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Abstract. Motivated by classification, up to order isomorphism, of dense subgroups of
Euclidean space that are free of minimal rank, we obtain apparently new invariants for an
equivalence relation (intermediate between Hermite and Smith) on integer matrices. These
then participate in the classification of the dense subgroups. The same equivalence relation
has appeared before, in the classification of lattice simplices. We discuss this equivalence
relation (called permutation-Hermite), obtain fairly fine invariants for it, and have density
results, and some formulas counting the numbers of equivalence classes for fixed determinant.

INTRODUCTION

Attempts at classification of particular families of dense subgroups of R"
as partially ordered (simple dimension) groups lead to two directed sets of in-
variants (in the form of finite sets of finite abelian groups, with maps between
them) for an equivalence relation on integer matrices. These turn up occa-
sionally in the study of lattice polytopes and commutative codes, among other
places. The development in our case was classification of the dimension groups
first, and then that of integer matrices; for expository reasons, we present the
latter first.

Let B and B’ be rectangular integer m x n matrices. Standardly, GL(n, Z)
denotes the group of n X n integer matrices of determinant +1. We say B
is permutation-Hermite equivalent (or PHermite-equivalent, or PH-equivalent)
to B’ if there exist U € GL(m, Z) and a permutation matrix P of size n such
that UBP = B’. Classification of matrices up to PH-equivalence is the same
as classification of subgroups of (a fixed copy of) Z'*™ as partially ordered
subgroups of Z™ (with the inherited ordering)—the row space of B, r(B), is
the subgroup, and the order automorphisms of Z'*™ are implemented by the
permutation matrices (acting on the right). With this in mind, we can even
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define an equivalence relation on matrices B € Z™*" and B € Z™ *™_ if we
allow the additional operation of deleting a row of zeros any time it appears
in the course of row reduction.

The Smith normal form (SNF) is an invariant for PH-equivalence, but a
relatively crude one. For an important subclass of matrices (suggested by
the dense subgroup problem), we construct two families of invariants that are
surprisingly effective. These new invariants easily distinguish matrices with
the same SNF in many cases. They also yield information about the matrices
themselves, for example, whether the matrix is PH-equivalent to a matrix of
the form C = (I"—l Z)—that is, an identity matrix of size n — 1, a column a,
and d = |det B| (and also the content of a is relatively prime to d); such an nxn
matrix is said to have 1-block size n — 1. When this happens, the cokernel is
cyclic, but the converse fails. Matrices PH-equivalent to one of these forms are
particularly amenable to complete classification. We also construct numerous
examples with the expected unusual properties.

Let G C RY*™ be a finitely generated subgroup of R'*" (or R" for short,
if there is no ambiguity). We can associate to G a lot of matrices as follows.
Pick a Z-basis, F' :== {f1,..., fm} for G, and let B € R™*"™ be the matrix
whose jth row is f;. We define the row space of an m X n integer matrix to
be the subgroup of Z" generated by the rows of the matrix. Obviously, the
row space of Bp, r(Br), is G, still viewed as a subgroup of R™. We can apply
any element of GL(m,Z) on the left to Bp, and the row space is unchanged.
So the inclusions G C R™ are classified (merely as a subgroup of R™) by the
orbits of GL(m, Z) (acting from the left) on R™*™.

This is strongly reminiscent of Hermite and Smith equivalence of (inte-
ger) matrices. If we let G C Z™ (this requires m < n), the classification
of the subgroups of Z" is just the orbit space of Z"™*™ under the action of
GL(m,Z) (acting on the left), and gives rise to Hermite equivalence. If instead
we want to classify the subgroups of Z™ up to isomorphism as subgroups of
fixed Z", we note that the automorphism group of Z" is GL(n,Z) (acting on
the right), so we are looking at the classification of matrices under the action
of GL(m,Z) x GL(n,Z); this gives rise to Smith equivalence, and the set of
elementary divisors is a complete invariant.

PH-equivalence arises when we view the fixed Z™ as a partially ordered
group, with the coordinatewise ordering, called simplicial. Subgroups inherit
the partial ordering (but are themselves almost never simplicial), and we clas-
sify them up to order isomorphism. If the subgroup has full rank, such an order-
isomorphism to another one (necessarily of the same rank) extends uniquely
to an order isomorphism of Z"™. These are given precisely by permutation
matrices. We arrive at an equivalence relation that frequently turns up (e.g.,
[20, 21, 1, 22]), but has no name. So we give it one, at least restricted to square
matrices.

The motivation for studying PH-equivalence comes from classification of
dense subgroups, G, of R" that are free of rank n + 1, viewed as partially
ordered abelian groups, the ordering obtained by restricting the strict ordering
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on R"™ to G; that is, nonzero g € G is in the positive cone, G* if and only
if each coordinate is a (strictly) positive real number. This defines (together
with the embedding into R™, which we often suppress in notation) a critical
(dimension) group. Equivalently, we can define a critical group to be a simple
dimension group that is free of rank n + 1, and has exactly n pure traces
(any affine representation, G — Aff S(G,u), for some order unit u will yield
the desired dense embedding in R™ = Aff S(G, u); different order units yield
isomorphisms among the images).

Let e; denote the standard basis elements of R™ = RX". A class of critical
groups, known as basic critical groups, consists of those of the form, G =
(e1,€2,...,€n; Y. a;e;), where a; are real numbers such that {1,aq,...,ay,} is
linearly independent over the rationals (this is equivalent to density of G in
R™). Basic critical groups are a useful source of examples, as in [2]. They
admit a characterization among critical groups in terms of their structure as
simple dimension groups, via the pure traces.

For each subset of the pure trace space Q C 9.5(G,u) such that |Q| =n—1
(that is, £ misses exactly one of the pure traces), define ker Q = (1 ., ker 7.
For any critical dimension group, the rank of ker () will either be one or zero.
We can thus write the kernel as zqgZ, where zq is unique with respect to
o(xzq) > 0, and o is the pure trace not in 2. Now form E(G) = ) o z0Z C G.
Then G is basic if and only if G/E(G) = Z; when this occurs, all sets of pure
traces are ugly (in the sense of [2]).

However, the converse to the latter statement is not correct—even if all
sets of pure traces are ugly, the critical group need not be basic—leading
to a larger family of critical groups. We say a critical group is almost ba-
sic, if it can be written in the form (that is, up to order isomorphism) G =
(f1, f2,- o fns(a1,...,ap)) C R™, where f; € Z", the set {f1,..., fn} is real
linearly independent, and {1, aq,...,a,} is linearly independent over the ra-
tionals; these are necessary and sufficient for G to be dense in R™. Then G is
almost basic if and only if the torsion-free rank of G/E(G) is one, and this is
equivalent to all sets of pure traces being ugly.

Of course, G/E(G) itself is an invariant of order isomorphism. In the case
of almost basic critical groups, we can restrict to the span of the integer rows,
and in doing so, not only do we obtain an invariant for integer matrices, but
the invariant boils down to PH-equivalence. Moreover, for each subset 2 C
0.5(G,u) (this time, we allow arbitrary subsets, not just those of cosize one),
we may form the quotient pre-ordered abelian group G/ ker Q (in general, the
quotient of a partially ordered abelian group by a subgroup that is not an
order ideal—G is simple, so it has no proper order ideals—need not be partially
ordered, and does not inherit many properties from the original).

When the set Q is ugly (for example, if G is almost basic), Go = G/ ker Q
is itself a critical group with respect to the real vector space R. Thus we can
also look at Gq/E(Ggq). This gives rise to an onto map from the torsion part
of G/E(G) to that of Go/E(Gq). If we now assume that G is almost basic,
we see that the torsion lives entirely in the integer part of the row space. This
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implies that it is a PH-invariant for the integer part (this requires an innocuous
extra assumption on the integer part).

Almost basic critical groups admit a classification analogous to that for basic
ones, but with an additional feature; after making a preliminary modification
to A, the additional feature boils down to PH-equivalence.

Restricting to the relevant class of matrices B (for almost basic critical
groups), we develop invariants (finer than elementary divisors/invariant fac-
tors). These are motivated by and apply back to almost basic critical groups,
and correspond to subsets of the pure trace space. The invariants consist of a
family of finite abelian groups, which are usually easy to calculate.

There are four appendices. The first deals with a general duality for some
sets of rectangular matrices over arbitrary rings (related to the examples of
Section 6). The second is joint work with my colleague Damien Roy, concern-
ing a truncated form of the reciprocal of the Euler function, related to the
density arguments in Section 7. The third shows that the obvious lower bound
for the number of PH-equivalence classes of matrices with determinant d is
asymptotically correct, with error bounds, at least when d is square-free. The
fourth appendix has exact formulas for PH-equivalence classes, with special
attention to those with 1-block size n — 1, when n = 3.

STATEMENT OF RESULTS

Section 1 contains the definitions of terminal forms (these apply to PH-
equivalence classes); these are not quite normal forms, and are based on a
result, [22, Thm. 4.1], on commutative codes. Discussed are the prototype
PH-invariant(s), together with their elementary properties, dual elements (if
B is an integer matrix, then there is a natural dual matrix B°P), and short
exact sequences relating them. A particularly important class consists of those
(n x n) matrices B that are PH-equivalent to a terminal form (1"0‘1 Z), where
a is a column of size n — 1, and d = |det B|; we say this type of terminal form
has 1-block size n — 1.

The second section describes the (pseudo-) action of the permutation group
S, on matrices PH-equivalent to a terminal form whose 1-block size is n — 1.
Proposition 2.1 precisely describes the orbits, and thus the PH-equivalence
classes within this family.

Section 3 introduces two families of invariants, J(B) and J(B°P). These
are lattices of finite abelian groups with homomorphisms among them, usually
easy to compute. Theorem 3.8 shows that if n > 3 and every terminal form of
the n x n matrix B has 1-block size n — 1, then |det B| is a power of a prime.

Section 4 discusses (n x n) matrices B which are PH-equivalent to a matrix
with terminal form having 1-block size n — 1. Theorem 4.7 characterizes those
whose dual also admits such a terminal form.

Section 5 deals with the (rare) phenomenon of matrices PH-conjugate to
their duals; for matrices which are indecomposable in the appropriate sense
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and have a terminal form with 1-block size n — 1, Theorem 5.3 is a charac-
terization of this property, using the prime factorization of the determinant,
and solvability of a quadratic modulo the determinant. A consequence is that
when this occurs, the matrix is Hermite equivalent to its dual.

Section 6 discusses two conjectures concerning duality and the invariants
J(B) and J(B°P); the stronger one is whether one can reconstruct [J(B°P)
just knowing J(B). This is true if B or B°P has a terminal form with 1-block
size n — 1. We give a class of examples where the abelian groups appearing in
J(B) are as homogeneous as possible, and show that we can recover one from
the other via a Grassmann-like duality, discussed in more detail in Appendix A.

Section 7 gives a density result for size n matrices having a terminal form
with 1-block size n — 1: it is at least .8 for n > 6 and converges up to
(€(2)¢(3)/¢(6)) - 1/(C(2)¢(3)¢C(4) - -+ ) ~ .845 as n — oo.

Sections 8-11 deal with critical groups, that is, dense subgroups of R™ that
are free of rank n + 1, equipped (except in Section 8) with the strict ordering,
making them into simple dimension groups. Section 8 contains a topological
classification theorem, which for n > 3 corresponds to the classification of
totally ordered subgroups of R. Basic critical dimension groups [2] are char-
acterized in Section 9, within the class of critical dimension groups, by means
of the invariant which led to the development in Sections 1-6.

Almost basic critical dimension groups are introduced in Section 10. The
classification of these reduces to PH-equivalence of integer matrices associ-
ated to them (Theorem 10.1). An invariant, introduced in previous section, is
used to characterize almost basic critical groups among critical groups (Theo-
rem 10.4).

Appendix A contains a general duality result for natural orbit spaces on
classes of modules, a portion of which is used in Section 6 (Proposition A.6).
Appendix B (joint with Damien Roy) is a short argument showing that the
appropriate truncations of a form of the reciprocal of the Euler function yield
a better than expected order of convergence. This is used in Section 8. Appen-
dix C suggests an asymptotic formula for the number of PH-equivalence classes
of fixed absolute determinant and size, and proves it when the determinant is
square-free (Corollary C.5). Appendix D contains exact counting results on
the numbers of PH-equivalence classes of size three matrices and fixed determi-
nants, and also the numbers of PH-equivalence classes that contain a 1-block
size two matrix.
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1. PERMUTATION-HERMITE EQUIVALENCE

Let B and C be n X n integer matrices (B,C € M, Z). We consider a less
well-known and two very well-known notions of equivalence between B and C.

The matrices B and C are Hermite equivalent if there exists U in GL(n, Z)
such that B = UC (this is more frequently defined on the right, rather than the
left, but we will use this form here). In other words, B and C are obtainable
from each other by Z-elementary row operations (that is, row permutations,
multiplication of a row by —1, and adding a row to another). Normal forms
have been well-studied (for example, see the Wikipedia article!).

Matrices B and C' are Smith equivalent if there exist U and V in GL(n, Z)
such that B = UCV. Normal forms are even more well known, and correspond
to invariant factors; they are used to classify finite abelian groups.

Matrices B and C are permutation Hermite-equivalent (or PHermite-equi-
valent or PH-equivalent) if there exist U in GL(n,Z) and a permutation ma-
trix P such that B = UCP. In order words, B and C' are obtainable from
each other by finite sequences of Z-elementary row operations (that is, permu-
tations, multiplication of a row by —1, and adding a row to another), together
with column permutations.

PH-equivalence classifies subgroups of a fixed copy of Z"™ up to order-
automorphism of the latter (when equipped with the simplicial, that is, co-
ordinatewise, ordering); to see this, given the square matrix B, let r(B) de-
note the abelian group span of its rows (known as its row space, despite there
being no vector spaces involved) viewed as a subgroup of Z™. Left multi-
plication by elements of GL(n,Z) has no effect on the row space—only the
generating set for r(B) is changed—and column permutations implement the
order-automorphisms of Z'*™ when the latter is given the usual coordinatewise
partial ordering.

1http ://en.wikipedia.org/wiki/Hermite_normal_form
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It is helpful to permit the matrices B to be m x n with m > n; then ele-
mentary row operations are now implemented by elements of GL(m, Z). These
do not change the row space, and it is convenient to add another operation: if
at some point during a sequence of row and allowed column operations, a row
becomes identically zero, then we delete it (and thus reduce the size). This
obviously has no effect on the row space, and will be useful in the development
of our invariants.

This section deals with an initial pair of invariants (one involving the dual
of a matrix) and some of their properties.

Reduced forms for PH-equivalence have been obtained (see [22]; a special
case is quoted as Theorem 1.1 below), but normal forms have not, as far as I can
tell. (Informally, reduced forms for an equivalence relation constitute a useful
collection of elements which contains representatives of each equivalence class;
normal forms constitute a collection containing exactly one representative of
each class.)

We say a sequence, vector, list, or set of integers, v, has content ¢, denoted
cont(v) = ¢, if ¢ is the greatest common divisor of the nonzero entries of v (and
if all the entries are zero, then cont(v) = 0). We say v is unimodular (not to
be confused with unimodal) if cont(v) = 1.

We will restrict ourselves to the following class of matrices in M,,Z. Define
B € M,,Z to be weakly nonsingular if the following two conditions apply:

(a) rank B = n,
(b) every column of B is unimodular.

If C is any element of M, Z with full rank, then there is a factorization
C = BD, where B is weakly nonsingular and D is diagonal with positive
integer entries thereon.

Let NS, (or simply NS when n is understood) denote the collection of
weakly nonsingular n x n (integer) matrices. If U € GL(n,Z) and w is any
member of Z1X" then cont(Uw) = cont(w). Permutation of the columns of
matrix simply permutes the contents of the columns. It follows that NS is
preserved under PHermite-equivalence.

Given B € NS, there is a pseudo-algorithm that can be applied to reduce
it to a more tractable form. First, apply the usual algorithm to obtain a
Hermite normal form: since the content of the first column is one, there exists
U, € GL(n, Z) such that the first column of U B is e; = (1,0,...,0)7, the first
standard basis element. Delete the first row and column, so that the second
column has content possibly exceeding one (it cannot be zero, since the matrix
has full rank), and continue in the obvious way, obtaining an upper triangular
matrix whose first diagonal entry is 1, and for which the other diagonal entries
are positive integers.

Permute the rows and columns so that all the diagonal ones are grouped
together, in a block (it is easy to see how to do this), and now the matrix is in
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I, VY
0 D)’

where D is an upper triangular matrix of size n — s, whose diagonal entries all
exceed one. If, in D, the content of any column is one, we may apply the same
process to it via row operations, creating an additional standard basis vector
via operations on the rows of size n — s. By permuting rows and columns,
we may enlarge the identity block, and we continue this until there are no
more columns of the resulting lower block matrix that are unimodular. (Recall
however, that at every stage of this process, the size n matrix has all of its
columns unimodular.) This yields the Hermite normal form; further processing
may be required.

A PH-reduced form is obtained in the following result of [22], for convenience
stated here only for full rank matrices.

the form

Theorem 1.1 ([22, Thm. 4.1)). Let B € M,Z be of full rank. Then there
exists a PH-equivalent upper triangular matriz C € M,Z% such that

(a) 0<Cy < O¢+17i+1 fOT’ alll <i< n,
(b) 0< Ci’j < Ojj fOT’ all i < j,
(c) Cii <ged{Cy; |i<s<j} foralli<y.

We say C is PH-terminal (or just terminal) if it is in the form described in
the theorem. Terminal suggests that there is nothing more that can be done
to such matrices to simplify them. The size of the identity matrix that appears
in the terminal form is called its 1-block size. If B € NS,,, then it has 1-block
size at least one.

This is described in the cited reference as a normal form, but this is not with
the usual meaning of the term—two distinct matrices C and C” each satisfying
the conditions can be PHermite-equivalent. As a trivial example from NS, set

101 10 2
c=(o 12|, ¢=(0o11
00 6 00 6

Then C and C” are conjugate via the transposition (¢ ) & (1), hence are PHer-
mite equivalent. This type of phenomenon can be avoided by refining the in-
variant. For example, we can make the top of the first column to the right of
identity block be increasing; if there are ties, we can go to the next truncated
column, and break the ties, etc. However, there is a less trivial difficulty with
terminal matrices.

Applied to an NS matrix, the terminal form has an identity block of some
size in the upper left corner. If two terminal forms are PH-equivalent, it is
natural to ask whether the sizes of the identity blocks are the same. The
answer is no, and we will see that this phenomenon occurs fairly frequently,
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almost generically (Proposition 3.8). The equation,

2 -1 -1 11 2 1 0 2 0 0 1
3 -1 =2 0 2 0)=101 3 010
6 -3 —4 0 0 3 0 0 6 1 00

is of the form UC = C'P, where C and C’ belong to NSs, are in terminal
form, C has just one 1 on the diagonal, C’ has two; each has determinant 6
and det P = —1, so |[detU| = 1, and thus U € GL(3,Z). So C and C’ are
PH-equivalent but with different block sizes for 1.

Hermite normal forms of matrices in NS,,, while themselves in NS,,, need
not be terminal: for p an integer exceeding 1, the matrix

1 1 1
0 p 1
0 0 p

is in Hermite normal form, but is not a terminal form.

We define NS, ,,, to be the class of matrices B € NS, which are PH-
equivalent to a terminal form with 1-block size at least m. Obviously, NS,, ,, =
GL(n,Z), and from the definition, NS, 1 = NS,,. The most important of these
classes is NS, n—1.

First, we give simple examples to distinguish the three equivalence relations.
Barely any calculation is required. For each of i = 0,1,2, 3,4, set

1 4
B - (0 5) .
Then the following hold:

(i) If i #0, B; is in NS; and is in terminal form.

(ii) Every 2 x 2 matrix with invariant factors {1,5} is Hermite-equivalent
to one of the B;.

(iii) All five are mutually Hermite-inequivalent.

(iv) Bg and Bs are PH-equivalent, but there are no other PH-equivalences
among these matrices.

(v) All five are mutually Smith equivalent, that is, their set of invariant
factors is {1,5}.

An obvious invariant for PH-equivalence of matrices B € NS, is simply the
cokernel, J(B) = Z*"/Z*" B, the Smith invariant. We will often abbreviate
this Z™"/Z" B, or Z"/r(B) (so that r(B) denotes the subgroup generated by
the rows of B). This is a coarse invariant.

