of Ufl to obtain the claim. ]

Definition 4.0.5. Let A C K" be a finitely generated Ok -module. Define
AA) :={A € M,(K)uy: every row of A lies in A}.
Since Ok is Noetherian, A(A) is a finitely generated Ok -module.
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As we'll see, for every alternating matrix A of M, (K ).y there is some primitive A C K"
such that A € A(A). This allows us to break the problem of counting alternating matrices
down into counting matrices of A(A). The following result shows that, for primitive A, the
set A(A) agrees with a friendly object which we already know a lot about.

Lemma 4.0.6. Let A C K™ be a primitive Og-module. Then A(A) = B(A).

Proof. Because A is primitive, we know it is a finitely generated Og-module in O%. Let
(V1,v1),...,(0,,v,) be a pseudo-basis for A and let V = [vy,...,v,] € M, (K) be the
associated basis matrix of A.

We first show B(A) C A(A). Let VZV' be an arbitrary element of B(A) (with Z €
M, (K)a; and Zi; € B;0; Vi, j). Since VEWV' = V(e,e, — e e, )V' = v,v), — vV, we
have

VZVi= Y Z,(VE"V) = > Zuy(va, —vvh). (4.2)
Evveer Evveer
Write Z,, = wv for some u € U,, v € Y,. Then we have uv, € A C Of and vv, € A and
it follows that each row of the matrix Z,,(v,v}) = (uv,)(vv,)" lies in A. Repeating this
analysis on Z,,(v,v.), we conclude all rows of VZV? lie in A. By construction, VZV"* is
alternating and so the matrix lies in A(A), as desired.

For the converse containment, let A € A(A) be arbitrary. Since A’s rows lie in A, we have
that A = BV for some B € M,,»,(K) (see Fact 2.1.5). Let (V!)~! denote the right inverse.
Since A is alternating, its columns also lie in A. Tt follows that the columns of A(V?)~! = B
lie in Spang(A). Thus we can also decompose B to obtain A = BV = (VZ)V* for some
Z € M,.(K) (see Fact 2.1.5).

By Lemma 4.0.4, V has a left inverse V! € M, satisfying (V1);; € U,. Note

VI3AV Y =vi(vzvh) (v = Z.

Thus Z € M,(K)a. Because A C O%, we have A € M,,(Ok)ai. Since the i row of V=1
lies in ' C K™ and likewise the j™ column of (V~')" in 97, it follows that Vi, j

Ziy = (VTA(V YY), € 0,0,

Thus A =V ZV*"' € B(A), as desired. O
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Chapter 5

Minima and truncated modules

This chapter generalizes the notions of successive minima [Cas97, Chapter VIII, Section 1]
and truncation! [Sch68, Section 5] from lattices to finitely generated Ox-modules in K°. We
translate several standard results using successive minima, including Minkowski’s Second
Theorem, and finish by bounding the number of module points in a ball. These tools will
be applied in the next chapter to our module of matrices, A(A).

We now review lattice successive minima, and expand the concept to Og-modules in
Definition 5.0.2.

Definition 5.0.1. Let V be a real vector space with norm || - ||y and let X C V be a lattice
of lattice-rank a. Set zo = 0 € X. Then, recursively for each 1 < i < a, choose some

z; € X\Spang(zg,...,2i_1)

so that the norm ||z;||y is minimal. The z; are a set of lattice-(successive) minima
vectors for X. Their lengths, ||z;||v, are the lattice-(successive) minima of X.

Definition 5.0.2. Let I' C K° be an Og-module of rank a. Set wy = 0 € I'. Then,
recursively for each 1 <1 < a, choose some

w; € I'\Span, (wy, ..., w;_1)

so that the norm ||w;||, is minimal (such w; exists because p(I'), which shares its norm with
[, is a lattice). We refer to the wy,...,w, as Ok-(successive) minima vectors for I'.
Their lengths, ||wi|], < -+ < ||wgl|,, are the Ok -(successive) minima of I'.

Unless otherwise stated, all successive minima vectors of either kind will be given in
increasing order. While the minima vectors may not be uniquely defined for X or I', the next
lemma implies that their lengths are.