A second invariant. We define: A list of objects is an unordered tuple
(equivalently, a set with multiplicities recorded, sometimes known as a multi-
set). To distinguish between sets, ordered tuples, and lists, we use the notation
[;] for lists. (There does not appear to be a standard notation for this.)

Let B € NS (it need not be in terminal form); label its rows f;. For each 1,
define z; to be the unique row in Z'*™ with the following properties:
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(a) x; = m(i)E;, where E; is the ith standard basis element of Z'*" and
m(i) is a positive integer;

(b) =i € 3 fiZ;

(c) ifye ) f;Z and y = kE; for some k € Z, then m(i) divides |k|.

To see that each z; exists, note that r(B) = > f;Z C Z'*"™ is just the row
space of B, hence is of rank n, so it hits every nonzero cyclic subgroup of Z!*"
in a nonzero element; then the usual well-ordering argument works.

Now form X (B) = > 2;Z = @®x;Z. Then I(B) = r(B)/X(B) is a finite
abelian group (since the rank of X (B) is obviously n). The claim is that this
is an invariant for PHermite equivalence between matrices in NS.

To see that it really is a PH-invariant (for matrices in NS), suppose that
C is another member of NS,,, and UCP = B, where U € GL(n,Z) and P
is a permutation matrix. The row space of B is unaffected by the left action
of GL(n,Z), and the list [z;] is similarly unaffected by permutation of the
columns.

This invariant would be useless if we could not compute with it, but it turns
out to be rather easy to deal with.

Unless inconvenient, we write Zj, (for k a positive integer) in place of Z/kZ.
This is not going to cause confusion with the other meaning of Zy, the k-adic
completion, as we never use the latter.

The following will be subsumed by more easily obtained results after we
have an equivalent form of the construction of I(B).

Lemma 1.2. Let n,d;, z;,d > 1 (i =2,...,n) be positive integers and let a;
(i =1,...,n —1) be nonnegative integers with a; < d and ged{d;,z;} = 1.
Suppose B and B’ are the following n X n matrices:

10 0 ... 0 a 1 20 23 ... Zpn_1 Zn

01 0 ... 0 a9 0 do 0 ... 0 0
B— 0 0 . B= 0 0

00 ... . 0 0 :

00 0 ... 1 ap_ O 0 0 ... dyo1 O

00 0O ... 0 d O 0 0 ... 0 dp,

Then both B and B’ are NS matrices in terminal form. Moreover,

1= (2/ (sicar)2)

and I(B’) is cyclic of order
1Cm{d2, dg, ceey dn}.

Proof. That the matrices have all their columns unimodular is an immediate
consequence of the properties ascribed to the coefficients. Let f; ( =1,...,n)
be the rows of B. Then for i < n, F; = f; — (a;/d) fn, so that

x; = (d/ ged{d, a;}) fi — (ai/ ged{d, a;}) fu.
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In addition, z, = f,, so that a basis for X (B) is {(d/ ged{d,a;})fi} U{fn}-
As {fi1,..., fn} is a basis for r(B), we have that I(B) & @i(Z/(W‘;id})Z).
Now let f; be the j row of B’, and let [ = lem{d;}. Then

Bi=fi-> 2f B :lfl—zzifi.é.

i>2 ¢ i>2 v

If t > 1 is a prime dividing [ and all of the z;, then it divides at least one
of the dj; but this would contradict ged{d, z;} = 1 for all i. Hence [E; is a
unimodular element of ) f;Z, so that 1 = [E;. For i > 2, x; = f;. Hence a
basis for Y 2;Z is {lf1, fa, ..., fa}, and thus I(B’) is cyclic of order I. O

Here are some very simple examples with n = 2. Define

1
Ba,d = <0 Z) )

where d > 1; in order to be terminal, we need ged{a,d} =1 and 1 < a < d. By
taking determinants, we see that B, 4 PH-equivalent to B,/ ¢ entails d = d’
(a peculiarity of the n = 2 case). So let a’ be another integer in the interval
1 < a’ < d relatively prime to d. Then B, 4 is PH equivalent to B, 4 if and
only if either a = a’ or aa’ = 1 modd (that is, in Z/dZ, [a] = [a]*!). The
second choice comes from letting P be the nontrivial permutation matrix, and
working out the details. Here I(B, q) = Z/dZ, not very exciting.
Next, consider variations on the earlier example. Set

1 0 b 1 11 11 2
B=|(0 1 ¢|, Ci={(0 2 0], Co=(0 2 0
0 0 6 0 0 3 0 0 3

In order for B to be terminal, we require ged{b,c,6} = 1 and 0 < b,¢ < 6;
we may assume b < ¢ (by conjugating with the obvious transposition). Every
terminal form of an NS matrix with diagonal entries 1,2, 3 is PH-equivalent
to one of C7 or Cs; this is routine.

We will show that the only choices for B which are PH-equivalent to a
terminal form whose 1-block has size unequal to two (which means it has size
one) correspond to (b,c) = (2,3) and (3,4). The former comes from the earlier
example, and it is PH-equivalent to Co. A similar computation (which comes
from an easy sequence of row reductions) shows that with (b,¢) = (3,4) or
(4,3), B is PH-equivalent to Cf.

There are no other terminal forms of size three with 2,3 along the diagonal
than C7 and Cs, since both numbers are prime.

We have, by the earlier result,

I(B) = (Z/(6/ ged{6,b})Z) ® (Z/(6/ ged{6, ¢})Z).

Hence if at least one of b or ¢ is relatively prime to 6, then I(B) is not cyclic
and has Z/6Z as a proper quotient.

Minster Journal of Mathematics Vor. 11 (2018), 49-156



60 DaAvID HANDELMAN

Now I(C;) & Zg, since 6 = lem{2,3}. Hence if b or ¢ is relatively prime
to 6, B cannot be PH-equivalent to either C;, and in particular, all terminal
forms of B have the same 1-block size, two.

Finally, C; and Cs are not PH-equivalent, since the corresponding B forms
are not; this will come from a general result obtained later.

Lemma 1.3. Let B = (10* g) be in terminal form with D upper triangular,

and whose diagonal entries satisfy 1 < dp11 < dpia < d,. Setl=lem{d;}.
(a) If D is diagonal, then I(B) is a quotient of (Z;)".
(b) In general, I(B) is a quotient of

n—1
(Z/1Z)" ® ( P z/1em{d; 1, d;ya, .. .,dn}Z>.
j=r+1
Proof. For1 <i<r, E; = fi—zj>1(aij/dj)fj for some integers {a;;}. Hence
lE; € C(B), and thus [E; € X(B). Hence z; = t;E; for some positive integer
t; dividing .

(a) Here x; = f; if i > r, and thus X (B) is spanned by {z;},., U {fi}
from the form of ¢;E;, we have that X (B) is spanned by {t;f;},., U{fi}i>,-
Since {f;} is a basis for r(B), it follows that I(B) & ®;<.(Z,). This is a
quotient of (Z;)", since each t; divides .

(b) If r < i < mn, we can write E; = f¢—2j>i(a¢j/dj)fj. Obviously, x, = fn.
Set l; = lem{d;11,d;12,...,n}, so that [;E; € r(B) and thus is in X(B). So
again we can write x; = ¢;E; with ¢; dividing [;, and we obtain that I(B) is a
quotient of (Z;)" © (P, Zt,), which is a quotient of the desired group. O

i>r)

The 1-block size (that is, the size of the identity matrix in the upper left
corner) in terminal forms turns out to be significant, particularly if it is n —1—
when this occurs, PH-equivalence classes can be determined exactly.

Corollary 1.4. Suppose B = (15 g) is in terminal form, and let d = det B.

If I(B) has a quotient which is isomorphic to (Zg4)*, then all terminal forms
PH-equivalent to B must have 1-block size at most n — s.

Proof. Suppose B’ = (! X7) is a PH-equivalent terminal form with r > n — s.

In particular, det B’ = det B = d. All the factors that are quotients of
Z/lem{d},...,d,} for j > r have order at most [[d}/d, o, < d. But then
the preceding says that I(B’) has at most r copies of Z, appearing as a factor,
a contradiction. g

Now we introduce the notion of opposite.

A dual formulation of the invariant. When we construct the x; in order
to determine I(B), we also create a dual of the matrix B, call it B°P, also in
NS,,, and for which I(B) = Z*"/Z*"BP  that is, I(B) = J(B°P). To see
this, we have a unique representation for each i, z; = > ; Cij f; with ¢;; € Z;
since z; is not a nontrivial multiple of any element of > fiZ, it follows that
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the content of {cij}?zl is one for each i. Hence the matrix C' = (c¢j;) (the
transpose of what is expected) belongs to NS,

Next, we see that if B’ is PH-equivalent to B, then C’ (constructed out
of the canonical z}) is PH-equivalent to C. A row operation on B simply
multiplies CT on the right by an element of GL(n,Z), hence multiplies its
transpose, C, on the left by an element of GL(n,Z). A column permutation
applied to B multiplies the representation of the x; by a row permutation of
the matrix C7, so induces a column permutation of C.

So we define B°? = (C. In general, when B is in terminal form, B°P will
be far from terminal, requiring both row operations and column permutations
to put it into terminal form. If we think in terms of the row space of B°P,
then it is almost tautological that I(B) = Z"™/r(B°P). That being the case,
I(B) is determined from the Smith normal form of B°P. To some extent this
explains some of the loss of information in going from the PH-equivalence class
of B to I(B). Unsurprisingly, (B°P)°? = B. In general, |det B| # |det B°P|;
this occurs when |det B| # |I(B)|, and we have seen an example for which
det B = 8, but I(B) & Zg @® Zs. From the equations defining B°P, we have
(B*)TB = A = diag(m(i),...,m(i)), where the m(i) are defined via the z;,
that is, x; = m(i)E;.

Because of potential confusion caused by the notation, we redefine J(B) =
I(B°P) = Z'*"/Z'*" B (determined by the Smith normal form of B), and thus
J(B°P) = I(B) = Z'*"/Z'*"B°P. We will soon obtain a simpler description
for B°P.

Lemma 1.5. Suppose that B, B’ € NS,, and A, A" are diagonal real matrices
with strictly positive entries. If BA = B'A’, then A = A’ and B = B’.

Proof. Since B is invertible in M,,Q, we have BB’ = A(A’)~!; thus the
latter has only rational entries (all of which are nonnegative). We can therefore
write NA(A")~! = A" for some positive integer N and A” = diag(d;) diagonal
with only positive integer diagonal entries. From NB™'B’ = A’ we have
B’N = BA”. Now the ith column of B’N has content N, and the ith column
of BA is just d; times the ith column of B, hence has content d;. Thus d; = N
for all 4, so (B’ — B)N = 0 and thus B’ = B. As B is invertible in M, R,
A=A O

The following shows that B°P can be characterized via a more general equa-
tion.

Proposition 1.6. Let B € NS,,. Then the following hold:
(a) B°P € NS,, and (B°?)T B = diag(m(1),...,m(n)).
(b) If C € NS,, and CT B is diagonal with only nonnegative entries, then
C = B°P.
(c) (B°P)°P = B, and the lists [m(i)] are the same for B and B°P.
(d) If B" € NS, is PH-equivalent to B, then (B’)°P is PH-equivalent
to B°P.
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Proof. (a) is noted above.
(b) Write (B°®*)TB = Ay. As B € NS,,, B~! exists (in M,,Q), we can write
C =(AB™HT = (B~1)TA, and similarly, B°® = (B~!)TAq. Then

BPA = (B~H)TA¢A = (BT AAy = CA,.

The result now follows from the preceding lemma.

(c) From (B°°?)TB = Ag, on transposing, we obtain BTB? = Ag; as
B € NS, implies B°? € NS,,, we have B = (B°P)°P from (b). It then follows
from BT BP = A, that the list [m(i)] (the list of diagonal entries of Ag) is
the same, whether computed with respect to B or with respect to B°P.

(d) There exist U € GL(n,Z) and a permutation matrix P such that
B = UB'P; then Ay = (B°*)TB = (B°®*)TUB’'P. Pre-multiplying by P
and post-multiplying by P~!, we have PAqP~! = P(B°®*)TUB’. Now since
B, (P(B)TU)T € NS, and PAgP~! is diagonal, by the lemma, we have
(B")oP = (P(B")TU)T = UTB°PP~1 (since P~! = PT), yielding that (B')°P
is PH-equivalent to B°P. O

This leads to a fast construction of B°® and A. Pick B € NS,,; form
B~ € M,,Q. There exists a smallest positive integer m(i) such that m(i) times
the ith row of B~! consists of integers—and necessarily, the resulting row has
content one. Set A = diag(m(i)); since the entries of AB~! are all integers
and the content of each row is one, it is immediate that (AB~1)T € NS,,.
Then B°P = (AB~H)T.

In [1], Atanasov et al. introduced two numbers associated to a matrix B €
NS,.; the first was denoted I, which is |det B|; the second was denoted I*,?
and is |det B°P|; they also use B*, the dual matrix emanating from lattice
polytopes, for what is called here B°?. Among other things, they constructed
very useful tables of numbers of isomorphism classes, and explicit generators,
which turned out to be particularly helpful for Appendix D.

Let B belong to NS,,. Defining F;, x;, and m(i) as we have above, there is
an obvious short exact sequence,

’I"(B) Zl Xn Zl Xn

— S 7 — S 2.z — (B — 0.

The left term is just I(B) and the right is I(B°P), which is determined by the
invariant factors of B. For the middle term, we have that it is naturally
isomorphic to r(B) /(3 #;Z)B via B; the map sending w € Z™ to wB induces a
group homomorphism Z'*" /> x,Z — r(B)/(Y_ x;Z)B, which is clearly onto;
it is also one to one, since wB = vB (with v € Y 2;Z) entails w = v. In
addition, x; B = m(i) f;, so that the middle group is just € Z,, ;). So we can
rewrite the short exact sequence as

0= J(B®) = @ Zngiy) — J(B) = 0.

0

2Unfortunately, I came across this reference after I had established the notation for this
paper, so that their I is |[I(B°P)| = |J(B)|, and their I* is |I(B)| = |J(B°P)|.
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Since we may interchange B with B°P (from (B°P)TB = A, we obtain that
BTB°? = A), we also obtain a short exact sequence 0 — J(B) = @ Zy,;) —
J(B°P) — 0. This can be re-interpreted more generally.

For a finite group G, the ezponent of G, denoted Exp G, is the smallest
positive integer e such that the order of every element divides e.

Proposition 1.7. Suppose B € NS,,. Then
Exp J(B) = Exp J(B°?) = ExpZ"/Z" A = lem{m(i)}.

Proof. From the short exact sequence 0 — J(B) — @ Zy,;) — J(B°?) — 0,
obviously Exp J(B) and Exp J(B°P) divide the exponent of the middle term,
which is lem{m(i)}. Set d = Exp J(B). This says that Z"d C Z"B. Applying
B~1 (which exists in Q"*"), we have Z"dB~! C Z", whence C' = dB~!
is an integral matrix satisfying CB = dI. Since (B°?)TB = A, we deduce
(B°*)T = dAC, so that CT = B°?dA~! (as matrices with rational entries).

The ith column of C7 is thus d/m(i) times the ith row of B°P. As each
column of B°P has content one, this entails (as C7 has only integer entries)
that m(i) divide d. Hence lem{m(i)} divides d; since d divides lem{m(i)}, we
have d = lem{m(¢)}.

Since BTB® = AT = A, we can interchange the roles of B and B°P,
obtaining the final equality. O

We let d = ExpJ(B). Then we can regard each of J(B), J(B°P), and
ZV )2 A as Zg-modules. As Zg is self-injective, each of them contains a
nonzero free submodule as a direct summand; and J(A) = @ Z,,(;) contains
a free Zgz-module on two generators as a direct summand.

Lemma 1.8. Suppose that p is a prime and B in NS, has terminal form

1 X
0 pm

for some m > 1. If B’ is a terminal matriz in NS that is PH-equivalent to B,
then the 1-block of B’ has size n — 1.

Proof. From the terminal form, J(B) is cyclic of order p™. If B is PH-
equivalent to B’ in terminal form with block size less than n — 1, then for
each row of B’, say the ith, that is not a standard basis element is of the
form (071, p™® b(i)) (where b(i) is a row of size n — 4, possibly empty), and
m(i) < m(i+ 1), and we can take ¢ = n — 1. Then it follows from Theorem 1.1
that p™(?) divides each entry of b(i). Then the ith row divided by p™® v;, has
order p( in Z" /r(B'). The order of the image of E,, (the bottom row divided
by pm(")) is at least as large, p™("™).

As J(B') = J(B) and is cyclic of order p™, we must have that v + r(B’)
belongs to the subgroup generated by E,, + r(B), that is, there is an integer k
such that v — kE,, € r(B’). The initial nonzero term of v — kE,, is 1, whereas
the ith entry of every row is either 0 or divisible by p. Hence v — kF,, € r(B’),
a contradiction. (]

Minster Journal of Mathematics VoL. 11 (2018), 49-156



64 DaAvID HANDELMAN

In particular, if |det B| is a power of a prime and J(B°P) has exponent
equalling |det BJ, then every terminal form PH-equivalent to B must have 1-
block of size n — 1.

The following is elementary.

Lemma 1.9. Let 0 - A — B — C — 0 be a short exact sequence of finite
abelian groups. If any of the following hold:

(a) ExpB =Exp A and A is cyclic,
(b) ExpB = ExpC and C is cyclic,
(¢) Exp B is square-free,

then the sequence splits.

Proof. Let d = Exp B; as Exp A and Exp C' divide d, the sequence is a short
exact sequence of Zgz-modules.

If ExpC = Exp B and C is cyclic, then C is free as a Zs-module, so the
sequence splits. If Exp A = Exp B and A is cyclic, then A is free and singly
generated; since Zg is self-injective, A is injective as a Zgz-module, so the
sequence splits.

If Exp B = d is square-free, then C, being a Z4-module, is projective, hence
the sequence splits. O

A consequence of the method of proof is the following somewhat interesting
result.

Lemma 1.10. Suppose that H is a subgroup Z" having rank n, with invariant
factors (f1, fo,..., fn). Let x be an element of Z™ such that x + H has order
fn (the exponent of Z"/H ) in Z"/H. Then H +x C Z"™ has invariant factors

(L, f1y- ey fe1)-

Proof. The onto map Z"/H — Z"/(H + xZ) has kernel (zZ + H)/H, which
is free as a Zy, module, so is a direct summand. Therefore we can write
Z"/H = (x + H)Z & D for some Zy, module D. Since D = Z;  and the se-

quence invariant factors is unique, D must have invariant factors 1, fo, ..., fn—1
(delete the last one, and insert a one at the beginning). Obviously D =
Z"/(H + zZ). O

The following is presumably well known, but useful. If G is an abelian
group, then t(G) denotes its torsion subgroup.

Lemma 1.11. Let A be an r X n integer matriz. Then
t(Z™)Z"A) = +(Z7 ) Z" AT).

Proof. Let s = rank A; then s < r,n. The first step is to reduce to the case
that r = s = n.

To that end, we observe that the row space of A, Z"A is free of rank s;
hence there exists E € GL(r, Z) such that EA(4"), where A" is s x n. Since
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. 1" .
A’ has rank s, there exists F' € GL(n,Z) such that A'F = (4 ), where A” is

s x s. In particular,
A" 0
par— (1 9).
Hence
Z"|ZTAXZ" )T EAF 277 |Z° A" o 270,

From FTATET = (FAF)T = ((Ag)T 8), we similarly obtain Z"/Z" A
ZS/ZS(A//)T o) Zr—s.

So it suffices to show that if M € Z°*° is of rank s, then Z°/Z°M =
Z°/Z°*M7T. But this is straightforward. Let (fi,...,fs) be the sequence of
invariant factors of M; then there exist J, K € GL(s,Z) such that JMK =
diag(fi1,...,fs) == A. Obviously KTMTJT = A, so M7 has the identical
sequence of invariant factors. O

I

Lemma 1.12. Let A € Z"*", B € Z"*". If A has rank r, then there is a
short exact sequence,

0—2Z"/2Z"B - Z"/Z"BA - 7" /Z"A — 0,
the maps induced by v — vA and v — v.

Proof. Since Z"BA C Z" A, the map from the middle to the right term, v +
Z"BA — v+7Z" A is well-defined, and obviously onto. Its kernel is Z"A/Z"™BA.
The map v+ Z"B — vA 4+ Z"BA is clearly well-defined, and maps onto the
kernel; it suffices to show it is one to one. But vA € Z"BA entails v = wBA
for some w € Z™, whence (v — wB)A = 0. However, A is r X n and of rank r,
so right multiplication by A is one to one. Thus v = wB, and the map is one
to one. (]

Weirdly, even under the (strong) hypotheses that A, B are square of the
same size and with nonzero determinant, it need not be true that Z"/Z" AB =
Z"/Z"BA (both of these are torsion).

Set A= (}3). Then AAT = (332), so Z?/Z?*AAT = Zy & Z,. On the other
hand, ATA = (11), and thus Z%2/Z2AT A~ Z,. Label B = AT.

In general, the sequence of torsion subgroups of a short exact sequence is
not exact (take 0 - Z — Z — Zo — 0, where the middle map is multiplication
by 2); however, in this case, it is. The following is presumably well known.

Corollary 1.13. Suppose A € Z"*"™, B € Z™*", and BA has rank r. Then
there is a short exact sequence,

0—Z"/Z"B — t(Z"/Z"BA) — t(Z"/Z"A) — 0.

Proof. Since B has rank (at least, hence exactly) r, Z"/Z" B is finite, hence
torsion. Suppose v + Z" A is a torsion element of the third term in the short
exact sequence in the previous lemma. Then there exists a positive integer
N such that Nv € Z"A. Since Z"BA C Z"A and they have equal ranks,
there exists an integer M such that MZ"A C Z"BA. Hence M Nv € Z"BA.
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Therefore, all pre-images in the middle term, of v + Z" A, lie in the torsion
subgroup of Z"/Z" BA. In particular, the right map is onto.

Since Z"/Z" B is finite, it maps to the torsion subgroup of the middle term,
and exactness of the original sequence now yields exactness of the sequence of
torsion subgroups. O

Now suppose that B € NS, and form B°°. From (B°®)TB = A =
diag(m(1),...,m(n)), we deduce (setting B = A, etc.), a short exact sequence
0— Z"/Z"(B*)! — @ Z/m(i)Z — Z"/Z"B — 0. By Lemma 1.11, the first
term is isomorphic to Z™/Z" B°P. This yields a short exact sequence,

0— J(B®) - @ Z/m(i)Z — J(B) — 0.

We also have BT B°P = A (by applying the transpose); this permits us to
reverse the roles of B and B°P, and we obtain another short exact sequence,

0— J(B) - @ Z/m(i)Z — J(B) — 0.

By Lemmas 1.7 and 1.9, if either J(B) or J(B°P) is cyclic or, more generally,
if either J(B) or J(B°P) is a free Z4-module, then the sequence splits; similarly,
if the exponent, d, of J(B) is square-free, the sequence splits. There are
examples to show that neither of these need split. Unfortunately, because we
are taking isomorphisms at various points, the extensions themselves need not
be PH-invariants. However, whether the sequences split is a PH-invariant.

Example 1.14. The extension 0 — J(B) = @ Zy,,;y — J(B°?) — 0 need
not split; in fact, J(B) © J(B°P) need not be isomorphic to @ Z,)-

To construct an example, suppose that n = 3 and d is a power of a prime p.
If we can find B € NS5 such that det B = d, and both J(B) and J(B°P) are
not cyclic, then the extension cannot be split. We note that J(B) & J(B°P)
cannot be generated by 3 elements, since it is a p-group and has at least four
elementary divisors. But the list [m;] consists of n = 3 elements, so that
@ Z,,(;) has three generators; in particular, @ Z,,;y # J(B) © J(B).

So it suffices to find a matrix B with these properties. For any prime p, set

11 1 3 0 0
B=|0 p p?>|, sothat B*=| —p> p 0
00 p? p—1 -1 1
Since the cokernel of C = (822) is Zys & Zy, J(B) = Z,: & Z, (in Z?/Z°C,

there is no element of order p*, but there are elements of order p?; alterna-
tively, subtract p times the first column from the second, to create diag(p, p*));
similarly, the cokernel of ( 7> pos) is Z,s ® Zy, so this is also J(B°P). Hence
J(B)®J(B°P) has elementary divisors [p3, p3, p, p], and is thus not 3-generated
as an abelian group. In this case, m(1) = m(3) = p* and m(2) = p*.

There is another invariant of PH-equivalence, concerning a particularly
strong form of splitting. The imbeddings J(B) — Z*"/Z*"A and J(B°P) —
Z1>n 7" A (we will sloppily abbreviate Z'*"/Z*"A to J(A) from now
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on) are given by first identifying J(B) = Z'*"/Z1*"B with Z!*"/Z'*"BT
(Lemmas 1.11 and 1.12), and then with the latter’s image in J(A), given by
v+ 7(BT) — vB° + Z" A and then doing the same with J(B°P).

This gives us two subgroups of J(A), specifically, Y (B) := r(B°P)/r(A) =
J(B) and Y (B°P) = r(B)/r(A) = J(B°P). Denote by mg: J(A) — J(B) and
mpor: J(A) — J(B°P) the two quotient maps in the short exact sequences.
Then we can ask whether the image of J(B) in J(A) (that is, Y(B)) maps
under mp onto J(B), that is, 7g(Y(B)) = J(B). This of course entails that
mp splits, but is stronger than that (there are easy examples wherein 7 splits,
but this property does not hold). We say that B super-splits when this occurs
(it is a two-sided property, as we will see).

Lemma 1.15. Let B € NS,,. The following are equivalent:
(a) B is super-splitting,
(b) r(B) + r(B°P) = Z'*",
(c) 7(B)Nr(B°P) =r(A).

Remark. Since (b) and (c) are symmetric under the interchange of B with
B°P| we deduce that B super-splits if and only if B°P does. It follows from
(b) that super-splitting is a PH-invariant (which was not at all clear from
the definition, since the latter uses identifications such as that of J(B) with
len/lenBT)'

Proof. Obviously, r(A) C 7(B) N r(B°P) follows directly from (B°P)TB =
BTB°P = A, and the map 7g is v + r(A) = v + r(B).

(a) implies (b). The map wp sends Y (B°P) = r(B)/r(A) to zero, but is
an isomorphism when restricted to Y (B) = r(B°P)/r(A). Hence (r(B) +
r(B°P))/r(A) has cardinality |J(B)| - |J(B°P)|, and the latter is det A =
|Ztxm /2> A Tf r(B) + r(B°P) were strictly contained in Z'*", then J(A)
would be strictly larger than |J(B)| - |J(B°P)|, a contradiction.

(b) implies (c). We have the map J(B) x J(B°P) — Z*"/Z1*" A (given
by the identifications of J(B) with Y (B) and J(B°P) with Y (B°P)), and this
is onto by hypothesis (b). Since the cardinalities are the same, the map is an
isomorphism. However,

(r(B°?) +r(B))/(r(B) Nr(B))
= r(BP)/(r(B) Nr(B*)) +r(B)/(r(B) N r(B))
>~ J(B) x J(B°P),
so again by cardinality, 7(B) Nr(B°P) = r(A).
(c) implies (a). Using the standard isomorphisms (as in (b) implies (c)),
we have that r(B°P) + r(B)/r(A) is the direct sum, and by cardinality, we
obtain (b). Ontoness of 7p is then immediate. O

We know that if J(B) or J(B°P) is cyclic or a free Z4-module (d = Exp J(B)),
then both sequences J(B) — J(A) — J(B°P) and J(B°?) — J(A) — J(B)
split. But not all of them super-split. For example, if B € NS, ,—1 and
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B = (Ins1 %), where a = (a1,...,an—1)" is unimodular modulo d, then B is
super-split if and only if 1 + Y a? is relatively prime to d (this is obtained by
looking at criterion (b) modulo d). Since we can easily solve 1+ a? = 0 mod d
if n,d > 3 (with all a; relatively prime to d), we have found many examples
wherein the sequences split, but B is not super-split.

At one possible opposite extreme is the case that B is Hermite- (not just
PHermite-) equivalent to B°P. This means that B = EB°P for some E €
GL(n,Z), or equivalently, that r(B) = r(B°). These are not super-split
(unless |det B| = 1). There are lots of such examples; for instance, if B €
NS, n—1 and is weakly indecomposable, then it follows from Theorem 5.3 that
if B is PH-equivalent to B°P, then B is Hermite-equivalent to B°P.

Dropping the assumption that B € NS, ,,_1, there are examples, even at
size three, of B € NS,, with B PH-equivalent to B°P but not being Hermite
equivalent; the smallest d for which this occurs seems to be 53.

There are other situations that can occur, e.g., r(B°P) is strictly contained
in r(B); examples with det B = p (a prime) are easy to obtain. Since r(B)
is then a maximal proper subgroup of Z'*™, there are only three possibilities:
(i) B super-splits (this occurs when r(B°P) not contained in r(B)), (ii) B°P
is Hermite-equivalent to B°P (this arises when r(B°P) = r(B)), or (iii) there
exists noninvertible F' such that B°? = F'B (occurring when r(B°P) is strictly
contained in r(B); then |det B°P| = p* for some k > 1). It is routine to
construct examples illustrating each of these phenomena.

2. PH-EQUIVALENCE FOR SOME TERMINAL FORMS

We describe PH-equivalence between terminal forms of size n matrices, both
of which have 1-block size n — 1. These are implemented via a partial action
of the permutation group S,.

Let n,d > 1 and consider all the terminal forms with 1-block size n — 1 and
determinant d; that is, matrices of the form B, = (1“61 ‘;), where a = (a;)
is in Z("=Dx1 and satisfies ged{d,ai,...,an—1} =1 and 0 < a; < d for all .
Since we can add or subtract multiples of the bottom row to/from the others at
any time in a sequence of PH-equivalences, we may regard the a; as elements
of Zg. If P is an n x n permutation matrix and B € NS,, is in terminal form,
then we say that P is realizable over B if there exists U € GL(n, Z) such that
UBP~! is also in terminal form.

Proposition 2.1. Let d > 1 be an integer. Let P be a permutation matriz
of size n with corresponding permutation 7, and let a € Z"=D*1 be such that
cont{a,d} = 1. Then P is realizable over B, with By = UB,P~1 having 1-
block of size n—1 if and only if either m(n) = n or ar () is invertible modulo d.
In the latter case, modulo d,

/ {—am)aﬂ(ln) ift #7n " (n),

a;(ln) ift=m"1(n).
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Remark. It is important to emphasize that this result describes only PH-
equivalence between terminal forms of N.S,-matrices, both of which have 1-
block size n —1. It says only a limited amount about PH-equivalences between
terminal forms only one of which has 1-block size n — 1 (essentially, the state-
ment that each permutation matrix P can contribute at most one new terminal
form). In particular, if gcd{a;,d} > 1 for all ¢, then the only choices for P are
those corresponding to S, _1—in this context. Where we are allowed choices
for terminal B’ that have a smaller 1-block, we can obtain more realizable
permutation matrices P.

Remark. For n = 3, this type of action of the symmetric group was discussed
in [20]. When n = 2, B, is PH-equivalent to B, if and only if aa’ = 1 (mod d);
this can be shown directly, since only the transposition and identity matrices
are involved.

Since the absolute value of the determinant (sometimes denoted absolute
determinant) is a PH-invariant for matrices in S, we may fix the determinant,
denoted d > 0; so the problem boils down to the column a. There is an obvious
action of S;,_1 on a, and this is implemented by left and right multiplication
of B by the corresponding permutation matrix. Hence, at any time, we may
assume that the entries of a are, for example, increasing. Alternatively, we can
regard a merely as a list, thereby disregarding the action of S,,_.

The equivalence relation on (Z4)~1*1 (that is, the columns a) induced
by PH-equivalence between the corresponding B, (with d fixed of course) is
more complicated than that given merely by permutations.

First we describe a well-known action of S,, (not S,,_1) on A"~1, where A is a
finite abelian group; for convenience, A is written multiplicatively. The permu-
tation representation of S,, on A™ admits the diagonal §:={(z, z,...,2) |z € A}
as a set of fixed points. Thus there is an action of S,, on the quotient group
A" /§ =2 An~1. To see just what the resulting action is, pick y = (a;) € A"~}
and lift it to an element of A™ by setting ¢’ = (y,1) (since A is written mul-
tiplicatively, 1 means the identity element). Apply the permutation action of
Sn to .

For = € S,,, if 7 fixes the point n, then it comes from an element of S,,_1,
so we just define w(y) to be the first n — 1 coordinates of 3. Otherwise, there
exists j < n such that 7(j) = n, so that the last coordinate of w(y’) is a; and
a 1 appears in the 7(n)-entry. Multiply the vector 7(y) by aj_l. Now the final
entry is 1, so we can define 7(y) to be the first n — 1-coordinates of a;lﬂ(y’).
The multiplication operator is equivalent to performing the group action with
the diagonal element (aj_l, a:t,...,a;") tom(y'), hence is compatible with the
quotient action.

(Replacing n by n+ 1 and A by Z—this time viewed additively—yields the
Weyl group action of S, 11 on the dual of the maximal torus of SU(n + 1).)

Denote this action I14 ,: S, — Aut A1, Now replace A by Z, the group
of (multiplicatively) invertible elements in Zy (so ¢(d) = |Z}|). Suppose that
a € (Zq)" ! consists of elements relatively prime to d, that is, members of Z.

gy
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Then we will see that the PH-equivalence class of B, consists of a slightly
twisted S,,-orbit of ¢ under HZZ’"'

However, if some of the entries of a are zero divisors in the ring Z,4, then
the situation becomes a little more interesting. We may permute the entries
so that the first k are invertible, and the rest are zero divisors. Then we can
apply Sk41 to the column of the first k, obtaining (for each element of the
group) an element a;l—and instead of multiplying merely the top k entries
by a;l, we multiply all of a by it.

This of course preserves the entries that are zero divisors in the ring Zg,
whose locations are unmoved. It also preserve the ideals the elements generate,
e.g., there are the same number of zeros in the new element as in the original,
the same number that are divisible by any prime p that divides d as in the
original, etc.

The upshot is that there is no group structure (except when n = 2) on the
set of equivalence classes, but instead the latter is a union of orbits of various
groups.

For an integer d > 1, Z} will denote the group of multiplicatively invertible
elements in the ring Z, (formerly, we just considered the latter as an addi-
tive group). If z is an integer relatively prime to d, then x~! will denote a
representative y such that xy = 1 modd.

Beginning of proof of Proposition 2.1. For n > 2, if each of the a; is not rela-
tively prime to d, then the equivalence class is simply the set of permutations
of the entries, that is, via the action of S,,_;—in this case, there is an obvious
normal form, with the entries of a arranged monotonically.

If a; are all relatively prime to d, then the action is given by permutations
and a twisted multiplication by each of the a; ! modulo d (it appears that
these should generate a larger orbit—but this is not the case; for example, if
all a; = —1 (modd), only elements of S,,_; can act non-trivially.) The orbit
consists of {(—alajfl, ce a;l, cee —an_la;l)T} (j varying), together with the
column (a;) itself, and all their permutations.

To verify these claims, suppose UB,P = B, . First, we note that if also
U1B.,P = B, (where B,, By, and By are all terminal) with the same P,
then B, = Byn. This follows from the equalities in M,,Q, P = B, 'U !B, =
B;'U;'Bur, whence U"'By = U;'Byr, so that UyU "B, = Bgr. Set
V = U;U"! € GL(n,Z). From the form of the Bs (first n — 1 columns are
standard basis elements), V = (1"0—1 )t( ); since the lower right entries of both
Bs are d, t = 1, and we have a’ + dX = a”; but this simply means that a and
a’ are coordinatewise congruent modulo d; since we have assumed the entries
are in the interval 0 < af,a) < d, this forces o’ = a”.

Thus for each permutation matrix P, there is a most one a’ for which
UB,P = B, for some U € GL(n,Z) (and of course, there may be none).

Suppose that B = (1"61 @); its 1-block is size n — 1. Let 7 be the permu-
tation corresponding to the right action by P on columns (that is, if P takes
the first column to the second, then 7 (1) = 2).
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If 7(n) = n, then B’ = PBP~! is also in terminal form, since a has been
replaced by Qa (a permutation of the entries of a), where P = Q & 1. So in
this case, all of S, _1 is realizable. Moreover, if P’ is realizable over B and
P = Q @1, then P'P is also realizable, so that the realizable permutation
matrices form a coset space over S,,_1. However, this is fairly complicated.

For a € Z"=Y*1 such that cont{a,d} = 1, recall that B, = ('5*9).
Proposition 2.1 determines precisely the permutation matrices P such that
there exist o’ € Z("~D*! such that B/, satisfies UB, = B,/ P for some U €
GL(n,Z). This is not the full realizability problem, since P may be realizable
over B, but the outcome, B’, although in terminal form, need not have its
1-block of size n — 1. (We have already seen such an example.)

Now suppose that UB, = By P for some U € GL(n,Z), and 7w(n) # n.
Then the ith column of UB, is Ue;, except when ¢ = n, in which case, it is
U(%). On the other hand, the ith column of B,/ P is the 7~ !th column of By,
which is e, -1, unless 7(i) = n, in which case it is (¢ ).

In particular,

67‘.71(%‘) if 4 ¢ {TL,T('(TL)},

Ue; = /
(ii) if i = w(n),
a
U <d> = eﬂ(n).

We have that n — 2 of the columns of U are standard basis vectors and the
m(n)th column is (% ); let (h;)” be the nth column of U. The basic vectors
represented in the columns exclude e, and er(,; hence in the 7(n) and nth
rows of U, there are at most two nonzero entries, a’, (n) and hz(,), and d and hy,,
respectively.

Now we can apply this to the third equation, and obtain (after sorting

through the subscripts and cases)

Ur(t) + Qyar(n) +hed =0 if t #n, 7 (n),
Ar—1(n) @ (n) + Rr(myd = 1.

The second equation says that ar(,) is invertible modulo d, and aﬁrfl(n) =
ar(n) modd. Now that we know that ar(,) is invertible modulo d, the first
equation yields the rest of what we want.

As to the converse, if m(n) = n, that is, 7 € S,,_1, then 7 simply permutes
the entries of the column a, and so the corresponding P is realizable.

If m(n) # n and a,(,) (Which is now defined) is invertible modulo d, define a’
(modulo d) according to the formula in the statement of Proposition 2.1, and
the corresponding matrix B,s. Define U := B, PB; 1 Since B has determinant
equalling that of P, to show U € GL(n, Z), it suffices to show that the entries
of U are integers. This is a straightforward computation.
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We have B! = () ]%d). It is easy to check that the first n — 1 columns
of U have only integer entries, and the last column of B, PB, ! is the product

1 CL/l —aﬂ.a(l)/d
1 al —aﬂ.a(g)/d

1 a;*1(71) 1/d
d —ar-1(n)/d

The 7=1(n) entry of the column on the right is 1/d; otherwise, the ith entry
of the column is —a,-1¢;)/d.

So that if j # 7(n), the jth entry of the product is —(a}ar-1(n) +ar-1¢;))/d,
which from the definition of a} is an integer. If j = 7m(n), the corresponding
entry is (1 — a;_l(n)aﬂq(n))/d, which is an integer. This concludes the proof

of Proposition 2.1. O

In particular, the number of ¢ such that ged{a;,d} = 1 is an invariant of this
equivalence relation, as is for each prime p dividing d and each m, the number
of a; such that p™ divides a; since up to permutation, we are multiplying the
entries by an invertible modulo d, except in one place, where an invertible is
replaced by another invertible. Both of these are also obtainable from I(B,)
as in Lemma 1.2 above. Generically, the number of elements in the equivalence
class of B, is
but it could be less. Observe that if a; = a; € Z};, on taking a permutation
7 such that 7(n) = i, the corresponding a’ is, up to permutation (that is, the
Sp—1-action), obtained by multiplying all the entries by —a;l and replacing
one of the —1 terms that result by a;l; the same set, up to the S,,_1 action, will

arise from a permutation sending n +— j. In this case, different permutations,
even modulo S, _; are realizable, but yield the same matrices.