L Truncation is our terminology, this concept goes unnamed in Schmidt as well as in [Thu92], where it is
also generalized to Ox-modules.
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The successive minima are constructed by greedily taking the shortest vector available at
each turn. Lemma 5.0.3 reassures us that this results in an ordered set where each vector is
the shortest possible vector in that position of the list (even compared to lists where earlier
vectors are allowed to be longer).

Lemma 5.0.3. Let I' C K° be a finitely generated Ox-module. Let wy, ..., w, be Ok-
successive minima vectors for I'. Let w', ..., w! € I' be any other competing set of K -linearly
independent vectors, also written in increasing order with respect to their lengths. Then we
have

[|will, < [Jwil],

foralliel, ..., a.

The analogous result also holds in the lattice case. That is, if ¥ C K is a lattice with
lattice-minima z1,...,2q, and 2, ...,z € ¥ are any other set of R-independent vectors,
written in increasing order, then we have ||z;||, < ||Zi||, foralli e 1,... a.

Proof. First, the Og-module case. By definition, ||lw,||, < ||w}||,. Suppose for contradic-

tion that ||wl||, < ||lw||, for some ¢ > 1. It follows that ||w}||, < |lw.||, fori=1,... ¢
Then w', ..., w/, form a set of K-linearly independent vectors, and cannot all be contained
in the ¢ — 1-dimensional space Spang(ws,...,w.1). In other words, there exists some
w; € I'\Spang (ws,...,w.—1) that is shorter than ||w,||, — a contradiction with ||w.||,

being the ¢ successive minima.
The lattice case follows by the same argument with Span(---) replaced by Spang(---).
O]

A finitely generated Og-module I' C K® now has two kinds of minima associated to it:
its own Og-minima, as well as the lattice-minima of x(I"). Any set of K-linearly independent
vectors, {w;}5_;, in I' can be combined with a Z-basis of Ok, {p;}{_;, to produce a set of
R-linearly independent vectors in p(I'), {u(p;w;)}i; (Lemma 2.5.7). Thus, we might wonder
if the Ox-minima can be used to construct a set of lattice-minima. Thunder’s result in
Lemma 5.0.5 below shows that this is true, at least asymptotically.

First, we introduce some notation that will make comparing the p,w; and lattice-minima
of u(T") a little easier.

Notation 5.0.4. Given an Og-module T' C K®, we index the lattice-minima of (L) with a
pair, e.g. {0;; 11 <i<s,1<j<a}, ordered first by the j-term then the i-term, i.e.

o11 < ...0s1
<012 < ... 02
Sgl,a S e S Os,a-
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Lemma 5.0.5. [Thu92, Lemma 9] Let T' C K° be a finitely generated Ox-module of rank
a. Let y1 < --- <y, be the Og-minima of I'. Let 011 < --- < 04, be the lattice-minima of
the lattice pu(I'). Then the o;; agree with the Ox-minima in chunks of size s. That is, for
J=1,...,a we have

Tl 05 XK V-

The following result is a translation of Minkowski’s Second Theorem to finitely generated
Ox-modules contained in K°.

Lemma 5.0.6. Let I' C K° be a finitely generated O -module of rank a. Let vy,...,7, be
the Og-minima of I'. Then there exist c; > 0 and ¢y > 0 depending only on K and n such
that

D) <evy--,

a

and 3 -5 < ex(T).

Proof. Let oy, ...,0s, € K§ be the lattice-minima of the lattice ;4(T"). Then, by Minkowski’s
Second Theorem [Cas97, Chapter VIII, Theorem V],

D(ILL<F)) XK,b 011" 0Os,a-
Using ©(I') = o(u(I")) and Lemma 5.0.5, we have

@(F) Kb 011 Osa XK V1" Va-
O

The successive minima vectors of an Ox-module I' naturally give rise to a sequence of
lower rank modules contained in I'. These lower rank, truncated modules will later give
us a way of rewriting formulas depending on the Og-minima to instead be in terms of
discriminants.