Example 2.2. For n = 2, the only possible action is a + a~! (modulo d). In

particular,
1 a\ . PH alent ¢ 1 d
o o) I8 PH-equivalent to { -

if and only if d = d’ and either of ¢’ = a®' modd.
The partial Ss-action allows us to conclude that

1 0 2 1 0 4
01 3 and 01 3
0 0 6 0 0 6
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are not PH-equivalent. As they are respectively equivalent to

11 2 111
0 20| and [0 2 0},
00 3 00 3

the latter two are not PH-equivalent to each other either. All four matrices
have J(B) = Zs.

If two matrices B = (I"O‘1 9),B" = (I Z:) € NS, n—1 are in terminal
form, then there is a relatively efficient procedure for deciding whether they
are PH-equivalent. The absolute values of the determinants must be the same,
d, and each has a list [a], [a'] (consisting of the integers in the last column,
above the d). There are only n cosets of S, /S,—1, and we just have to test
those for which the corresponding element of [a] is relatively prime to d (testing
for relative primeness of a; and d requires at most O(Ina;) steps, usually far
fewer), and for each one of those, do the operation described in Proposition 2.1,
and check whether the new list is that of a’. To make it more efficient, we
may rearrange the lists as they appear so they are descending, etc. This
amounts to sorting lists of nonnegative integers with a fixed upper bound,
d — 1, on the entries. An easy algorithm (good if d <« n) is to decide for each
i=0,1,...,n— 1, which of the numbers in {0,1,2,...,d — 1} a; is, and keep
d running counts. The final counts determine the ordering.

If merely one of them has 1-block size n — 1, then we first test whether B’
does as well, by deleting the ith column and testing whether the resulting row
space is all of the standard copy of Z"~!—one way is to take the n determinants
of the submatrices of size n — 1, and see if their greatest common divisor is
one (it would be enough to show their greatest common divisor is relatively
prime to the determinant of B’). If B’ is already in terminal (or merely upper
triangular) form, this will likely be very fast.

3. A FAMILY OF INVARIANTS

We will use lattice in the sense of partially ordered sets with least upper
and greatest lower bounds.

In this section, we introduce and investigate a family of invariants for A/S,
J(B), constituting a lattice of abelian groups with factor maps between them.

Recall, from Section 1, the definition of a list of elements (roughly, a set
with multiplicities), denoted [z;].

Fix n, and for 1 < i < n, let p;: Z'*™ — Z be the coordinate maps, and
let S ={1,2,...,n}. Let Q@ C 25 For B € NS, define By € NSq| (up to
PH-equivalence) as follows. Delete from B the columns whose index is not in
(thus, if 1 ¢ Q, delete the first column of B) to create an n X || matrix, each of
whose columns has content one. The rank of the resulting matrix is exactly ||,
since the set of columns of B was linearly independent over the rationals at the
outset. By applying elementary (integer) row operations to B with columns
deleted, we can obtain a matrix of the form (§), where C is |Q| x [Q2]. Since
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elementary row operations preserve the content of columns, C' € NSlQ‘. All
choices for such C' are Hermite- (and therefore PHermite-) equivalent (within
NS|q[). We choose one, and call it Bg.

An alternative approach (leading to the same thing) is to consider the PH-
equivalence class of B as a means of studying the row space of B, r(B) C Z™, up
to the restriction of the action of the permutation matrices acting on the right
(that is, as column permutations). We delete the columns not corresponding
to elements of €2 and take the row space of the resulting matrix, and use that
to define r(Bg), without defining Bq(!).

If Q =S5, then Bq = B. If Q consists of a singleton, then the resulting
column, being unimodular, row-reduces to the first (or any) standard basis
element of Z"*!, and thus Bq = (1), the size one identity matrix.

Define, for each i = 1,2,...,n, the subset Q(7) = S\ {i}.

If O C Q let Poyg: Z% — Z'%9 and Py: ZY" — Z'%9 be the ob-
vious projection maps (sometimes we will rewrite the last as Z‘). Then
Pq(r(B)) = r(Bq) (and similarly for Po ), thus inducing well-defined, onto
group homomorphisms po: J(B) — J(Bq) and por.q: J(Ba) = J(Ba). It is
routine to verify that the maps are transitive (that is, if Q” C Q' C Q, then
par . 0 Por.o = parq). In case there is ambiguity about which B they are
referring to, we will occasionally use p§.

The lattice of maps and quotient groups po/ q: J(Bq) — J(Bg) will be
denoted J(B). We say J(B) = J(B’) if there is an isomorphism ¢: J(B) —
J(B') and a permutation w on S such that for all Q@ C S, ¢(ker p§) = ker pZ,,.
This yields isomorphisms induced by ¢, J(Bgq) — J(BLg). In some cases, the
permutation is uniquely determined by the list [.J(Bg;)]—this occurs when
J(Bgq(s)) are mutually nonisomorphic for i = 1,2,...,n.

This results in a fairly strong invariant, as we will see later, but it is also
somewhat more difficult to calculate (except in special cases), compared to the
list [J(B)aljqj=n—1-

Lemma 3.1. The lattice of finite abelian groups and homomomorphisms,
J(B), is a PH-invariant for matrices B in NS,. If k < n, then the list
[J(Ba)ljg)=y, is also a PH-invariant.

Proof. Suppose that B and B’ belong to NS,, and there is a PH-equivalence
between them. Then we claim this implies that there exists a permutation of
S ={1,2,...,n}, together with a compatible family of group isomorphisms
J(Bq) — J(B.g). This is trivial: if we apply an element of GL(n, Z), the row
space is unchanged, and we obtain the identity maps. If we permute columns,
7 is the corresponding permutation, etc. We thus see that not only is J(B)
a PH-equivalence, but so is the list of maps J(B) — J(Bgq), where we restrict
the Qs to have the same cardinality. |

When we put k& = n — 1, we obtain the list of n groups [J(Bgq)]. This
contains a lot of information (although generally less than that of J(B)).
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Originally, the J(Bgq) groups were developed in order to find a finer invari-
ant than J(B°P): even together with |det B°?| (another PH-invariant), J(B)
does not determine the family {J((B°?)q)}, or {J((B°?)q@))}. More interest-
ingly, those  for which J(Bq) = {0} play a particularly important role. For
example, we will see there exists Q of cardinality r such that J(Bq) = {0}
if and only if B is PH-equivalent to a terminal form whose 1-block size is at
least r. This is practically tautological, but provides a useful test for examples.

We also have a second family of PH-invariants, specifically, 7 (B°P). In gen-
eral (Bgq)°P is not PH-equivalent to (B°P)q, nor need they yield isomorphic
invariants. So we have to be careful with respect to the notation, that is, con-
struct the opposite, B°P, first, then the cut-down matrices, (B°P)q. However,
I could not decide whether (J((B°P)q))qeces is determined by (J(Bq))acos,
that is, whether for B, B’ € NS,, such that (J(Bq)) = (J(Bg,)) (as a family-
meaning, does J(B) = J(B’) imply that J(B°P) = J(B'°P)?). This, called
the duality conjecture, is still open, and will be discussed in more detail in
Section 6.

Recall that 7(B) frequently is used to denote Z'*" B, re-inforcing the idea
that it is the subgroup of Z'*" generated by the rows of B. The jth standard
basis element of Z'*™ is denoted E};.

Lemma 3.2. Suppose that B € NS,,. Then ker pq is spanned by
{E; + T(B)}igm-

Proof. Obviously, Po(Ej;) is zero if j ¢ E, so that E; 4+ r(B) € kerpq for all
Q.

Suppose for v € Z™ that Po(v) € r(Bgq). Then there exist a; € Z and
corresponding rows r; of B such that Po(v) — > a;Pa(r;) = 0. Thus the only
nonzero entries of w := v — ) a;r; can only appear in position j, where j ¢ Q.
We can thus write w = ) . b;E;, and so v € r(B) + > . E;Z. O

Corollary 3.3. If Y C Q, then ker pos o is spanned by

{Ej +r(B)+Y. Eiz}jen\nf

Proof. One inclusion is obvious; for the other, suppose that pos o(v+ker po) =
0. Then po/(v + r(B)) = 0. Hence by the preceding, there exist integers
a; and b; (j ¢ Q') such that a — 3 air; = 3 ,cqebE;. If j ¢ Q, then
E; +r(B) € kerpg; thus the right side decomposes as ZjEQ\Q’ b;E; plus an
element of ker pq. O

As a consequence, if Q' C Q and J(Bg) is generated (as an abelian group, or
as a Zg-module) by k elements, then J(Bg) has a generating set of cardinality
at most k + |Q| — |€].

As usual, S,, will denote the full permutation group on S = {1,2,...,n};
sometimes this will be identified with P,, the group of n X n permutation
matrices.
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Proposition 3.4. Let B, B’ belong to NS,,. Necessary and sufficient for
J(B) 2 J(B') is the following:

o There exist m € Sy, and an zsomorphzsm ¢: J(B) — J(B') such that
for all i, ¢(kerpQ(l)) = kerpQ( i

Proof. Necessity is obvious, so let us prove sufficiency. Let d be exponent of
J(B) (which by the isomorphism, is also the exponent of J(B')). If P is the
permutation matrix representing 7!, then we can replace B’ by B’P, and
thus assume that 7 is the identity.

By the preceding characterization of ker pg, for any ¢, we obtain

O((Ei +r(B))) = plker ;) = ker pl3yy = (Ei + r(B')).

Hence, for any proper subset Q, ¢((E; + r(B )>z¢ﬂ) (B; +r(B'))iga- By
the preceding proposition, ¢(kerp5) = kerpS . Then we define the map
¢a: J(Bq) — J(Bg) in the obvious way

v+r(B) + Z E,7Z — qzﬁ(v +7r(B") + ZEZ-Z);
i¢Q i¢Q
this is well-defined by the preceding sentence, and is an isomorphism. Thus
the following diagram commutes:

J(B) —2— J(B")

lpg lpg/

J(Ba) —2% J(BL).
If ' C Q, then from P g o Po = Pq, the corresponding diagram with Bg
replaced by Bqs and B replaced by Bgq also commutes. Hence ¢ induces an
isomorphism of lattices of quotient groups, J(B) & J(B'). O

Corollary 3.5. Suppose B,B’ € NS, and J(B) is cyclic. Sufficient for
J(B) &2 J(B') is that J(B) = J(B’) and there exist m € S, such that for
all Q, |J(Ba)| = |J(Bro)l-

Proof. Any quotient of J(B) (and therefore of J(B’) is cyclic and therefore
their cardinality determines uniquely their isomorphism class (so that J(Bgq) &
J(BLg)) and the kernel (as cyclic groups have at most one subgroup of given
cardinality). Now the preceding proposition applies. O

Particularly useful are the J(Bg;) (recall that Q(i) = S\ {i}, the subset
of {1,2,...,n} missing only 7). Recall that NS, ,, consists of the elements
B € NS,, which have a terminal form with 1-block of size at least m.

A matrix B € NS, is decomposable if it is PH-equivalent to a direct sum of
matrices in NS, and indecomposable otherwise. It is weakly indecomposable if
it is not PH-equivalent to a matrix of the form 1 @® C, where C' € M,,_1Z (if
such a C exists, necessarily it would belong to NS,,_1).
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Lemma 3.6. Suppose that B € NS,,.

(a) B € NS,m if and only if there exists Q C 25 with |Q] = m and
J(Bq) =0.

(b) B € NSun—1 if and only if there exists i such that J(Bg;)) = 0.

(¢) B is weakly indecomposable if and only if for all i = 1,2,...,n, the
kernel of poy: J(B) — J(Bq)) is not zero.

Proof. (a) If such an Q exists, the set of Q-truncated rows of B contain a Z-
basis for Z¢*; by rearranging the rows of B, we can assume that the top |(|
rows of B, (B(i))‘iill, satisfy (Po(B(;))) is a basis for Z®. By permuting the
columns, we can also assume that Q = {1,2,...,|Q|}. Then the upper left
2] % |2] corner of the current B belongs to GL(|Q2|, Z) (since the rows form a
Z-basis for Z%). Hence there exists E € GL(n,Z) of the form E = F @ Iqe,
with F € GL(|?|,Z) such that EB = (I\}?\ )Z() The obvious row operations
allow us to reduce to the case that Y = 0. Now we can apply the procedure of
[22] to put Z itself in terminal form. There is nothing to prevent additional 1s
from appearing along the main diagonal, so when we proceed to fix X (by
applying row operations corresponding to the rows of the new Z) so that the
n X n matrix is in terminal form, the identity block size may have become
larger. The resulting matrix is a terminal form with 1-block size at least |€].

If B has a terminal form C = (1‘6” )Z(), then with @ = {1,2,...,]|Q|}, we
see that Cq consists of the first ) standard basis elements as columns, hence
J(Cq) = 0. Since B is PH-equivalent to C, there exists ' (obtained from a
permutation in S,,, hence of equal cardinality) such that J(Bg/) = 0.

(b) Apply (a) to subsets consisting of n — 1 elements.

(¢c) If B is PH-equivalent to 1 C, then ker pg(l) is spanned by the image of
the standard basis element E7; but this already belongs to r(C'), so the kernel
is zero. Conversely, suppose kerpg(i) =0. Then E; € r(B) (by 3.2 above);
applying the obvious row operations to eliminate all the other nonzero entries
in the ith column, and then rearranging the columns (moving the ith column
to the first), we see that the resulting matrix is a direct sum. O

Example 3.7. Matrices B € NS3 (NS4) such that J(B) is cyclic, but neither
B nor B°P has a size two (respectively, three) 1-block terminal form.
(i) Let

11 8 1 -5 —3
B=|(0 2 6], soB'=|0 -4 -1
0 0 15 0 0 %

As det B = 30 is square-free, Z*/Z3B is cyclic. It is easy to check that the
list of J(Bqy) is [Zs,Zs3, Z]; by Lemma 3.6 (b), B has no size two 1-block
terminal forms.

From the inverse, we see that the [m(i)] = [6, 10, 15] (m(¢) is the smallest
positive integer multiplication by which makes the corresponding row integral),
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and thus
6 0
B®*=1[-3 5
-2 =2

Thus det B°? = 30, so again Z3/Z3B°P = Z3,. It is straightforward to verify
that [J((B°P)ae)] is [Zs,Zs, Zs] (again); since none of them are zero, B°P
has no size two 1-block terminal forms.

(ii) A different type of example arises from decomposable matrices. Recall
that B € NS,, is decomposable if there exists a matrix B’ = A® C € NS,, that
is PH-equivalent to B (from the fact that B’ € NS, it follows easily that both
A and C belong to their corresponding NS;).

Set A= (}3)and C = (}}), and define B = A®C. Each of A and C belong
to NSs, so B € NS;. Moreover, B°P = A°P @ C°P, so det B = det B°P = 15.
The latter being square-free, both J(B) and J(B°P) are cyclic.

However, for any 4, J(Bgq(;)) has a direct summand which is one of A or B
(this is true for any direct sum); in this case, both A and B are not invertible,
so J(A) and J(B) are both nonzero. Thus J(Bgq;) is not zero for any i, so
B ¢ NS, 3, and similarly, B°? ¢ NS4 3 by Lemma 3.6 (b).

0
0
1

Now we want to address the near-ubiquity of matrices some, but not all, of
whose terminal forms have 1-block size n — 1. A useful PH-equivalence tool
(found in [1]) is that C' and C" are PH-equivalent via the permutation matrix
P or its inverse if and only if C’PC~! has only integer entries (to see this,
observe that the determinant is up to sign det C’C !, which has determinant
+1, since C and C' are PH-equivalent and thus have the same determinant up
to sign). We use this frequently, without further comment.

The following is complementary to Lemma 1.8.

Theorem 3.8. Let d be a positive integer and n > 2. Suppose that B belongs
to NS,,\GL(n,Z), and set d = |det B|. If every terminal form of B has 1-block
size n — 1, then d is a power of a prime.

Proof. Let B denote the n x n integer matrix (1"61 7), with d > 1, where

a= (ay,...,a,1)7 € Z(=1x1 and assume B is in terminal form. Thus
cont{a,d} =1 and 0 < a; < d.
Now let n —1 > r > 1 be an integer, and d, 41, ..., d, be integers exceeding

1 such that d = [[d;. Form the matrix C' = (§ diag(drfl,...7dn) ); also assume
that C' € NS, so that the content of any column is one. Here X e Z"*(n=7),

Let P be a permutation matrix. We want to establish conditions (in terms
of all the variables) so that UB = C'P for some U € GL(n,Z). Since det B # 0,
B! exists as an element of M,Q, and so existence of such a U implies
CPB~! € M,,Z; but this is also sufficient as |[det CPB~!| = 1. As B! is
particularly easy to calculate, the conditions are not difficult to obtain, and
the argument is similar to that of Proposition 2.1.

Let m denote the permutation corresponding to the action of P on the right;
that is, if right multiplication sends the ith column to the jth column, then
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(i) = j. We have (with zeros deleted)

Uy =CPB™!
I, X d —aq
dri1 d —az
_ 1 dryo P
d .
d —Anp—1
dn 1

Let So C {1,2,...,n} be the image of {1,2,...,r} under 7, and T its comple-
ment. First, we must have n € Sp. If not, say n = w(k) (with k > r), then the
kth row of CP is just (0 0 0---0 dg). Thus the (k,n) entry of the product is
dy/d, which is not an integer. Thus n € Sp.

We calculate the (k,n) entry of the product, where k > r; set t = (k). By
the preceding, ¢t # n. The kth row of CP is dyE; (where E; are the standard
basis elements of Z'*™). Thus the (k,n) entry is —dga;/d. We deduce the
following;:

(1) forallt € T, d/dr-1(4) divides ay.

Now we calculate the (I,n) entries of the product for I < r; the crucial case
is m = 7~ 1(n). The mth row of CP has 1 as its final entry, zeros in the entries
corresponding to Sy, and various xs (entries of X, too complicated to establish
a notation for) in the entries corresponding to T'. Then the (m,n) entry of dUy
I8 — > i cr Tm,n1(#)@t + 1, so this expression is divisible by d. This yields

(2) ged{{as},cp U{d}} = 1.
It also yields a corresponding condition on the mth row of X.

If | # m, lth row of C'P has a one in the 7(l) # n position and various zs
located in coordinates corresponding to T (which does not include n). This
yields that —arqy + D a; is divisible by d. So we obtain the additional
(semi-) condition

(2Y/2) every a, (for s € Sy \ {n}) is an additive combination of {a;},.,
modulo d.

Suppose a is given, and we want to decide whether C' and P exist so that
with CPB~! is an integer matrix. Then conditions (1), (2) are necessary, and
(21/2) is a consequence of (2). Moreover, conditions (1) and (2) imply that the
d; must be mutually coprime (that is, ged{d;,d;} = 1 if i # j).

To see this, from (1), we may write a; = h¢(d/d-1¢)), which we can rewrite
as a product of all the d; with d-1(;) replaced by h;. If p is a prime dividing
both d; and d; (with ¢ # j), then it obviously divides all the a;, contradict-
ing (2). We also see that each h; is relatively prime to d,-1(; (for the same
reason). The fact that B is reduced entails hy < dr-1(;) as well, although this
does not seem useful.

Hence the d; are mutually coprime. In particular, if d has exactly f distinct
prime divisors, then n —r < f (no prime can divide two of the d;); when d is a
power of single prime, this gives an alternative but much more tedious proof of
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Lemma 1.8, that the 1-block size is constant on terminal forms PH-equivalent
to B. This means that if we write d = Hpm(p) in its prime decomposition,
the only factorizations permitted here are those such that for all 4, and all p
dividing d, we must have either p does not divide d; or p™®) does, and in the
latter case, p cannot divide the other d;. )

Now suppose that d and a, the partition Sy|JT, etc. satisfy the necessary
conditions (1) and (2) (and their consequences) with corresponding factoriza-
tion and indexing d = [],-, di. Then we can pick X (r = |S]| is already deter-
mined) and P so as to construct the corresponding C'; this yields a terminal
form for which the 1-block size is r < n — 1. |

When n = 2, all terminal forms of noninvertible matrices in NS, have size
n—1=1.

We also have the following sufficient conditions to have a terminal form with
1-block of size n — 1. With no work whatsoever, if B € NS,, and |det B| = p, a
prime, then all terminal forms of B have 1-block size n—1. On the other hand, if
det B is a product of two distinct primes, then at least one of the terminal forms
has 1-block size strictly less than n — 1, as follows from Proposition 3.8, and an
explicit example with n = 3 is given just after the statement of Theorem 1.1.