Definition 5.0.7. Let I' C K be a finitely generated O -module of rank a. Let wq, ..., w,
be a set of Ok -minima vectors for I'. Then for each ¢ € {1, ..., a} we define the c-truncated
module to be

trnc.(I') := I'N Spang (wy, ..., w,),

and we let trncy(I") := {0}.
One can check trnc.(I) is a finitely generated O -module of rank c. Furthermore, if T is
primitive then so is trnc.(I).

Remark 5.0.8. Though it is suppressed in the notation, the truncation trnc.(I') depends
on particular set of minima vectors chosen. Later on, when we start truncating modules en
masse, we will assign a fixed set of minima to each so that the truncation is well-defined.

Lemma 5.0.9. Let I' C K be a finitely generated O -module. Let v, < ..., < v, be the
Ok -minima of T'. Let wy, ..., w, be any choice of Ox-minima vectors of T', and let trnc.(T")
be the truncation with respect to {w;}5_,. Then trnc.(I') has Ox-minima v < -+ < 7.
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Proof. This follows by noting that wq,...,w. are a valid set of successive minima vectors
for trnc.(I"), that could result from the construction in Definition 5.0.2. O]

The following lemma is a natural generalization of a standard result on lattices (see
[Kat94, Lemma 1] and [Sch68, Lemma 2| for two versions).

Lemma 5.0.10. Let I' C K be a finitely generated, rank a, O -module. Let v1,. .., 7, be
the Og-minima of I'. Then

a

#{xel: ||m||M<X}<<KbZ< X )

Yo

Proof. We first recall the analogous result on lattices. If ¥ C V is a lattice in a real vector
space with norm || - ||, then we have

a

Xz'
#{a:GE:||w||V<X}<<azgl_”g., (5.1)
i=0 !
where o1, ...,0, are the lattice-minima of 3. This follows from [Sch68, Lemma 2|, which

gives a bound in terms of the lattice-discriminant of I', and [Cas97, Chapter VIII, Section
1] which relates the lattice-discriminant to the lattice-minima.

Turning to the Ok-module case, note first that #{x € I' : ||z||, < X} = #{y € n(T) :
lyl] < X}. Let 013 < - < 0y1 < -+ < 04, be the lattice-minima of u(T') € K§. By
equation 5.1,

Hy e n): yll < X} <1+ Y — " (5:2)
S < Lsa 1+ _— 5.2
Yy Ep Y 2 Gy
7;:1:...15
By Lemma 5.0.5, we have 0y,,...,05; <k 7 for j = 1,...,a, and so the right side of
equation (5.2) is bounded above
G-+
<kal+ ) -
o 71 -Vi-17;
i=1...s
If X > ~;, the summand XU g bounded above by ( ) If X <, then the
Vi V- 1'YJ Y5

summand is bounded by (%)f;jl_l . The claim follows. ]
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Chapter 6
Bounding #.Af{,,a(X ) from above

Notation 6.0.1. Recall
AR (X) ={A € My(Ok)au: TH(A) =r and ||A]], < X}.

Whenever we say a matriz is “small”, we mean with respect to ||-||,. We let A(A)<x denote
the ball {A € A(A) : ||A]], < X}.

In this chapter we use Lemma 5.0.10 to count the number of small alternating matrices
contained in A(A)<x. There exists a finite set of A, such that every matrix in A% (X) lives
in A(A) for some A in this set. Thus our count of small matrices in A(A)-x gives rise to an
overall bound on #A% (X).

Lemma 5.0.10 gives a bound on #A(A).x in terms of the successive minima of A(A).
Our next main lemma, Lemma 6.0.5, allows us to put this bound in terms of the minima
of A instead. That way, when we sum #A(A).x over A to bound #Afir(X ), the summand
can be written in terms of computable values of A.

We begin with a fact and a preliminary lemma. Both of these will also be useful when
proving the lower bound later on.

Fact 6.0.2. Let C be any collection of constants (for example, C = {K,n}). Suppose
i,y Ta, Y, -, Yo € Rsg satisfy xy-- x4 Lc Y1+ - Yo and yet y; K¢ x; foreachi=1...a.
Then it follows that x; <c y; for allt=1...a.
Proof. Indeed, for any j € 1...a, let ¢; € R be such that c¢;z; = y; and note

H% <c H?/z = CjT; H?/z <L ¢ Hﬂﬁu

i=1 i=1 i#j i=1
so 1 <¢ ¢; and thus z; <¢ y;. O
Lemma 6.0.3. Let A C O} be a primitive, rank r, Og-module. Let wy, ..., w, € A be a set

of Ox-minima vectors for A and let W = [wy - w,] € My,x,.(Z). Then WEW?' € A(A),
for any EY € E".



CHAPTER 6. BOUNDING #AX (X) FROM ABOVE 31

Proof. Let (Uy1,vy),...,(,,v,) be a pseudo-basis of A and V' = [vy---v,] € M,y (Z)
be the associated basis matrix. Because each w; lies in U vy + - -- + U, v,, there exists
C € M,(K) with Cy; € G, for all i, j such that W = V. Tt follows that, for each E% € £,

WEW!'=VCEC'V' =V ZV,

where Z = CEYC' € M,(K)ay satisfies Z,, € 0,0,. Thus WEYW*' € B(A) = A(A) (using
Lemma 4.0.6 for the final equality). O

Notation 6.0.4. IfT' C M,(K) is a finitely generated Oy -module of matrices, then when
we say “the Ox-minima of I'”, we technically mean the minima of 1(I") C K™ . Recall that
[|A]], = ||t(A)||, for any A € M,(K), so it is enough to look at norms in M, (K).

Lemma 6.0.5. Let A C O} be a primitive, rank r, Og-module. Let \y < --- < X\, be the
Ok -minima of A and ay, ..., apq—1)/2 the Ox-minima of A(A). Then, for each i < j, there
exists a distinct index ki € {1,...,7(r —1)/2} such that cu,; <k \i);.

Proof. We first show that ay,, <xn AiA; by constructing a contender for the successive
minima of A(A) out of those of A.

Let wy,...,w, € A be at set of Og-minima vectors for A and let W = [w;---w,| €
My (Z). Also let (Uy,v1),..., (0., v,) be a pseudo-basis of A and V = [vy---v,] €
M.« (Z) be the associated basis matrix.

By Lemma 6.0.3, WEYW* € A(A) for each EY € £". We have W EYW' = w;w, —w;w},
thus

IWEYW!|,u < 2|lwiwl],e i [[wil]ullwgl]e = Aid;.

The set {IWEYW': 1 < i < j < r} is K-linearly independent and contained in A(A),
and so by Lemma 5.0.3 each oy, is bounded above by some unique ||[WE“W*||,. In other
words, there exists a labelling of the indices {k;; : 1 <i < j <r} such that

iy < IWEIW|, €icn A, (6.1)

for each ¢ < j.
For the reverse inequality, we use that D(A(A)) <k, D(A)"' by Proposition 3.1.8.
Combining this with Lemma 5.0.6 results in

r r—1
IT i, =2AQL) =D))< (H Af) = I M,
=1

1<i<j<r 1<i<j<r

where all implied constants depend only on K and n. In particular, we have [[ M\, <k
Hakij. On the other hand, we've already shown in equation 6.1 that \jA\; >k, ay,,, for
each 7, j. Thus, applying the logic of Fact 6.0.2 we can conclude \;\; <g,, au,; -

m
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Now that we can relate the minima of A(A) to those of A, we are ready to write down
an A(A)-specific version of Lemma 5.0.10.

Lemma 6.0.6. Let A C O} be a primitive, rank r, Ok -module with a choice of Ok -minima

vectors. Then
r X as(r=1)/2

#{A € AA) : [|A]], < X} <k Z D (trncy (M)

where D (trncy(A)) = D({0}) := 1 and the other truncations are taken with respect to the
chosen minima vectors.