Proposition 3.9. Let n > 3. Suppose that B € NS,,, and let p,q be distinct
primes.
(i) If B is PH-indecomposable and |det B| = pq, then B € NS, n—1.
(ii) If B is PH-indecomposable, |det B| = p", where r > 1, and J(B) is
cyclic, then B € NS, ,,—1.
(iii) If n = 3, J(B) is cyclic, and |det B| = p®q® for some a,b € N, then
B e NS372.

Remark. These results do not contradict Theorem 3.8—here the conclusions
are that at least one terminal form has 1-block size n — 1.

Proof. Suppose n > 4 and |det B| = pq (the case that n = 3 will follow
from (c)). We may assume that B is in terminal form; if the form does not
already have 1-block size n — 1, then its terminal form is (5 diag)((pﬂ)) (up to
possible transposition of the primes). Label the two columns of X, Y and Z.
Each column consists of zeros and numbers between 1 and p — 1 (respectively,
between 1 and ¢ —1). Set S ={j|Y; #0}and T ={l|Z, #0}. If SNT
is empty, then up to a permutation of the indices, the terminal form is a
direct sum of matrices, contradicting PH-indecomposability. Hence we may
select k € SNT. Then J(Bg;) is a quotient of Z*/((p,0),(0,q), (X, Yz)),
and the relative primeness (Yj to ¢, Xi to p) yields that this is zero. Hence
J(BQ(])) =0,s0 B € NSmnfl-

(i) Write B = (’7+ ) in terminal form, with D being k x k upper triangu-
lar and having nontrivial powers of p along its diagonal, the powers appearing
in increasing order of size. Suppose k > 1 (if K = 1, then B already has 1-block
size n — 1). The lower right 2 x 2 block is of the form (*; %), where a <'b,

0
and if 2 # 0, then p® < gcd(p®, z). In the latter case, p® divides .
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Now the image of E,, +17(B) (as an element of J(B)) is easily seen (from the
upper triangular form) to be of order exactly p’, and thus z = p*~'E,, +r(B)
has order p. Similarly, E,_1 + (z/p*)E,, + r(B) has order exactly p® in J(B),
and thus y :== p® 1E,,_1 + (z/p)E, has order p as well.

Since J(B) is cyclic, there is at most one subgroup of each order, and thus
there exists v relatively prime to p such that y — vz € r(B). But this is
impossible, as easily follows from the form of D.

If instead, x = 0, then we set y = E,,_1, and deduce the same conclusion.
Hence k = 1.

(iii) Suppose n = 3 and det B = p"¢®. Put B in terminal form; if it does
not have a 1-block of size two, then

1 a b
B=10 ¢ d],
0 0 f

where (a,p) = 1, cont(b,d, f) = 1, ¢f = p"q®, and ¢ < (d, f). We will show
that By = (0); this implies that B € NSz . Sufficient is that cont(ad —
be,cf,af) = 1. Without loss of generality, we may relabel the primes so that
alf-

If d = 0, then J(B) = Z.® Zy; the latter being cyclic entails that (¢, f) = 1,
which forces ¢ = p", d = ¢°. Then (ad — be, f) = (bp", ¢°); since p # ¢, and
(b,q) = 1, we have (ad — be, f) = 1. Also, we have cont(ad — bc,c,a) =
cont(bp”,p",a) = 1, so cont(ad — be, cf,af) = 1.

If d # 0, then (d, f) > ¢ > 1. We may interchange p and ¢ if necessary, and
thus assume that ¢|(d, f). If g|c as well, then it is routine to see that J(B)
cannot be cyclic (since ¢ would divide all the entries of (§ jfl)) Hence ¢ = pt
for some 1 <t < r. Since the content of the third column is one, we must have
(b,q) = 1. Then (ad — bc, q) = (be, q) = 1. It remains to show that if p|f, then
(ad — be,p) = 1.

If p does not divide d, then (ad — be, p) = (ad, p) = 1.

Hence we may assume that p|d. Then p cannot divide f, as then it would
divide all the entries of (§ }l), which contradicts cyclicity of J(B). Thus f can
only be a power of ¢, so ¢ = p" and f = ¢°. Hence p does not divide f, and
we are done. (]

Example 3.7 (i) shows that (i) can fail if |det B| is a product of three distinct
primes. If we try to generalize Theorem 3.8 (i) by insisting that |det B| = p%q,
B is PH-indecomposable and J(B) cyclic, the result fails already at n = 4.

Example (Example 3.7 part two). PH-indecomposable B € NS, with cyclic
J(B) and det B = p?q, but B ¢ NS, 3.
Require ¢ < p, and set

1
p
p

o O O
o O = O
o = O
[ V)

p
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Then B € NS; and is in terminal form. Since ged(p,q) = 1, there exists
U € GL(2,Z) such that (¢ p)U = (1 0) and since absolute values of the
determinants are preserved, ( U= () +p q) It follows that J(B) is cyclic
of order pq.

It is also routine to calculate [Boe] = [Zg, Zp, Zy, Z4]. Since none of them
are zero, B ¢ NS, 3 (Lemma 3.6 (b)). If B were equivalent to A @ C and both
A and C have determinants bigger than 1, then two of the four in the list would
have to have direct summands isomorphic to J(A) and the other two would
have direct summands isomorphic to J(B). This would force J(A) = Z, and
J(B) = Z, (or vice versa), entailing |det B| = pg, a contradiction. The only
remaining possibility is that B is PH-equivalent to a matrix of the form 1@ C,
where C € NS3—but this is excluded by the fact that none of the kernels of
Py are trivial (Lemma 3.6 (c)). O

p

Now we can obtain some results about relations between J(B) and J(B°P).
Let mg: J(A) — J(B) and 7gor: J(A) — J(B°P) be the respective onto maps
in the two short exact sequences; these are given by v + r(A) — v + r(B)
and v + r(A) — J(B°P), respectively. Then E; + r(A) — E; + T‘(B) and
to E + r(B°P) (via mpgor). It follows from Lemma 3.1 that 7p (kerpQ(l ) =
ker pQ( ) and the same applies with B°P replacing B.

Lemma 3.10. Let B € NS,,. For each i, kerpQ (i) and kerpQ( ) are cyclic of or-
der m(i), the isomorphism kerpQ(l — kerpQ (i) being induced by the restriction
of wg; furthermore, kerpQ(l), kerpﬂ(z), and Zp,z = kerpé( ;) are isomorphic to
each other.

Proof. The results preceding furthermore are proved in the previous paragraph.
Since wp restricts to an onto map from ker pé to ker pg(i), it suffices to show
the map is one to one. If for some positive integer ¢, tE; + r(A) maps to zero
(under 7p), then tE; € r(B), ie., tE; = wB for some w € Z'*". From the
original definition of m(7), we must have m(i) divides t. Hence the restriction
of mp is an isomorphism. The same applies with B°P replacing B. U

Corollary 3.11. Let B € NS,,. Then
(a) m(i) = [J(B)|/|J(Bagy)| = |J(B®)|/|T((B®)a)l,

op| _ |detB)|"?!
(b) [det B®| = rp—r7ma -

o o det B|" !
(©) [ ((B*)a)| = mor T e

Proof. Part (a) is an immediate consequence of Lemma 3.10. For (b), we have
[L(J(B)|/IJ(Baw)l) = [1m(i); the latter is det A = |J(B)| - |J(B°P)|, and
now we can solve for |J(BP)| = |det B|. Part (c) is a consequence of (a)
and (b). O

Corollary 3.11 (a) entails that A = diag(|.J(B)[/[J(Ba))l), so is determined
by J(B) and the list [J(Bg;)]—a fragment of J(B). However, it is difficult

to see how to obtain the embedding (up to equivalence) J(B) — J(A) from
J(B).
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Parts (b) and (c) imply that [J(B°P)| and the |J((B°P)q;))| are determined
by [J(B)| and the |.J(Bg)|; see the discussion in Section 6 concerning the
duality conjecture.

We note that there is more information available than the numbers m(:) =
|J(B)|/J(Bagy)|- Identify, as usual, J(B) with 7(B°P)/r(A). We define Aq;
to be the square matrix with ith row and column deleted, and of course,
J(AQ@)) is @j;ﬁi Zm(j)'

Corollary 3.12. For each ¢ = 1,2,...,n, there are short eract sequences
0 — J(B) = J(Aqu) — J((B®)au)) — 0 and 0 — J(B?) — J(Aqa)) —
J(BQ(l')) — 0.

Proof. Let m: J(A) — J(B°P) be the quotient map in the original short exact
sequence. We have seen that m maps ker pé(i) isomorphically onto ker pg&p).
This allows us to define 7: J(Aq)) — J((B°?)ae)), via m; explicitly, we have
v+71(A) + E,Z+— v+ 1r(B°P) + E;Z.

Now consider r(B°P)/r(A), the kernel of 7. We claim that r(B°?) N E;Z C
r(A). Pick wB = tE; + vA; writing A = BT B°P, we have (w — vBT)B°P =
tE;Z. From the original definition of m(i), we must have m(¢) divides ¢. Since
m(i)E; € r(A), we have that r(B)/r(A) misses kerpé(i). Thus the composed
map r(B)/r(A) — J(A) = J(Aq)) is one to one, and clearly contained
in the kernel of 7. Since |r(B)/r(A)| = [J(B°P)| and [J(BP)| - |J(B)| =
|det A[/m(i) = det Aq(;, the sequence

0— ’I"(B)/’I"(A) — J(Ag(l)) — J(BOP)Q(i)) — 0

must be exact.
The other sequence comes from interchanging B with B°P. O

Let Q € 29 and j € Q. There are natural onto homomorphisms J(Ao\51) —
J((B°P)q) and J(Aq\1j3) — J(Bgq); but it is not clear how to relate their ker-
nels to obvious invariants of B and B°P, respectively. It is also not clear (but
likely true) that there are exact sequences J(Bgy) — J(Aqqy) — J(B°P) or
J(Bg(i)) — J(Ag(i’j)) — J(BOP)Q(j)) for all ¢ # j.

4. TERMINAL FORMS WITH 1-BLOCKS OF SIZE n — 1

In this section, we deal with B € NS,, having a terminal form with 1-block
size n — 1, that is, B € NS,, ,—1. Computations are relatively tractable, and
lead to conjectures, for general B in NS,,, that can be proved in our restricted
case. We will see in subsequent sections that the density of NS, ,—1 in NS,
approaches approximately .845 as n — oo (already at n = 6, the density
exceeds .8), so that this special cases covers a large proportion of matrices.

Perhaps the most important reason for studying this special class is that it
is easier to formulate and verify conjectures than in the general case. Propo-
sition 1.7, and Corollaries 3.3 and 3.11 were obtained first for matrices in
NS, -1, suggesting their validity in general. (Not all results extend in this
fashion.)
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Let B = (1"0‘1 9), where a = (a1,a9,...,an—1)" € Z"1, d is a positive
integer exceeding one, cont(d,a) = 1, and the entries of a are ordered so

that ged(d, a;) are monotone decreasing. We call this a standard form for
C € NS,, -1 if C is PH-equivalent to B in this form. There can be several
standard forms for the same matrix.

Standard forms are terminal and every C € NSmn,l is PH-equivalent to
one in standard form. To arrange the latter, from the definition, there is a
matrix of the form B’ = (I ‘Zl/ ) PH-equivalent to C, which is almost in
standard form, the only obstruction being that the entries of a’ need not be
ordered. However, we can conjugate B’ by any permutation matrix of the form
Q = P® (1) (where P is a permutation matrix of size n — 1). Then Q~'B'Q
is still in terminal form, but the a’ entries have been permuted (according to
the permutation induced by Q).

Proposition 4.1. Suppose that B = (1"0‘1 9) € NSy n—1 is in standard form.
Then

D On—l
B°P = ,
—a3 —as —Qan-—1 1
(da1) (daz2) " (dan-1)
and this is PH-equivalent to
—a —Qn—1

U @ay o @ann

On—l D

where D = diag(d/(d,a;)) € Myp—1Z. The last matriz is in terminal form, and
m(i) = d/(d, a;).

Proof. As B~ = (I"O‘1 j%d), we see that m(i) = d/(d,a;), and B°? =
(AB~1)T. Conjugating with the obvious cyclic permutation puts it into the
indicated form. It is in terminal form, since (d/(d, a;)) is increasing. O

An immediate corollary follows, using the computations in Lemma 1.2.

Corollary 4.2. Let B = (1"0‘1 @Y be in terminal form with a = (a1,...,an_1)T.

d
Then

(i) J(B) = Zq and J(B®) = @) Za/(a,.a),
(ii) if n € Q, then J(Ba) = Zgea(d,cont(a:sic0)), and if n ¢ Q, J(Bq) = (0),
(iii) o n € Q, then J((B®)a) = @ica\(n} Zd/(ai,a), and if n & Q, then
J(B°P)q) is isomorphic to any quotient of @iea\{n} Zij(a;,q) by a
cyclic subgroup of order lem {d/(a;,d) | i € 2}.

Proof. (i) Since |det B| = d and J(B) is cyclic, J(B) = Z4. From Proposi-
tion 4.1, it follows that for each i, with 1 < ¢ < n — 1, the element E; =
(0---0 1 0---0) has order d/(a;,d) modulo r(B°P), and the set of them is
linearly independent.
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(ii) After deleting the columns corresponding to the indices not in €, we
reduce r(Bgq) to the row space of B’ = (1 @), where a’ = (a;)icq and [Q] = k.
Now part (i) applies if n € €2, whereas J(Bq) is trivially zero if n ¢ Q.

Part (iii) is a routine computation. O

Corollary 4.3. Suppose C € NS,, ,—1 is PH-equivalent to B in standard form
with determinant d. Then

(i) J(Ba)=01ifn ¢ Q, and J(Bq) = Zcont({a:},cquid}) Otherwise,

(if) J(B°P) = €D Zay(d,a,); moreover, J((B®)a) = D,cq La/(d,a:) if 1EQ,
and J((B°?)qq)) = J(B°)/A, where A is cyclic of order d.

Proof. All the computations easily follow from Corollary 4.2, together with
Exp J(B°?) = Exp J(B) = d (Proposition 1.7). O

As a consequence of this and Corollary 3.5, for all B € NS,, ,,_1, the lattice
J(B) determines J(B°P). Whether this is true for all B € NS, is unknown
(this is the duality conjecture of Section 6).

A special case arises when all .J(Bgq;)) are zero. This implies J(Bg) is zero
for all proper subsets Q of S, and occurs if and only if (a;,d) = 1 for all i.
Other special cases will be addressed in section 5.

Corollary 4.4. Suppose that B € NS,, and |det B| = d. Then J(Bg;)) = 0
for all i if and only if B € NS, n—1 and in one (or all) of its standard forms,
all a; are relatively prime to d. When this occurs, J((B°P)q) = Zldmfl.

Proof. Since one of J(Bgy;)) is zero, B € NS, n—1, and so we can assume B is
in standard form. Then (i) of the preceding, with Q = Q(7), yields (a;,d) =1
for all i. The converse is trivial. The rest follows from Corollary 4.3 (ii). O

Recall from Section 1 what it means for B € NS,, to super-split.
Lemma 4.5. Suppose B = (1"61 7)€ NSpn—1, where a = (a;)T € Z1x(n—=1)
(i) Sufficient for B to super-split is that 1+ a?/(d, a;) be relatively prime
to d.

(i1) If all a; are relatively prime to d, then the condition in (i) is also
necessary for B to super-split.

Remark. It is possible that the relative primeness conditions (d,a;) = 1 of
part (ii) are redundant.

Proof. Necessary and sufficient for Z'*" B +Z!X"B°P = Z1*X" ig that the same
hold modulo d, since r(A) C r(B) Nr(B°P). Necessary and sufficient for this
to occur is that the set of all n x n determinants obtained from the 2n rows
of (&) has content relatively prime to d. If we take the first n — 1 rows of B
and the bottom row of B°P, from Proposition 4.1, we obtain the matrix

I.— a
c:(_al L J.
(d.a1) (dyan 1)

The determinant of this is 1 + Y a?/(d,a;). This yields (i).
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When (a;,d) = 1 for all 4, modulo d, the only nonzero row of B°P is the
bottom one, and it is simply (—a”, 1). Modulo d, the bottom row of B is zero—
so the only combination of rows to give a nonzero determinant (modulo d)
consists of the top n — 1 rows of B with the bottom row of B°P, which is the
matrix C. Super-splitting thus implies (det C,d) = 1, proving (ii). d

It is of interest to give criteria for both B and B°P to belong to NS, ,—1.
These will be used when we determine when J(B) = J(B°P) and the stronger
property that B be PH-equivalent to B°P.

Corollary 4.6. Let B € NS,,. The following are equivalent:
(a) J(B) and J(B°P) are cyclic,
(b) B Zpniy = Z3 for some d > 1.

Proof. (a) implies (b). Set d = ExpJ(B) = Exp J(B°P); the groups being
cyclic, they are cyclic of order d. By Corollary 1.13, the sequence J(B) —
D Zon (i) — J(B°P) splits.

(b) implies (a). Since Exp @Z,, ;) =d, we have Exp J(B) = Exp J(B°P) =d.
From | Z,, ;)| = |J(B)| - |J(B°P)], as the exponent of a group is at most the
order, we deduce |J(B)| = |J(B°P)| = d, since the exponents equal the order,
the groups are cyclic. d

The following is an obvious consequence of the preceding.

Corollary 4.7. Suppose that B € ./\/’Smn_l has determinant of absolute value d.
Then the following are equivalent:
() B°P ¢ N‘S‘mnfl;
(ii) J(B®P) is cyclic,
(iii) |det B°p| |det B,
(iv) D Zm@) =
(v) in standard form, ged(d/(d,as),d/(d,a;)) =1 for all i # j.

Remark. Any (and every) standard form will do in part (v).

5. DUAL-CONJUGACY AND DUAL-COMPATIBILITY

In this section, we determine necessary and sufficient conditions on inde-
composable B € NS, ,,_1 so that J(B) = J(B°P) (as lattices of groups), or
the stronger condition, that B is PH-equivalent to B°P. The latter requires a
number-theoretic condition on the entries in a standard form.

An obvious way to obtain an example (decomposable) is to take B = C®C°P
(since, as is evident from Proposition 1.6 or otherwise, (A @ A')°P = A°P @
(A”)°P). To avoid such trivial examples, we recall notions of indecomposability,
this time applied to subgroups of Z'*™, not just to matrices.

Let H C Z" be a subgroup of H of full rank, and for which there exists no
m > 1 such that H C mZ"™ (this corresponds to the content one condition of
all the columns in the corresponding matrix). As usual, let S = {1,2,...,n}.
We say that H C Z™ is decomposable if there exists a proper subset T' C S
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such that H = H; @ Ha, where H; x {0} € Z” x {0}, Hy C {0} x Z%\T | and
neither H; nor Hy is contained in any mZ"™ for m > 1. As defined, this is
clearly a PH-invariant property. If H C Z" is not decomposable, then it is
indecomposable.

If we translate this back to square matrices (with H = r(B)), then B € NS,
is (PH)-indecomposable if and only if the corresponding subgroup is indecom-
posable. The same applies to weak indecomposability.

So we look for PH-indecomposable B € NS,, such that either J(B) =
J(B°P) (B is dual-compatible) or B is PH-equivalent to B°P (B is dual-
conjugate). With indecomposability and 1-block size n — 1, the first property
is fairly drastic; the second property is even more restrictive.

We make a comment about the ordered n-tuple (not merely the list, with
which we have been dealing up to now) (J(Bg))i=,). Suppose B,C € NS,,
and B is PH-equivalent to C'. Thus there exists a permutation matrix P
and U € GL(n,Z) such that B = UCP. Let 7 be the permutation induced
by P, extended in the obvious way to subsets of S. We must have, for all €2,
J(Bo) = J((CP)q) =Z™ ')Z™ '2C,_1q. If we specialize to Q(i) = S\ {i},
we have J(BQ(Z)) = J(OQ(,Tfu)).

In particular, if J(Bgq;)) are distinct (meaning mutually nonisomorphic),
then 7 is uniquely determined, and thus P is uniquely determined—so we
know exactly which P to use (this can also be extended to the permutation
action on J(B), but we never use this), and thus if B is PH-equivalent to C,
then the P is uniquely determined (by the n — 1-tuples of the abelian groups
(J(Bqy)) and (J(Cqy))). Thus to show PH-equivalence, it is necessary and
sufficient that C PB~! have only integer entries.

In the special case that P must be the identity (that is, J(Bgq) = J(Ca))
for all i and the J(Bgq;)) are pairwise nonisomorphic), then the test is merely
that CB~! have only integer entries.

Lemma 5.1. Suppose B,C € NS,, and the following conditions hold:

(a) Foralli=1,2,...,n, J(Bou)) = J(Cag))-
(b) The J(Bgqe)) are pairwise nonisomorphic.

Then B is PH-equivalent to C if and only if CB~' € M, Z if and only if B is
Hermite equivalent to C.

Remark. It can happen that (a) holds, but the conclusion does not. There
are examples with J(Bq;)) = Zy3 for all i, as is the case for J(B°P)q(;)), and
B is PH-equivalent to B°P. However, in these examples, B°? B~! is not an
integer matrix, so B cannot be Hermite equivalent to B°P.

Proof. Suppose B = ECP, where E € GL(n,Z) and P is a permutation ma-
trix. Then the permutation corresponding to P, call it 7, induces isomorphisms
J(Baiy) = J(Cqr-14)) directly from the equation. The two conditions (a) and
(b) together force 7 to be the identity permutation, hence P = I, and thus

B=EC.
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If B is PH-equivalent to C, then |det B| = |det C|, and thus det CB~! = +1.
Thus CB~! € M,,Z entails that CB~! € GL(n, Z). O

Proposition 5.2. Let B be a weakly indecomposable element of ./\/Snm_l,
and let |det B] .= d = HpeUpm(p) be the prime factorization of the absolute
determinant of B. Then B is dual-compatible (that is, J(B) = J(B°P)) if
and only if the following holds:

- n—1
o There exists a partition U = |J,_, T;, with |T;| > 1 such that on defin-
ing d(i) = [ I, p™®) we have J(Ba)) = Zayjagy, up to a permutation
on the indices.

Remark. In other words, B is PH-equivalent to

I Infl a
=)

where a = (ay,...,a,_1)7 satisfies d(i) = d/(az, d); to see this, observe that
J(Bosy) = Z(dm) for i <n—1. Of course, J(Bg,,)) = (0).

Proof. We may assume that B is already in terminal form, and of the form
B = (1"0—1 ), where a = (a1,...,a,-1)" and cont(ay,...,an—1;d) = 1. We
have already seen (Proposition 4.1) that J(Bqg)) = Z(g,q,) for 1 <i<n -1,
and J(BQ(n)) = (0)

By Proposition 4.1, we have that det B°® = [[d/(a;,d) and J((B°P)q))
@#i Zg)(a,,q) for 1 <i < n—1, and moreover, by Corollary 4.2, J((B°P)q))
DZais(a;.a)/ Lrcmia)(ai.ay- As T(B) = J(BP), we must have d = [[ d/(ai, d);
since J(B) is cyclic, so must J(B°P) be; this forces d/(a;,d) to be pairwise
relatively prime.

Let U be the set of prime divisors of d; the fact that d/(a;,d) are pairwise
relatively prime and d is their product forces each d(i) == d/(a;,d) to be ex-
pressible as a product d(i) =[], p™®) for some partition U = |JT; of U. If
any of the T; were empty, we would obtain the corresponding d; = 1, so that
(a;,d) = d; that 0 < a; < d forces a; = 0. But then B would be, up to a
permutation, decomposable as 1 @ C for some C' € NS,,_1, contradicting weak
indecomposability. Hence |T;| > 1. The rest of the necessity is straightforward.

Conversely, suppose that B satisfies the conditions. We may assume it is in
terminal form, and the a; satisfy d = (a;, d)d(¢). Then it is easy to verify that
J(Bgq) and J((B°P)q) are isomorphic, and the isomorphisms are compatible
with the projections, po qr. O

R

Theorem 5.3. Let B be a weakly indecomposable dual- conjugate matriz in
NS, n—1 with n > 3. Then there exists a partition U = UZ 1 T” with |T;| > 1,
such that on defining d(i) = [ [, p™ ) such that B is PH-conjugate to a matriz

of the form
o Infl a
(% 9),
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where a = (ai1,...,an_1)T satisfies d(i) = d/(a;,d), and on writing v; =
ai/(a;,d) (where (v;,d(i)) = 1), we have

va H p™P) = —1 modd.

peTy
Conversely, any such B is dual-conjugate, and B is Hermite-equivalent to B°P.

Remark. The congruence condition can be rewritten in simpler form, suitable
for computing with. It imposes a strong condition on the possible determi-
nants d for which such matrices exist.

Proof. By Proposition 5.2, we can assume B is already in the form described
therein; with v; defined as a;/(a;, d), we have a; = v;[[pe p™(®) . We see that
J(BQ(Z')) =Z(a;,a) forl1 <i<mn-—1,and J(Bg(n)) = 0. The set {Z(a“d)}U{(O)}
consists of n distinct elements (none of the a; can be relatively prime to T,
since the partition is nontrivial).

Now consider B°P; this is given in Proposition 4.1, and we have (if i # n)
J((B)ai)) is €D ;4; Za,; as the d; are pairwise relatively prime, J(BP)q(;)) =
Za/T,,.d0) = Lasa) # (0). Now assume that B is dual-conjugate. Then
B°P € NS, .n—1, so at least one of the collection J(B°P)q;)) must equal zero;
hence the corresponding j must equal n. In particular, we have J(Bq;) =
J((B°?)qe) for all i =1,2,...,n.

As B is PH-equivalent to B°P, we may apply Lemma 5.1, and thus the only
choice for permutation matrix P such that B = EB°PP, with E € GL(n,Z),
is P = I; in particular, B is Hermite-equivalent to B°P. Hence B°®? B! is an
integer matrix. But B~! = (I”O’1 j%d), and the computation of B°?B~! is
particularly easy: the constraint that all the entries be integers is exactly the
congruence condition, resulting from the (n,n) entry of the product.

The converse is obtained by reversing this argument; we can assume that
B = B’. If the congruence condition holds, then U := B°° B! is an integer
matrix; by Proposition 5.2, |det B| = |det B°P|, and thus |det U| = 1, and so B
is Hermite-equivalent to B°P; this implies that B is dual-conjugate. O

In the case of n = 2 (in the proof, we used n > 3 in order to obtain that
none of the a; could be zero—equivalently, divisible by d—so that the J(Bq;)
are distinct), the condition on B = (} 9) (this time, a is just an integer) is that
a? = —1 modd. Such an a will exist if and only if all odd primes dividing d
are congruent to one modulo 4, and 4 does not divide d. For larger n, the
situation is much more complicated.

For example, to obtain B € NS,, ,,—1 that is weakly indecomposable, dual-
conjugate and of determinant d, the partition condition requires that d have
at least n — 1 distinct prime divisors (so that a nontrivial partition of U is
possible). If d is a square (and has at least n — 1 distinct prime divisors), the
pair (d,n) can be realized if and only if d is odd, and every prime divisor is
congruent to one modulo four. But if d/2 is a square, the condition is more
complicated: there should exist an odd prime p dividing d such that (the
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Legendre symbol) (_72) =1, and all primes ¢ dividing d with (_72) # 1 must
be congruent to 1 modulo 4. And if d is 2* times a square for some k > 2, the
pair cannot be realized at all.

The congruence relation in Theorem 5.3 can be rewritten in simpler form.
Write d = 2] p"™®). The Chinese remainder theorem implies solvability of
the equation is equivalent to v2 HpeT,; p™®) = —1 mod ¢™@ for every prime
g in Ty, for all i; that is, the negative product is a square modulo ¢"(9. For
odd ¢, we can replace ¢™@ by ¢, and if ¢ = 2, by 8 if m(2) > 3, and we
can delete the condition if m(q) = 2. So the conditions for the existence of
solutions to the equation boil down (after deleting the even powers of primes)
to

—1
(—) H (]—)) =1 for all odd ¢ € T3, for all 1,
q peTE; odd m(p) 4

i

— H p is a square modulo 2™ if 2 € T,
p€ETF; odd m(p)

If m(2) = 0 or 1, the last condition is vacuous; if m(2) > 3, the term 22 can
be replaced by 8.

This imposes drastic conditions on the possible determinants of indecom-
posable dual-conjugate matrices. For example, if d is an odd square, then all
the prime divisors of d must satisfy (%1) =1, that is, p = 1 (mod4), and if d
is an even square, then there are no partitions possible, that is, there does not
exist B € NSn,n,l such that det B = +d and B is PH-equivalent to B°P. In
general, some partitions will work and others will not.

Things change if we ask for indecomposable dual-conjugate matrices in NS,
(note the switch from NS, ,—1 to NS, and from weakly indecomposable to
indecomposable; the latter is needed, because for any B in NS,,, B @ B is
trivially a dual-conjugate member of NSs,,). For example, we can realize (p3, 3)
for any odd prime p (not all of these are Hermite-equivalent to their opposite,
unlike the situation in Theorem 5.3), while (8, 3) is not realizable—but (8, 4) is.
Since in these examples U consists of a single prime, the situation is obviously
quite different when we drop the requirement on the 1-block size.

6. DuALITY?

Now we refer to definitions and results in Appendix A. We discuss what
we have called the duality conjecture (briefly, whether J(B) 2 J(B’) implies
J(B°P) = J((B')°P)), and prove it for a class of matrices for which J(Bgq)
depends only on ||

Let n > k, let d be an integer, and let X be an (n — k) x k matrix with
integer entries between 0 and d — 1 inclusive; assume that the content of each
column of X is relatively prime to d. Form the matrices (as X varies),

B(X) = (InOIC d)I(k) '
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Each of these is in terminal form. Obviously, we have J(B(X)) = Zk, and
ExpJ(B(X)) = d. So we can regard J(B(X))q as Zg-modules. It is easy
to calculate J(B(X)qe). If every row of X has content relatively prime to
d (a reasonable assumption), then J(B(X))qu) = Zh1 for every i. If we
further assume for all j < k that every j x j submatrix of X has nonzero
determinant which is relatively prime to d (in particular, all entries of X are
units modulo d), then J(B(X)q) = Zldm_l. This is equivalent to the matrix
(ﬁ) belonging to F(Z”) (n, k), if we regard the entries of X as belonging to Zg4
(see the comment between Propositions A.5 and A.6 in Appendix A).

In these cases, the lists [J(B(X))a]|q—; are largely useless for distinguish-
ing J(B(X)) from J(B(X’)). We can say when J(B(X)) = J(B(X")), how-
ever, by appealing to the orbit spaces under the actions of W(n) x GL(k, Z,),
as discussed in Appendix A.

We make a minimal assumption on the X: they have no zero rows (mod-
ulo d). This is equivalent to B(X) being weakly indecomposable, and entails
that ker po(;) is nonzero (Lemma 3.6). Set M(X) := (7¥), regarded as an
element of Z**. Let W (n) denote (as in Appendix A) the group of n x n
weighted permutation matrices (nonzero entries are invertible elements of Zg).
Then W(n) x GL(k, Z4) acts on Z** (W(n) from the left, GL(k,Z,) from
the right). Define

all columns of X have content prime to d,

0<X;; <d-—1,
X = {X € Z(n—k)xk }
all rows are nonzero modulo d

Proposition 6.1. Suppose that X, X' € X. Then J(B(X)) = J(B(X")) if
and only if M(X) is in the same orbit as M (X') under the action of W(n) x
GL(k, Zg).

Proof. For each of X and X', define an explicit isomorphism J(B(X)) —
Zk = 74 x Zg x -+ x Zy (with k copies of Zg), sending (for j = 1,...,k)
En_i+j +r(B(X)) toe; = (0,...,0,1,0,...,0), the 1 appearing in the jth
position (and similarly with X’). Since the kernel of J(B(X)) — J(B(X)ae))
is generated by E; +r(B(X)) (here i € {1,2,...,n}), and this has order d (as
X, X' € X), we can identify the kernels with the following subgroups of Zk:
for i <n—k, (—r;(X)) (the subgroup generated by the ith row of X, viewed
as an element of Z%), since E; + (0" % r;(X)) € 7(B(X)); and for i > n — k,
<€i7(n7k)>'

Putting the generators into an n x (n — k) column with entries in Z,, we
obtain the matrix M(X) = (7X).

Now Aut J(B(X)) = GL(k, Z4), and we have the natural action of W(n) x
CL(k,Zq) on Z7** (corresponding to F(n, k) in Appendix A). If two points,
M(X) and M(X'), are in the same orbit, then there exists an automorphism
P J(B(X)) = J(B(X')) such that the subgroups match, that is, there exists a
permutation 7 such that ¢ ((E;+7(B(X)))) = (Er;+r(B(X))). This is exactly
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i)), discussed in Proposition 3.4. Hence
M(X) being in the same orbit as M (X') implies that J(B(X)) = J(B(X")).

Conversely, if J(B(X)) = J(B(X’)), then there exists an isomorphism
¢: J(B(X)) — J(B(X")) sending the factor groups, J(B(X)gq), to their coun-
terparts J(B(X')rq) by means of the kernels, that is, ¢(ker pa) = kerpfg(zx,).
Identifying J(B(X)) and J(B(X')) with Z% as in the first paragraph of this
argument, ¢ acts as an element of GL(k,Zg4), and the weighted permutation
matrix comes from 7 and the units of Z, required to send one generator of the
same subgroup to another one. a

the condition, w(kerpg((g)) = kerpg((ff/

For example, suppose d = p, a prime, n = 5, and k = 2. Form Fio(5,2)
over Z,. The condition that M (X) belongs to this is simply that every entry
of X is relatively prime to p and all pairs of rows of X are linearly independent
modulo p (that is, every entry of X, and every one of the three 2 x 2 deter-
minants arising from pairs of rows of X is a unit of Z,). From Appendix A,
when p = 5 or 7, there is only a single orbit (that is, W(5) x GL(2,Z,) acts
transitively on Fio(5,2)), whereas when p > 7, the action is not transitive. In
the former case, M (X), M(X') € Fi0(5,2) implies J(B(X)) =2 J(B(X")); but
in the latter (p > 7), we can choose M (X), M (X’) in different orbits, and then
J(B(X)) # J(B(X)) .

From the earlier comments, M(X) € Fio(5,2) implies J(B(X)q) = ZLQl_B
for all ©, i.e., J(B(X)q) depends only on |Q|. If we put p = 11, the presence
of more than one orbit yields an example of two matrices B and B’ with the
property that J(B)q = J(B')q for all Q, but J(B) ¢ J(B').

Duality. We state the duality conjecture.

Duality Conjecture. Suppose B,B’ € NS, and J(B) = J(B’). Then
J(BP) = J((B")P).

This is known if J(B) is cyclic, or if either of B or B°P belongs to NS,, —1
(Corollary 3.5). The conjecture is also true when both B = B(X) and B’ =
B(X') above, as we will show. We will put the conjecture in the form of a
possible generalization of the dualities established in Appendix A. There is
also a stronger form.

Constructive Duality Question. Determine J(B°P) from J(B).

A small step in this direction appears in Corollary 3.11: A, det B°P, and
{IJ((B°?)q())|} are determined from det B and {|.J(Bq))|}-

Lemma 6.2. Suppose that B = B(X) and B’ = B(X’), where X, X' € X.
Then J(B(X)) 2 J(B(X")) implies that J(B(X)°P) = J(B(X')°P).

Remark. So the duality conjecture holds for this class of matrices.

Proof. We have B~ = (I"a k _Ii(/{id ). As all rows of X have content relatively
prime to d, it follows that A = dI, and thus B°P = (d_I;‘(‘T’c I?c)' It is not
in terminal form, but this does not matter. We wish to verify the duality

conjecture for a subclass of these matrices.
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First, J(B°P) = Z""; this follows from the short exact sequence 0 —
J(B) — ZI; — J(B°P) — 0; here the middle term is Z"/dZ", since A = dI,,.
Its automorphism group is thus GL(n — k, Z4). Identifying the kernels of pgof
with the rows of X7, we form the analogue of M (X), that is, N(X) = (I}‘T’“ ).

Then M(X)TN(X) = 0, and it easily follows (see Appendix A) that the
map ¢ defined therein sends [M(X)] — [N(X)]. We do the same thing for
M(X’) and N(X'), and then we have the following sequence of implications
(the middle one from Theorem A.6):

J(B) 2 J(B') = M(X),M(X') are in the same orbit
= N(X),N(X’) are in the same orbit
= J(B*) = J((B)™). O

In general, the duality conjecture can be rephrased so that it vaguely re-
sembles the results in Appendix A. Let B € NS,, and define d = Exp J(B) =
Exp J(B') (Proposition 1.7); we view J(B) and J(B°P) as Zgs-modules. Let
E = End J(B) and E° = End J(B°P). Then AutJ(B) is just the group of
units of E, and Aut J(B°P) is the group of units of E°.

The centres of F and E° are both Z, (this is true for the endomorphism
ring of any finite abelian group with exponent d). Pick a representative for a
generator of each of ker pg(i), and form them into a column of size n, that is,
an element of J(B)™. Let P, be the group of permutations of n-element sets,
define D,, to be the diagonal matrices with entries from Z, and define W (n)
to be P, D,,. Then we view J(B)™ as a set with the obvious W (n) x Aut J(B)
action. We do the same with B°P. Then the duality conjecture boils down to
a bijection between these orbit spaces.

In the B(X) examples, the corresponding rings E and E° are just M Z, and
M,,—xZg4, and in particular, they are Morita equivalent; moreover, J(B) and
J(B°P) are free Zs-modules. In general, E and E° are not Morita equivalent
and neither J(B) nor J(B°P) need be free Zs-modules.

In addition, the condition on the elements of the column, that they generate
a cyclic subgroup corresponding to a ker pg(;) is somewhat restrictive. For
example, if n = 3 and J(B) = Z,» © Z, (lots of such examples exist), then
J(Bg)) must be cyclic (by Lemma 3.2 and Corollary 3.3). Hence we must
rule out pZ,> @ 0 as a subgroup appearing as ker po(;), hence (p,0) cannot
appear as an entry in the column.

Perhaps the key feature of the B(X) matrices is that both J(B(X)) and
J(B(X)°P) are free Zs-modules, and thus E is Morita equivalent to E’. In
addition, their ranks add up to exactly the right number, in order that the
duality of Appendix A can be applied; this is a consequence of A = dI.

A bilinear function. The identification of J(B) and J(B°P) with subgroups
of J(A) := Z*"/r(A) leads to a bilinear function, potentially useful for the
duality conjecture.

Let B € NS,,, form B°P, and as usual, let d = Exp J(B) = lem{m(:)}, and
A = diag(m(i)). Then dA~"! is an integer matrix, and we define the bilinear
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function Z1*" x Z1*" — Z by (v,w) = vdA~'w?. This clearly induces a
faithful bilinear function
Z1><n Zl Xn
Z1xn A\ X Zixn A
(overlines indicate equivalence classes modulo 7(A)).

Recall from the discussion at the end of Section 1, the two subgroups of
J(A), given by Y (B) = r(B°?)/r(A) = J(B) and Y (B) = r(B)/r(A) =
J(B°P). These are the images of J(B) and J(B°P) in the two short exact
sequences discussed therein.

Now we note that Y(B) and Y (B°P) are dual with respect to the bilin-
ear form (even if they are equal, as could well be the case, e.g., if B is
Hermite-equivalent to B°P, examples appear in Theorem 5.3). Specifically,
if (xB,7)q = 0 for all z, then § € Y(B°?) = r(B)/r(A). To see this, we
have xBdA~'yT € dZ for all z; then BA~'yT has only integer coefficients.
Replacing A~! by B~1((B°P)T)~!, we see that ((B°?)T)~!y” has only integer
coefficients; applying the transpose, it follows that y(B°P)~! has integer coef-
ficients, and thus y € r(B°P). The reverse inclusion is trivial. So the dual of
Y (B°P) is Y (B) with respect to this bilinear function on J(A), and vice versa.

In particular, we can realize elements of J(A) as Z4-module homomorphisms
J(A) — Zg4, with those that kill Y (B°P) coming from elements in Y (B) (and
again, vice versa).