Proof. Let A\; < --- <\, be the Og-minima of A. Let p:=r(r—1)/2 and let a; <--- < o,
be the Ox-minima of A(A).
By Lemma 5.0.10,

p k s
#H{A € AN A, < X} <kn (X—O%) . (6.2)

a{ P
k=0 N1

Lemma 6.0.5 tells us that each «; in the above sum can be replaced by some A\, \,. We
don’t know which A\, A\, will appear where, but we can upper bound each term of the form

)

by assuming the A\,\, are as smallest possible. Because Lemma 6.0.5 assigns each of the p
a; a unique pair A\, A\, (with a < b), it follows that any given A\, can appear at most r — 1
times in (6.3). Thus, letting ¢ := |2k/(r — 1) ], we have

(6.3) <<K,n< X Z. ) : (6.4)

r—1yr—1 1

where i € {1,...,7 — 1} is such that ¢(r — 1) +1i = 2k. ‘
We can write the numerator as X* = \/Y% = \/Yq(r_l)ﬂ. Then, depending on if (%)

is <1 or > 1, we can bound (6.4) above by replacing ¢ with 0 or » — 1. In other words, the
right hand side of (6.4) is upper bounded by

q'(r-1) s
(6.4) < ( vX 1) , (6.5)

r—1yr—1 r—
)\1 )\2 st )\q/

for ¢’ equal to either g or ¢+ 1. Thus every term in the sum in (6.2) can be upper bounded
by one of the form in (6.5) for some ¢’ € {0,...,r}'. Putting this all together we have

!We have ¢’ < r. Indeed, when k = p = r(r — 1)/2 we have ¢ = |2k/(r — 1)] = r and i = 0, thus ¢’ =r.
When k < p, then ¢ <7 and so ¢’ <.
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r \/yq/(Tfl) s

#{A € A(A) : HAHH < X} <<K,n Z (/\r—l)\r—l L )\7’—1 ’

7=0 1 2 q

Then applying Lemmas 5.0.9 and 5.0.6 to replace the denominator of each term with

D(trney (A))"! completes the proof. O

As we show next in Lemma 6.0.8, every matrix of AX (X) can be found in some A(A),
where A is a primitive Og-module of small discriminant. We now give this collection of nice
modules a name, and choose a set of minima vectors for each each A in the collection, as
this will ease notation in the rest of the chapter.

Definition 6.0.7. For X > 0, let P,,(X) be the set of primitive, rank r, Ox-modules
A C O} satisfying ©(A) < X.

Assign a fized set of Ok -minima vectors to each A, so that we may speak of the minima
vectors of A € P, (X). From now on, when we say the truncation, trnc.(A), of A €
Prr(X), we mean with respect to these minima vectors. (Note that #Pn,.(X) < oo by
6.0.11).

Lemma 6.0.8. Let 0 < r < n, with r even. Suppose A € AKX (X). Let c3 := (|dk|"(rs)!)"/2.
Then there exists A € P, ,(c3X"/?) such that A € A(A).

Proof. We have A € M, (Ok)a with rank r and ||A]|, < X. Let A be the unique, rank r,
primitive Ox-module in K™ that contains the rows of A. In other words, A = O% NRow(A),
where Row(A) is the K-span of A’s rows. Then A € A(A) = B(A) (Lemma 4.0.6) and it
follows from Proposition 3.2.6 that D(A)? < |dk|"(rs)! X", as desired. O

We've just seen that every matrix A € A (X) is contained in a module of the form
A(A) for some A € P := P, ,(c3X*/?). Combining this with Lemma 6.0.6 shows that

A n 6.6

# ) <. Z Z D (trne,( (6.:6)
q=0 AeP

We'd like to adjust the inner sum to run over distinct truncations, A, := trnc,(A),

rather than A. Two things are required to do this. First, we need to know the maximum
discriminant a truncated module appearing in equation 6.6 can have. Lemma 6.0.9 answers
this question. Secondly, we need the number times a given truncation, A,, appears in
equation 6.6. We handle this with Lemma 6.0.13, where we adapt a result of Thunder’s
which counts the number of modules that truncate to another module.

Lemma 6.0.9. Let 0 < ¢ <r <n. If A € P,,.(X) then there exists ¢y, > 0 depending only
on K and n, such that the truncation of A satisfies trnc,(A) € Py, 4(caXT).
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Proof. 1f ¢ = 0, then trnc,(A) = 0 is trivially contained in P, 0(X") = P, 0(1).
Assume g > 0. Let 73 < --- <, be A’s Og-minima, and let wy, ..., w,, with ||w;||, =
vi, be the Og-minima vectors. Then, since

A = O N Spang (wy, ..., w,),
it follows that the truncation with respect to ws, ..., w, is
trnc,(A) = O N Spang (wy, ..., w,).