The duality conjecture can be translated to this setting. Pick a set of n
elements of J(B) (or better, Y (B)), each generating the cyclic subgroup which
is the kernel of pg(i), and form them into a column, M, that is, an element
of Y(B)"*!. Then Aut J(B) acts the right, and on the left, P,D,,, where D,
consists of diagonal matrices with entries in Z;. We do the same with J(B°P).
Each entry of M can be viewed as a module homomorphism J(A) — Zg4,
so we can view M, essentially the transpose, as a Zgz-module homomorphism
M: J(A)™ — Z. Then the kernel should correspond to the analogous matrix
made out of B°P, rather than B, as in the arguments in Appendix A. But it
is not clear how to proceed.

The identifications of J(B) with 7(B°P)/r(A) and the corresponding one
interchanging B with B°P are particularly well-behaved with respect to ap-
plying pg. We can create Aq, obtained by deleting all the rows and columns
indexed by an integer not in €, and it is easy to check that ((B°P)q)” Bo = Aq
(if ¢i(-) denotes the ith column, then (B°?)TB = A means ¢;(B°?)T¢;(B) =
m(2)d;5, and the columns of Bq and B are identical unless they are completely
eliminated). The results in 3.10-3.12 suggest that more can be done along
these lines.

—Zq, (0,W) v~ (T,0)q =vdA" wT (modd)

7. DENSITIES FOR PH-EQUIVALENCE TO 1-BLOCK SIZE n — 1

Here we give estimates for the likelihood that a matrix B € NS, has a
terminal form with 1-block of size at least n — 1. The definition of natural
density of a subset S of Z™ is given in [17, Def. 2]. If for all z € Z™, the
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following limit exists and is independent of z = (z;) € Z™, then D(S) is known
as the natural density of S:

. SN f: zi—B,zi+ B
D(S):o<1}3§00| A 1%23)16 .

Fortunately, we do not have to make much use of this definition, since we can
simply adapt the methods of [17] and [18] to our setting.

Theorem 7.1. The natural density of matrices in NS, ,,—1 increases upwards
(as n — o0) to

2 1

((2¢3) | .

¢6)  €(2)-¢3)-C(4)--
Remark. We actually give an explicit formula, valid for each n; however, it
is difficult to compute with. The first factor is the Landau totient, and the
second factor the likelihood that B € M,,Z has an Hermite normal form with
at least n — 1 ones [18]. The methods derive from that reference, with a few
added twists.

Remark. In fact, it also follows from the method of proof that if T'(n) is the
natural density of NS, ,—1, and if €(n) is the difference between the limit and
T(n), then > e(n) < co. So convergence is somewhat faster than expected.

First, we obtain an upper bound. Suppose that B € M,,Z. Then B €
NS, if and only if modulo every prime, each column is not zero. That by
itself, together with the usual notion of natural density (see [18] for very clear
explanations), says that the likelihood that B is in NS, is 1/¢(n)" = 1 —
n2~" — O(n3~"™), which goes to one quickly.

Now suppose that B € M, Z is PH-equivalent to a terminal form having 1-
block size at least n—1. Then for every prime p, the matrix B+pM,Z € M,,Z,,
has rank at least n — 1. The converse fails—examples are ubiquitous. Let TF,,
denote the collection of matrices in M,,Z PH-equivalent to a matrix with at
least m — 1 ones in its terminal form (for large n, 7F, N NS, = GL(n,Z) U
NS, -1 is practically the same as TF,, so we do not require members of the
latter collection to be in NS,,). This does give an upper bound for the natural
density (assuming it exists) of TF,.

In fact, we can do a bit better. For fixed n and for every prime p, let
mp: MpZ — M, Z, be the usual modulo p onto homomorphism. We define a
property for n X n matrices in terms of its reduction modulo every prime. We
say that a matrix B € M,,Z is of deficiency at most s if for every prime p, the
image m,(B) has rank at least n — s. For fixed n, the collection of these has a
natural density, and if n > (s + 1), it is

1
Ys+z2 - C((s+1)2) - C((s+1)2+1) - ¢(n)’
where (54 1)242 is defined as Hp f(1/p), where f is a function (given explicitly
below) with the property that f(z) = 1 — z~(+D*+2 4 O(z=(+D*+3) (except
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for small primes, the product is more or less (((s + 1) +2)). At s =1 (so for
n > 4), the outcome is at least .845, at s = 2, it is bigger than .99, at s = 3,
it is at least .9999, and each addition of one to s results in the difference from
one approximately squaring.

The case of s = 1 gives the upper bound.

However, when we look at the original problem, density of 7F,,, the situation
is more complicated, and the best we can do is to use the inclusion-exclusion
principle to obtain a formula, which is difficult to evaluate, except for small or
large n.

Throughout this section, we refer to natural density of families of integer
matrices, although most of the effort is spent on counting matrices modulo
primes, and multiplying the results over all the primes. The problem is then
to relate the relatively easily obtained infinite product expressions to the notion
of natural density, as discussed in [18, 17].

The methods of [op cit] can be used to justify the expression natural density,
and we will outline what has to be done, at various points.

Upper bound. Fix integers s,n with n > (s+1)?+1 and let p be a prime. The
normalized number of matrices in M,,Z,, of rank at least n — s (that is, divided
by the cardinality of M,,Z,, which is pn”) is given by Landsberg’s theorem [16]
(quoted in Appendix B) as (T, (1 —2%))(1 + > 1<j<s € (2))]z=1/p, where

()= P (eI

N N S i )
although for some computations we could take the simplified (and slightly less
accurate)

2
2J

= 2P(1— 2P (-2
By Proposition B.2, the Maclaurin series of

Cj ~

as = <(S+ﬁl(1 - zi)> (1 + 1<Z<Scj(z))

(or ¢; replaced by its simpler form) expands as 1 — 2D 424 higher order
terms. Then the normalized number of matrices of rank at least n— s in M, Z,
is
Nsp = Qs - H (1— 2%
i=(s+1)2
Form the infinite product ¢, s = [, as(1/p) (this converges—very fast—
since (s+1)2+2 > 2). Then [, npis Yns/(C((s+1)?)-C((s+1)%2+1)---((n)).
For very large m, 1y, s is extremely close to 1 (just as ((n) is). So as n — oo,
the limiting value is

(1)

z=1/p

1
l_IjZ(s+1)2 C(]) .
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The case of interest occurs when s = 1, and an easy computation reveals
that a; = 1 — 2% (exactly!). Hence

[, — 1 e 1
» P 4(6) ’ H?:4 C(J) C(G) H;‘L:Q C(]) .

(2)

The left factor is Landau’s totient constant (On-line Encyclopedia of Integer
Sequences [oeis] A082695); about 1.94 . . .; the right factor, for large n, is about
436, see [18] (with fast convergence in n), so the product is about .845 or so.
As n increases, the value decreases.

When s = 2, the limiting value in (1) is in excess of .99, and when s = 3, the
limiting value exceeds .9999 (with the distance from 1 approximately squaring
with each addition of 1 to s).

To check that the expressions [ [, np, (1), and (2) really do represent natural
densities (that is, the number of B € M,,Z with all entries in [N, N) such that
for every prime p, the rank of m,(B) € M, Z is at least n—s, divided by (2N)”2,
tends as N — oo to the corresponding expression), we note that the method
of [18] works almost verbatim. Specifically, the Chinese remainder theorem
argument in the proof of [18, Lem. 3] applies here, as does the argument of
[18, Lem. 4]. This is made easier by the fact that we are defining the property
of matrices in terms of properties modulo every prime. In contrast, when we
deal with 7F,, NNS,,, there does not appear to be a simple characterization
of the set by properties modulo p.

In particular, if n > 6, the density of matrices M € M,,Z with the property
that for every prime p, the rank of m,(M) is at least n — 1 is given by the
expression in (2), and is at least the limiting value as n — oo. This gives an
upper bound for the (upper) density of matrices such that M € TF, N NS,

Counting TF,, N NS,,. First, we count the number of matrices b € M,,Z,
whose leftmost n — 1 columns form a linearly independent set, and the last
column is not zero. (If this happens modulo p for every prime p, then the
original matrix belongs to NS,, N TF,.) This is almost the same as a special
case of [19, Cor. 7].

There are N, = (p” — 1)(p™ — p)--- (p — 1) full rank matrices. If the last
column is dependent on the preceding n — 1 columns and they form a linearly
independent set, then we can write it ¢, = Zi <n @iCi; since we have required
that the last column be not zero, we must also have (a;) # (0,0,...,0), and
every such choice will do. The number of (n — 1) X n matrices of full rank is
just N,/(p™ —p™~'). Thus the total number of matrices whose set of leftmost
n — 1 columns is not zero and whose nth column is not zero is

n—1

p -1
N, - 1+7)
p ( pn_pnfl

(1= )1 = 1) (1 - 1/p") (1 Loy p)

p(1—1/p)

Minster Journal of Mathematics VoL. 11 (2018), 49-156



98 DaAvID HANDELMAN

=5 (= YD) ) (- U

=p" (1 —1/p%) - (1= 1/p" (1 - p™)2.

This yields that the natural density (see below) of B € NS, such that
removing the last column yields a matrix with full row space (equivalently, the
Hermite normal form of B is (1"~* )) is

0 d
(3)

1
¢(2)-¢@3) -+ ¢n—1)-((n)*

This differs from the natural density of matrices with Hermite normal form

with at least n — 1 ones [17, Cor. 7] only by the extra factor of 1/{(n), which

appeared because we insisted that the last column be nonzero (in order to

ensure that it came from a matrix in NS,,).

As in all of these computations, the 1 — 1/p factor that appears in N,/ p”2
has conveniently been wiped out, thereby removing the singularity that would
have arisen from ((1). If ® is a subset of {1,2,...,n}, let Dg be the set of
matrices in NS,, such that for every j € ®, the ged of the (n — 1) x (n — 1)
determinants of the matrix with the jth column deleted is one. Clearly, if
|®| = |®'| and Dg has a natural density, then so does Dg/ and their natural
densities are equal.

That this number is the natural density for this problem is practically im-
mediate from the special case of [17, Cor. 7] with d; = dy = -+ =dp—1 =1
in the notation there—the only (slight) difference is that we have insisted here
that the final column be unimodular, so nonzero modulo every prime. This
resulted in the extra factor of ((n).

We have just shown that if |®| = 1, then Dg has a natural density, given
by the number in (3). Now |J Dg, where ® ranges over all one-element sets, is
precisely the set of B € NS, such that B is PH-equivalent to a terminal form
with at least n — 1 ones.

Inclusion-exclusion can now be used. We will obtain a density for every Dg.
At various points, it will be convenient to use a variable z which will be eval-
uated at z = 1/p for p prime.

Say |®| = s > 1; then we may assume that ® = {n,n —1,...,n — s+ 1},
that is, corresponding to the final s columns. Again, if we restrict to invertible
matrices, there are Np; otherwise, the first n — 1 columns constitute a linearly
independent set, and we can write ¢, = El <n @iCi. Only this time, we also
require that if ¢« € ®, then a; # 0 (this occurs if and only if the ith column
can be expressed as a linear combination of all the other columns; it also
guarantees all the columns are nonzero). Hence the number of choices for the
(a;) is p*~1®1(p — 1)!®1=1 = p7=3(p — 1)*~1. Hence the normalized number of
such matrices is

zﬁ\’;; (uM) :(1—1/p>~--<1—1/P">(1+(1_1p¢82)

pn _pn—l
=(1—2)(1 =2 (1—2")(142(1—2)°"2),

Miinster Journal of Mathematics VoL. 11 (2018), 49-156



PERMUTATION-HERMITE EQUIVALENCE AND CRITICAL DIMENSION GROUPS 99

where we set z = 1/p. Denote by fs the polynomial (now in the variable z)
(1 —2) 1+ 2(1 —2)*2); thisis (1 —2)(1+2—(s—2)22+---), 50 fs =
1 —(s—1)2%2 4+ O(23). This permits us to define the function (which turns out
to be entire)

pS

P = [Lam =TT (1- =200,

Provided the (now, complex) s is such that for every prime p, we have p*~! —

(p — 1)*~1 # p® (this simplifies), it is easy to check that F is analytic on a
neighborhood of s, and a routine verification assures us that at any of the
trivial zeros, t, lims_,; Fs /(s —t) exists and is not zero, hence F is also analytic
on neighborhoods of the zeros; so F' is entire. Its zeros are precisely the set

{s € C | there exists a prime p such that p® = p*~! — (p — 1)572};

this can be rewritten as
{1 n (2k+ 1)mi+In(p — 1)

p }
In p—1 pESpec Z,kcZ

The values of F' at various integers are interesting, and will play a role in
what follows. We have

(the Landau totient constant ¢(2)¢(3)/¢(6) ~ 1.94),
1 1
Fa)=1, F@)=[](1- z?) =5

and

F(3) :H(1— 2P _ 1)
» p
(the carefree constant ~ .426, see [19]). The values at other integers (both
positive and negative) have likely appeared before, but I could not locate them
in the huge literature on constants. The density of D¢ (when |®| =s > 1) is
thus
F(s)
(@)

Once again, we may use the methods of [17, Section 4] to justify the natural
density. With this, we also see that the inclusion-exclusion principle applies
(first to subsets of TF, N NS, inside [-N, N )"2 and their translations, then
letting N — 00).

For s = 2, the density of Dg is 1/(¢(2)%¢(3)---¢(n)). The inclusion-
exclusion principle reveals that the density of matrices in NS, PH-equivalent
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to a terminal form with 1-block size at least n — 1 is

0o (5) n i1 (n
(4) l(n) ﬁ + 2.723 (_1)j (J)F(])
¢(2)¢(3)-..¢(n)
The leading term does not involve F(1), as we would have expected; however,
for large n, 1/{(n) is practically 1 = F(1); and we have substituted F(2) =
1/¢(2).

Now we have to estimate the expression (4). The denominator converges
extremely rapidly, and has been calculated as around .44 for large (and not so
large) n, see [17]. Also, {F(j)};cn forms a decreasing, log convex sequence,
as easily follows by taking the logarithmic derivative of F. The logarithmic
derivative, F’/F, is analytic except at the zeros of F, and is given by

GE - 1) +1

p P

This converges uniformly on compact subsets of [Ims| < 7/In2.

With single-digit accuracy, I managed to approximate (with pencil and pa-
per) the values of the expression in (4) for n = 3,4,5,6; they are respec-
tively, .55, .6,.7,.8. The last is surprisingly close to the upper bound computed
from (2) above, which is (¢(2)¢(3)/¢(6)) - 1/¢(2)¢(3) - - - ~ .845. This suggests
that the numerator of (4) tends to ¢(2)¢(3)/¢(6); in other words, that the
upper bound be approximately achieved. We will prove this after putting it in
a more recognizable form.

Let us rewrite the numerator, substituting innocuously (when n is large)
F(1) =1 for 1/¢(n) and F(2) = 1/{(2); then, subtracting the expression from
F(0) = ¢(2)¢(3)/¢(6), we obtain

D(n) = F(0) —nFQ)+ [ )F@) = + (~1)"F(n) = Y 1" (") F).
(5) ()
We will show
nl;n;o D(n) =0.

This is equivalent to the numerator in (4) converging (in n) to F'(0) = {(2) -
¢(3)/¢(6), which will complete the proof of Theorem 7.1.

A function f: R — R is completely monotone if (—1)" f()(r) > 0 for all
n € Z* and 7 € R (here f(™ is the nth derivative); it is logarithmically
completely monotone if f(r) > 0 for all r and —In f is completely monotone.
It is known that logarithmically completely monotone functions are completely
monotone.

Proposition 7.2. The restriction of F' to R is logarithmically completely
monotone. In particular, F' is completely monotone.

Proof. With In F' given above, we see that In F|R is strictly positive, and
its logarithmic derivative, F’/F, converges on compact subsets of the strip
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Imz| < 7/In2, and is a sum of terms each of which the negative of a com-
pletely monotone function. O

Let A denote the usual difference operator, acting on functions on Z or R,
that is, Af(k) = f(k+ 1) — f(k). This use of A is confined to this section,
so will not conflict with the use of A as a diagonal matrix affiliated to the
PH-equivalence class of a matrix, in the other sections. If f: Z — R satisfies
(—1)"A"f(k) > 0 for all n € Z* and k € Z, then we say that f is completely
monotone.

Suppose that f: R — R is completely monotone; then it is routine to
see that f|Z (or f restricted to any other discrete subgroup) is completely
monotone (in the sense of functions on Z). By the higher order mean value
theorem, given r € R and n € Z%, there exists £ € [r,r + n] such that
A" f(r) = f(M(€); setting r = k € Z, the sign of A" f(k) is the same as the
sign of f(")(¢) at some real number, and we are done.

Completion of proof of Theorem 7.1. It is straightforward to see that D(n) =
(—=1)"A™F'(0); so it is enough to show that (—1)"A"F(0) — 0, which turns
out to be relatively simple. Set d,, (k) = (—1)"A"F (k).

From the definition of A, we have, for n > 1,

dy1(k —1) = dp(k — 1) + dp_1 (k)
=dpt1(k—1)+dn(k) + dn—1(k) (iterating)

N
=dpyni1(k—1)+ > dnyj(k) forall N.
j=—1

Since F is completely monotone, d,, (k) > 0 for all k € Z and n € Z*. Hence for
all integers k, dy (k) — 0 as N — oo. In particular, this applies to k =0. O

It also follows that limy ;o j = 0~ (—1)/AJF(k) = F(k—1) for all integers k
(that is, T+ 37" (—1)7AJ = (I + A)~! when applied to F).

Question 7.3. If we consider 1-block size at least n — 2 instead, the upper
bound is then in excess of .99; so if the upper bound is achieved (as n — 00),
then for sufficiently large n, over 99% of random integer matrices will have a
terminal form with 1-block size at least n — 2. This suggests that it might be
worthwhile obtaining the analog of Proposition 2.1 for n — 2, describing the
equivalence classes containing a terminal form of this type).

Question 7.4. It would be reasonable to determine the likelihood that at
least one of B and B°P be PH-equivalent to a terminal form with 1-block
size n — 1. The simplest possible form of inclusion-exclusion would yield a
likelihood of 2a — b, where a is the likelihood that B have a terminal form
with 1-block size n — 1 (about .845 as just calculated above), and b is the
likelihood that both B and B°P have such a terminal form. Computing b
appears to be difficult (b # a?; the properties are not independent). Towards
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this, the characterizations for J(B) and J(B°P) to both belong to NS, ,—1
(Corollary 4.6) might be useful.

8. TOPOLOGICAL ISOMORPHISM FOR TOPOLOGICALLY CRITICAL GROUPS

In this section, we state some well-known and not-so-well-known results
about topologically critical groups; see also [10]. Suppose G — V and H — W
are group homomorphisms from abelian groups to ordered real Banach spaces.
We say f: G — H is continuous if there exists continuous and linear F': V —
W whose restriction to G is f (typically, the images of G and H will be dense
in their respective Banach spaces; in this case, continuity is equivalent to the
usual notion with respect to the relative topologies on G and H).

A subgroup G of R" is topologically critical of rank n + 1 if it is free of
rank n + 1 and dense. In this section (only), when we regard g € G as an
element of R™, we denote it g. Associated to a topologically critical group is
an isomorphism class of rank n + 1 subgroups of R, TO(G), defined as follows.
Select any ordered Z-basis for G, (g;)}'. Since {g;};_, generates a discrete
subgroup, it is a real basis for R™; hence we can write gn41 = Y, a;g; for
a; € R. Tt is easy to check that {1, a1, ..., a,} is linearly independent over the
rationals, and so we may form the subgroup of R, Z + > a;Z, of rank n + 1.
Every topologically critical subgroup of R™ is topologically isomorphic to the
group generated by {e;; > eja;} (where e; are the standard basis elements of
R™) by this construction (for example, see [10]).

Then we define TO(G) to denote the isomorphism class of the inclusion Z+
> a;Z C R, that is, with respect to continuous maps. Alternatively, we may
view TO(G) as an isomorphism class of totally ordered groups (the ordering
inherited from R), and use order-preserving group isomorphisms between any
subgroup of R of the form Z + 3 «;Z; the resulting equivalence classes are
the same, since in this case, any nonzero continuous group homomorphism is
either order-preserving or its negative is.

Topologically critical groups have an interesting property: every subgroup
is either dense (those of full rank) or discrete (those of lesser rank).

Lemma 8.1. Suppose G and H are topologically critical groups such that
TO(G) 2 TO(H). Then H and G are continuously isomorphic.