Recall trnc,(A) is primitive, rank ¢, and that the v, ..., v, form a set of Ox-minima vectors
for trnc,(A) (Lemma 5.0.9). Thus by Lemma 5.0.6,

D(trncy(A) < iy g < cilm o) "
< (D (A)YT < clcg/rXq/’”,
where ¢; > 0 and ¢ > 0 are as in Lemma 5.0.6 and depend only on K and n. O

The next two results of Thunder together show that there are not too many primitive
Ogk-modules of bounded discriminant, and in particular not too many which also truncate
to a given module.

Remark 6.0.10. Initially, [Thu92] gives his results in terms of counting subspaces S C K"
of bounded height. However, the r-dimensional subspaces of K™ are in one-to-one correspon-
dence with the rank r primitive Ox-modules* and, as Thunder shows, his height, H(S), of
a subspace S C K™ agrees with our discriminant of the associated O -module, (O} N S)
(up to a constant depending only on K and n).

Specifically, using the notation of this article, Thunder’s Theorem 2 says

H(Spang (T)) = |di|~*D(I),
for any primitive Ok -module I' C OF.

Translated into the language of Ox-modules per Remark 6.0.10, Thunder’s main theorem
is as follows.

Theorem 6.0.11. [Thu92, Theorems 1 and 2] Let 0 < r < n. Then
|#Pn,r(X) - CSXn| <<K,n Xn_CG:

where c5,cg > 0 are constants depending only on K and n. (If r =0 or n then there is only
one such primitive module.)

2The module corresponding to a subspace S is I's = O% N S, and the subspace corresponding to a
module T" is St = Spang (T").
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Remark 6.0.12. Thunder describes truncated modules in his notation immediately before
Lemma 9 in [Thu92]. His definition is identical to ours, and depends on a choice of Ok-
minima vectors in the same way. Technically, his definition operates on subspaces S C K™,
and he allows one to fix a fractional ideal B C K such that the minima vectors must lie in
the O -module B(O} N S). Our definition is equivalent his restricted to the case B = Ok.

The following lemma of Thunder has been translated into our notation per Remarks
6.0.10 and 6.0.12.

Lemma 6.0.13. [Thu92, Lemma 15] Let 0 < g < r < n and let A, C O} be a primitive,
rank q, Ox-module. Let X > ®(A,). Then

#{A € P, (X) s trncy(A) = Ay} g X"ID(A)™"
Proposition 6.0.14. Let 0 < r < n, with r even. Let AﬁT(X) denote the set of rank r
matrices A € M,(Og)a which satisfy ||A||, < X. Then
AR (X) < X7

Proof. By Lemma 6.0.8, cach A € AX (X) lies in A(A) for some A € P, (c3X*"/2), where
c3 > 0 depends only on K and n. Thus, letting P := P, (c3X*/?), we have

HAL(X) <Y #{Ac AL : ||A]l, < X}

AeP

By lemma 6.0.6, it follows that

Xas(r—1)/2

D (trne, (A))—1

#A (X) < Z

=0 A

Because r is a constant, it suffices to bound the inner sum,
Xastr—1)/2

Z D (trne, (A)) =1

AeP

(6.7)

for each ¢ € {0,...,7}.

Case 1: When ¢ = 0 we have D(trnco(A)) = ©({0}) = 1, and the summand of (6.7)
equals 1. In this case, (6.7) becomes a count of A € P, ,(c3X*"/?), which is asymptotically
bounded by X™*/2 (Theorem 6.0.11).

Case 2: Let ¢ > 0. The only part of A appearing in (6.7) is D (trnc,(A)). We will adjust
the sum to vary over the possible values of this discriminant, rather than over A € P. By
Lemma 6.0.9, D (trnc,(A)) < c4(c3X™/2)4/™ < ¢, X%/2 where ¢; > 0 depends only on K and
n. Let Z := {C7qu/2 12%-
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Sub-case 2(a): Suppose ¢ < r. For each Y € Z, we have from Theorem 6.0.11 and
Lemma 6.0.13 that
#{A € Pﬂ,T(CBXTS/Q) : @(trncq(A)) c [Y/ZY)} <Kun (er/2>n—qu'

Putting this together, the inner sum can be rewritten as

qu(rfl)/Q

rs/2\n—q\/ T

(6.7) <xm Y
Yez
OO qu/2

2i

<kn X(nrs—qs)/?
i=1
<<K,n ans/Q'
Sub-Case 2(b): Finally, if ¢ = r, then for each Y € Z, Theorem 6.0.11 implies

H{A € Ppo(csX™) :D(A) € [Y/2,Y)} < Y7,

and so
er(r—l)/?
6.7 n EE——
(6.7) <, Z (Y/2)r1
Yel
00 XTS/Q n—r+1
<<K,n er(rl)/QZ( 5 ) <<K,n Xm"s/Z' (68)
=1
UJ

Now that we have a bound on #A% (X) for all r < n, the r = n case follows without
much additional work.

Corollary 6.0.15. Let n > 0 be even. Then we have AX, (X) <, X D/2 and, for X
sufficiently large, AY (X) >kn Xsn(n=1)/2,
Proof. Let AK(X) be the set of all alternating matrices A € M, (O )a with [|A]], < X.
The matrices of AX(X) are in one to one correspondence with the vectors v € (’)?(("_1)/ 2
with ||v][, < X/v/2. The image u(O}" V%) is a rank sn(n — 1)/2 lattice in K" /* and
#AK(X) equals the number of points of this lattice with norm less than X/v/2. Because the
lattice ,u((’)?((n_l)/ %) depends only on the constants K and n, it follows from [Sch68, Lemma 2]
that #AX(X) <k, X*""~D/2 and when X is sufficiently large #AX(X) > g, Xn(=D/2,
We have #AX(X) = 3" #AK (X). There are no alternating matrices of odd rank.
Thus, because n is even, #AX (X) <, X*""=2/2 (Proposition 6.0.14) for all r < n and it
follows that

n—1
HAL(X) = #AK(X) =) #AR (X) <o X702,
r=0

and that #AX (X) >, X*""=D/2 for X sufficiently large. O
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Chapter 7
Bounding #.Af{,,a(X ) from below

In this chapter we construct a large number of alternating matrices with small norm. To do
this, we carve out a special subset of the primitive modules, “c-regular modules”, with the
helpful property that each module in this subset contributes at least one matrix to A,IZ(’T(X ).

Definition 7.0.1. Let A C K° be a finitely generated Oy -module with O -minima Ay <
< < Ao We say A is c-reqular (for some ¢ > 0) if A\; > cD(A)Y9*,

Definition 7.0.2. Let P,ia(X) be the set of primitive, rank a, c-regular, O -modules A C O%
satisfying ®(A) < X.

Fact 7.0.3. Let A C O% be a primitive, c-reqular O -module with Ox-minima \; < -+ <
Ao Then, foralli=1,..., a,
i Zkne DAY (7.1)

Proof. Equation 7.1 follows (see Fact 6.0.2 for details) because all minima of a c-regular
module satisfy \; > ¢D(A)Y% and yet Aj -+ A <k, [, D(A)Y** by Lemma 5.0.6. O

1=

Despite defining c-regular modules in terms of having a large first minima, \;, the key
property we care about is that such a module contains a set of r, relatively short, linearly
independent vectors (Fact 7.0.3). As we shall see later, when A is c-regular, these vectors
can be used to define a rank r matrix in A(A)-x.

This next lemma shows that a constant fraction of the primitive modules are c-regular.

Lemma 7.0.4. Let 0 < r < n, then there exists ¢ > 0 depending only on K and n such that
HPL(X) 1 X7
for X sufficiently large.

Proof. By Theorem 6.0.11, there exist constants Xy, cg € R.y depending only on K and n
such that for X > X, #P,,(X) > csX™. Let X > X.
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Let ¢ > 0 be undetermined for now. Consider A € P, ,(X) with successive minima
A <o < Aoand A < é®(A)Y™ (so A is not c-regular). Then A is the first (and only)
successive minima of trncy (A). It follows that with ¢; > 0 as in Lemma 5.0.6

D(trnc; (A)) < X8 < DAY < e XV

Thus we can bound the number of non-c-regular A € P, ,(X), by counting the number
of primitive, rank-r, Og-modules A C O% with D(A) < X and D(trnc;(A)) < c;c8 X7,
Let Ay := trnci(A), so Ay € OF is a primitive, rank 1, Og-module with D(A;) <
c1* X" By Theorem 6.0.11, the number of distinct A; that could arise as trney (A) is less
than
co(cre® XMy, (7.2)

where cg > 0 depends on K and n.
Meanwhile, the number of A € P, ,(X) truncating to a given A; is at most

CloXnilg(Al)rin < CloXn71<01CSX1/T)T7n (73)

by Lemma 6.0.13, for some c¢;y > 0 depending on K and n.
Combining equations 7.2 and 7.3, we have that the number of non-c-regular A € P,, . (X)
is at most
cg(clchl/T)n . ClOXn—l(clchl/r)r—n

= c"cycicp X"

All the constants ¢; depend only on K and n, so one may choose a value for ¢, also
depending only on K and n, such that c"cocicig < 5. Then the number of c-regular
A € P,..(X) must be at least

ng

Cs
X Bxn By
“s 10 10

We now have the tools to prove the main result of this chapter.

Proposition 7.0.5. Let 0 < r < n, with r even. Let Affyr(X) denote the set of rank r
matrices A € M,(Og)ar which satisfy ||A||, < X. Then, for X sufficiently large, we have

#‘AHKW (X) >>K,n XnTS/Z'

Proof. When r = 0, we have #Aff’o(X) =1 = XY, so the proposition is trivial.

Let r > 0. Let ¢ > 0 be as in Lemma 7.0.4, and note ¢ depends only on K and n.
Let Yy > 0 be the lower bound implied by Lemma 7.0.4 such that when Y > Y, we have
#7757,”(}”5/2) >k Y2, By the lemma, Y; depends only on K and n.

Let Y > Y; be an indeterminant for now — we will ultimately choose Y so that each
A € P:(Y"/2) contributes at least one matrix to AX (X). Fix some A € Pg (Y"/2).



CHAPTER 7. BOUNDING #AE (X) FROM BELOW 39

Let wy,...,w, be a set of Og-minima vectors for A and let W = [w; - - - w,] € M, (K).
Consider the n x n matrix

r/2 r/2
AA — Z WEQifl,Zth - W Z 21,2 Wt7
i=1

=1

where the E?~1% € £ are members of the standard basis of alternating matrices (Notation
2.1.4).

By Lemma 6.0.3, Ay lies in A(A). The matrix 3.7/2 E%~12 is a row permutation of
the identity matrix, and it follows that A, is of rank r. Since A is c-regular, we have
lJw;l|, <xn DAY for all j =1,...,r (using Fact 7.0.3 and the fact that ¢ depended only
on K and n). By choice of A, we have D(A) < Y"™/2 5o ||w;]|,, <k Y2

Each summand of A, then has norm

[WE* =52 W |, = [Jwaimiwh; — wawdh, ||y <gn [[waica||ul|waill <gone Y-

So ||Aall, < bY for some b > 0 depending on K and n. In the case of this lemma, “X
sufficiently large” can be taken to mean X > Yjb. Indeed, we can then set Y := X/b to
obtain Ay € AF, (X) and since Y = X/b > Yj, we also have

HPL L (Y7?) g Y7 3 g X712, (7.4)

Because A, has rank r, the primitive module A is fully specified by A,. Indeed A =
O} N Row(Ay), where Row(Ay) is the K-span of Ay’s rows. It follows that if two modules
AT € Pg,(Y"/2) are distinct, then their matrices must be distinct as well, Ay # Ar.

Putting all this together, we have from (7.4) that there exist X"*/2 modules A, each
contributing a distinct matrix, Ax, to Afﬁ,(X ). This proves the claim. ]
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