Proof. Suppose {a;}I_, and {8;}77] are subsets of R that are linearly inde-
pendent over the rationals, and a,+1 = 1 = —f,4+1, and moreover, > o, Z =
> BiZ (as subgroups of R). Let G = (ei;en41 = > ; @;e;) be the (dense)
subgroup of R™, where {e;}!"_, is the standard basis for R™. Then there exist
{h;}_, such that G =Y hZ and hyp1 = > . Bihi.

For each ¢ = 1,2,...,n, there exist integers a;+ (¢t = 0,1,...,n) such that
o = Zfill Bia;r. Complete (az) to an (n+ 1) X (n+ 1) matrix A by defining
Gnt1,t = Ont1,t (so the bottom row is (0,0,...,0,1).

Miinster Journal of Mathematics VoL. 11 (2018), 49-156



PERMUTATION-HERMITE EQUIVALENCE AND CRITICAL DIMENSION GROUPS 103

Set g; = e; (to avoid confusion between the standard bases) for i = 1,2, ...,
n + 1. Define for each j =1,2,...,n+1,

hj = Z i 59
i=1

(so here we are using AT). Obviously, h; € G. We first show that h,41 =
S7 7+ Bihy. On one hand,

n+1

hpt1 = E Ain4+19i = E (@in41 + Q1 nt106) 955
=1

on the other hand,
n n+1

3 Bihe = Z B airgi
t=1 t=1 =1

= Z Bs < Z aitgi + azﬂtanJrl,t)
_Zgz (Zaztﬁt+0)

= Zgi (= Brg1Gint1)-
=1

Since 8,41 = —1, we are done.

As Y~ ayZ = " BiZ, we can find the inverse map (both are free abelian
groups of rank n + 1 to A); this takes the h; to g;, and it follows immediately
that > h;Z = > g;Z, and the rank condition guarantees that the sums are
direct. (]

9. BASIC CRITICAL DIMENSION GROUPS

This section deals with a class of dimension groups (known as critical) and
an invariant for them that determines if they can be realized in particularly
nice forms, known as basic and almost basic. In the next section, it will be
shown that PH-equivalence is part of a complete invariant deciding whether
two almost basic critical dimension groups are (order) isomorphic.

A dimension group is a direct limit of simplicial (partially ordered abelian)
groups; see [6], the standard reference for partially ordered abelian groups, for
far more information than can be given here. By [8, 4], a partially ordered
abelian group G is a dimension group if and only if it is unperforated (for
n € N and g € G, ng > 0 entails g > 0) and satisfies Riesz interpolation (for
a;,b; € G, with 4,5 € {1,2}, with a; < b; for all 4, j, there exists ¢ € G such
that a; < ¢ < b; for all ¢, 7). All partially ordered groups will be abelian.

An order unit of a partially ordered group G is an element u € G such
that for all ¢ € G, there exists n € N such that —nu < g < nu. A partially
ordered abelian group is simple if every nonzero element of G is an order unit.

Miinster Journal of Mathematics VoL. 11 (2018), 49-156



104 DaAvID HANDELMAN

A trace (or state) of G is a nonzero positive real-valued group homomorphism;
it is normalized at the order unit w if its value thereat is 1. The collection of
normalized traces, denoted S(G,u) and equipped with the point-open (weak)
topology, is a compact convex subset of a Banach space. The value group of a
trace 7 is simply 7(G), its set of values.

The real vector space consisting of convex-linear continuous (affine) real-
valued functions f: S(G,u) — R is denoted Aff S(G,u). It is a Banach
space with respect to the supremum norm. There is a natural order pre-
serving group homomorphism, the affine representation (with respect to w),
(G, u) — Aff S(G,u) given by g — g, where g(7) = 7(g) for 7 € S(G,u).
This imposes a pseudo-norm topology on G, which is a norm if the affine
representation is one to one.

When G is a dimension group, S(G, u) is a Choquet simplex. When G is also
simple, there is a complete characterization available: the affine representation
G — Aff S(G,u) (with respect to any, or equivalently all, choices of order
unit u) has dense range, and G\ {0} consists of {g € G | g is strictly positive}.
The converse is also true.

A trace is pure (or extremal) if it is not a proper convex-linear combination
of other traces. The extremal boundary (of S(G,w)), denoted 9.S(G, u), con-
sists of the pure normalized traces. When S(G,u) is finite-dimensional, it is
a simplex in the usual sense (as a compact convex subset of Euclidean space),
and in that case, Aff S(G,u) can be identified with R™ for some integer n,
the standard basis elements identified with the pure traces (possibly with nor-
malization). The strict ordering on R™ or Aff S(G,u) is the partial ordering
whose positive cone consists of the strictly positive functions.

A consequence is that if G is a simple dimension group with finitely many,
say n, pure traces and the kernel of the affine representation is zero, then G is
order isomorphic to a dense subgroup of R™ equipped with the strict ordering.
The pure traces are just (up to renormalization) the coordinate maps. For
more on dimension groups, see the book [6].

We say a simple dimension group G is critical if it is free of rank n+1 and has
n pure traces. By the preceding, this means it can be identified with a dense
subgroup of R”, and since the partial ordering determines the topology (here
the affine representation is automatically one to one), it is also topologically
critical (Section 8).

We are interested in classification of critical groups. It turns out that there
is a class of them whose classification incorporates PH-equivalence.

A critical group is called basic if it is order isomorphic to a dense subgroup of
R" (equipped with the strict ordering) with generators {ey,...,en; > aje;},
where e; are the standard basis elements, and «; are real numbers. For a
subgroup so generated, density is equivalent to the set {1,a1,...,a,} being
linearly independent over the rationals. We will give a characterization that
avoids such a specific realization, referring only to internal properties.
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Critical, and especially basic critical groups, are a useful source of examples.
For example, in [2], we translated Akin’s notion of good measure on a Can-
tor set to dimension groups, and we were able use these to illustrate various
properties of good and non-good traces. Following [2], we say that a trace
7 on a dimension group G is good if for all b € G™ and a € G such that
0 < 7(a) < 7(b), there exists a’ € Gt such that a’ < b and 7(a’) = 7(a). For
simple dimension groups, this is equivalent to a much simpler criterion (in con-
text), that the image of ker 7 in the affine representation of G be norm-dense
in 77 := {h € Aff S(G,u) | h(7) = 0}.

This led to the definition of ugly for a trace on a dimension group; 7 is ugly
(see [2]) if ker 7 has discrete image in Aff S(G, ) and the trace T®1q on GRQ
is good.

For sets of traces, there are corresponding definitions, which become rather
complicated—but if S(G,w) is finite-dimensional, and Q C 9.5(G, u), the rel-
evant ones for this article reduce to the following:

(i) Qis good if whenever b € G* and a € G satisfy 0 < 7(a) < 7(b) for all
7 € Q, then there exists a’ € G such that a—a’ € ker Q == . ker
and a’ < b.
(i1) Q is ugly if the image of ker  is discrete in Aff S(G, ) and the exten-
sion of £ to a set of traces on G ® Q is good.
These are not equivalent to the definitions for general dimension groups; the
restriction to Q C 9.5(G, u) allows considerable simplification. Among other
things, these correspond to faces in S(G,u). For critical groups and any
nonempty family of traces, ker (), being a subgroup of rank at most n — 1,
is automatically discrete. So the definition of ugly simplifies further.

Necessarily, when G is a basic critical group, for all pure traces T, we have
rank 7(G) = 2, and this forces all the pure traces to be ugly. Conversely, the
pure trace 7 is ugly if rank 7(G) = 2. Given in Example 10.5 are critical groups
of all ranks larger than two, all of whose pure traces are ugly, and even with
the additional property that {7;(G)} are mutually order isomorphic as real
subgroups, that are not basic (or even a modest extension, to be defined later,
almost basic).

Basic critical groups admit rather strong properties. The first is that every
proper subset of the pure trace space is ugly. For a simple dimension group
(G,u) with one to one affine representation and finite-dimensional S(G,u),
and Q C 0.5(G,u), the definition of ugliness of Q simplifies to Q satisfy-
ing (a) kerQ := (), .o ker7 is discrete, and (b) ker Q ® Q is dense in QO+ =
{h € Aff S(G,u) | h|©2 = 0} (2 can be replaced by the face it spans in S(G, u)).

Lemma 9.1. Let (G, u) be a critical group of rank n+1, and let Q be a proper
set of pure traces. Then § is ugly if and only if rankker Q@ = n — |Q].

Proof. Every subgroup of rank n or less is discrete, hence any Z-linearly inde-
pendent subset of size at most n is real linearly independent. If Q C 9.5(G, ),
then Q' has (real) dimension exactly n — || (the set of pure traces is a dual
basis for Aff S(G,u)). The result follows immediately. O
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Although the definition involves a choice of order unit, the criterion does
not. In other words, it does not matter at which order unit v we choose to
normalize the traces.

It is trivial that if G is basic, then the criterion is satisfied for every proper
subset €2 of 0.5(G, u). However, there exist non-basic but critical groups which
also have the property that for every proper Q C 9.5(G,u), Q is ugly. In this
case, there is a finite obstruction to being basic.

In the examples in 10.5, r is a real number that satisfies no nonconstant
rational polynomial of degree n or less, and we form the groups G(n,r) C R™.
These are critical dimension groups with the interesting property that for all
pure traces 7, the value groups 7(G) are equal to each other. Equality of the
value groups is not an invariant (since by changing the order unit, we change
the value groups), except in the case that we are looking at invariants for
(G, u), that is, where u is specified. However, what is an invariant is that all
7(G) be order-isomorphic as subgroups of the reals as 7 varies over the pure
traces.

We analyze potential isomorphisms of critical groups of rank n + 1 as fol-
lows. Begin with any ordered Z-basis, {v1, va,...,Vn,Unt1}, which we regard
as elements of R1*" | that is, rows of real numbers. We construct an (n+1) xn
real matrix A by letting its ith row be v;.

Applying any element of GL(n + 1,Z) to A (from the left) just changes the
Z-basis, hence leaves the group they generate the same.

Let P(n,R)" denote the group of weighted permutation matrices of size n
with only positive weights—that is, the set of products PA where P is a
permutation matrix, and A is a diagonal matrix with only strictly positive
real entries along the diagonal. The group of order-automorphisms of R*"
with respect to either the strict or the usual ordering is just P(n,R)™, and
since any order isomorphism between critical groups (necessarily of the same
rank) extends uniquely to an order automorphism of R*" (after identifying
the two sets of pure traces), we have that the order isomorphisms between
critical groups are determined by right actions of P(n, R)™.

So we can act on A from the left by GL(n + 1,Z) and from the right by
P(n,R)". In particular, we can permute rows, we can permute columns,
perform elementary row operations (over the integers), and multiply columns
by positive real scalars. If after a sequence of such actions, we arrive at a matrix
A’ where the top n X n part is just the identity, then the critical dimension
group is basic.

We illustrate this with a simple example. This is the case of n = 2 of
G(n,r) in Example 10.5. Here r is a real number that is not quadratic or
rational. Let G = ((r,0),(1,7),(1,1)) C R?. We have the following series of
transformations,

11 11 r 0 1 0
1 7r]—=10 r—1] =0 r—1|— [0 1
r 0 ro 0 11 R
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Thus G is basic (since {1,1/r,1/(r — 1)} is linearly independent over Q if
and only if {1,r,72} is). It also satisfies the property that 7(G) are mutually
isomorphic as 7 varies over the pure trace space.

Suppose A is partitioned as (2), where Bisn xn (so o = (aq,...,ay) is
just the bottom row), and now assume that B is a rank n matrix (necessary
for it to yield a critical group anyway) with only integer entries. Some of
the time (but not always), we restrict the actions of GL(n + 1,Z) to be those
of GL(n,Z) x {1}, that is, performing only elementary row operations not
affecting the bottom row «. Necessary and sufficient for the row space of
A to be a critical dimension group is that the set {1,1,...,a,} be linearly
independent over the rationals.

Since multiplying on the right by weighted positive diagonal matrices pre-
serves order isomorphism, we may assume that each column of B is unimodular
(of course, the corresponding entry of « is multiplied by a rational at the same
time). Hence we may assume that B € NS,,.

Every U € GL(n,Z) and permutation matrix P yield an order isomorphism
of the dimension group (by extending U to C' = U @ (1)), so we may assume
that B is in terminal form.

In particular, if the terminal form is simply the identity (of size n), then G
is basic. More generally, let G’ be the subgroup of R™ generated by the rows
of the current matrix, renamed A = (B); as we have observed, this is order
isomorphic to G. The pure traces are still the coordinate functions, 7;. It is
easy to check that 7;(G') = Z + «;Z, and the latter being of rank two implies
that all pure traces are ugly. But more is true. If we manipulate further using
GL(n, Q) (that is rational elementary row operations), we can reduce B to the
identity matrix. This means that G’ ® Q is order isomorphic to Go ® Q for
some basic critical group Gy. It follows immediately that every proper subset
of the pure trace space of G’ is ugly.

An invariant for critical dimension groups. Now we design an invariant
that tests for the property of being basic (and later, for being almost basic).
For any critical dimension group with pure trace space 9.5(G,u) = {7;}, set
Ji = kerQ(i). It is easy to see that either J; = (0) or rank.J; = 1. In the
latter case, pick a generator x; for J; (we only have two choices, +x;). Form
E = E(G) := > x;Z where, the ¢ varies over those such that J; is not zero.
The x; are the same as those in the original construction of the invariant for
the integer part of G.

Lemma 9.2. Let G and G’ be critical dimension groups of rank n + 1.

(i) Any order isomorphism G — G’ induces a group isomorphism
G/E(G) —» G'/E'(G).
(i) If G is spanned by the rows of A= (B), where B € NS,, and o € R",

[e3%

then t(G/E(G)) = J(B°P) as groups.

Proof. (i) Since any order isomorphism induces a permutation on the pure
traces (possibly with a renormalization), J; = kerr; is sent to J., for some
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permutation w. If J; is nonzero, it is cyclic and its only two one-element
generators are +x;. Hence the image of x; is one of 7, and it follows that
the restriction of the isomorphism to E(G) is an isomorphism onto E(G”). This
induces an isomorphism G/E(G) — G'/E'(G).

(ii) It suffices to show that r(B)/X(B) (a subgroup of G/E(QG)) is exactly
the torsion part of G/E(G). Since E(G) has rank n (when G is of the indicated
form), G/E(G) is torsion. Thus we have inclusion.

Now suppose that g + E(G) is a torsion element in G/E(G). There thus
exists n > 0 such that ng € E(G), in particular, we can write ng as an integer
combination of elements of x;, so that ng € Y f;Z (as the x; € )_ f;Z). On
the other hand, since {f;} U {a} is a Z-basis for G, we may write g uniquely
as ) t; f; + ma, so that ng = Y nt;f; + nma; since ng € Y f;Z, we deduce
nma is in the span of f;, which of course is impossible unless nm = 0, that is,
m=0. So g€ > f;Z, and thus g + E(G) € r(B)/X(B). O

When G is basic, G/E = Z, as is obvious from its matrix A representing it.
When every proper subset of the pure trace space is ugly, then the torsion-free
rank of G/FE is one, but it may have torsion elements. If not every proper
subset is ugly, then the torsion-free rank of G/FE must exceed one, and there
can also be torsion. The following is practically tautological.

Proposition 9.3. Let G be a critical dimension group. Then G is basic if and
only if G/E(GQ) = Z.

Proof. One way is trivial. Suppose G/E = Z. Then G — G/FE splits, and
thus we may find y € G such that E @ yZ = G. We can write £ = @ z;Z,
and since the rank of F is n, there are n of the z;. Now each xz; vanishes
at all the traces except 7;; by replacing x; by —x; if necessary, we can also
assume that 7 (x;) > 0. Set u = > @, so that 7;(u) = 7(z;) > 0 for all 4.
Thus w is an order unit. Now renormalize the traces with respect to u, that
is, 7; is replaced by o; = 7;/7i(z;). Then o;(x;) = J;; (Kronecker delta),
and in the affine representation with respect to u, each x; simply maps to
the jth standard basis element. Now y (or more accurately 3) is a real linear
combination of z;, say ¥ = > a;T;. As G has dense range, it easily follows
that {1,a1,...,a,} is linearly independent over the rationals, and we have
exhibited an order-isomorphic copy of G as a basic critical group. g

With respect to Lemma 9.2 (i), the torsion part of G/E(G) is determined
by the elementary divisors of B°P.

Example 9.4. Examples illustrating Lemma 9.2 and Proposition 9.3.

Forn =2,set f1 = (1,1), fo2 = (0,2), f3 = (a, B), where {1, a, 8} is linearly
independent over the rationals, and set G = (f1, fo, f3) = @ fiZ. The matrix
A is already reduced as far as it can be (if we insist that the top 2 x 2 matrix
have only integer entries),

11
A=1[0 2
a B
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Then kermy = f2Z, so we set x1 = fo; kermo = (2f1 — f2)Z, so we set xo =
2f1 — fo. But (x1,x2) = (2f1, f2), so G/E = Z & Zs; in particular, this
dimension group is not basic. (It is the presence of the 1 in the (1,2) entry,
that ensures that we obtain 2-torsion; if f; = (1,0) instead, then the group
would be basic, since we could divide the second column by 2).

Now let n = 3, and define f; to be the four rows of the matrix

1 0 11
0 1 2
0 0 12|’
a B v

where {1, a, 8,v} is linearly independent over the rationals. Then z7 = 12f; —
11f3 (up to sign), z2 = 6f2 — f3, and 3 = f3. The torsion subgroup of G/E,
that is, J(B°P), is isomorphic to Ziy @ Zg, which has 72 elements, not the
expected 12 =1 x 2 x 6. In particular, G is not basic.

We will see (in the next section) that the invariant really boils down to
PH-equivalence, together with an action on the bottom row.

10. ISOMORPHISMS BETWEEN ALMOST BASIC CRITICAL GROUPS

A critical group of rank n + 1 is almost basic if it is order isomorphic to a
dimension group G given by the matrix (2), where B € M,,Z; necessarily (in
order to have dense image in R"), rank B = n and {1, a1,...,®,} is linearly
independent over the rationals. As above, we may assume that all the columns
of B are unimodular, that is, B € NS,,. We will show (Theorem 10.1) that two
almost basic groups (with corresponding (B, «) and (B’,a’)) are order isomor-
phic if and only if B = UB'P (for some U € GL(n,Z) and P a permutation
matrix, i.e., B is PH-equivalent to B’) and one of a = o/ P € r(B).

We also obtain an internal characterization of almost basic among critical
groups, independent of how it is realized: every subset of 0.5(G,u) is ugly
(Proposition 10.4).

Suppose r and s are irrational real numbers. Then the critical groups of
rank 2 (n = 1), Z + rZ and Z + sZ with orderings inherited from the reals,
are order-isomorphic if and only if r is in the PGL(2, Z)-orbit of s—there exist
integers a, b, ¢, d such that |ad — bc| = 1 and r = (as + b)/(cs + d), see [5].
This follows from (as + b)Z + (¢cs +d)Z = Z + sZ when (¢ %) € GL(2,Z). For
n > 1 and basic critical groups, perplexingly, the role of PGL(2, Z) is replaced
by the semi-direct product Z"™ X, (S, x {£1}), where S, is the symmetric
group. This is abelian by finite, rather different from PGL(2,Z). A similar,
but somewhat more restrictive description for isomorphism classes of almost
basic groups, follows from the same result.

Notation for the statement of the theorem. Let B € M,,Z be of rank n.
Suppose a = (a, . .., a,) € R™™ is such that {1,a1,...,a,} is linearly inde-
pendent over the rationals. Form the augmented matrix B = (B) ¢ R("+1xn,
Set G .o to be the subgroup of R1*" generated by the rows of B. Then Gp 4
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is a critical dimension group of rank n + 1. If the content of ith column of
B is §; € Q, then applying A~! on the right, where A = diag(dy,...,6,),
we see that B” := BA™! is still an integer matrix, but now in NS,, and
GB,a = Gpron-1 as partially ordered abelian groups. Hence (at a cost of
multiplying the entries of a by various fractions of the form 1/k), we may
assume that B is already in NS.

Theorem 10.1. Let Gp o and G o be almost basic critical groups, where
B,B' € NS,,. If they are order isomorphic, then there exists C € GL(n+1,7Z)
and AP € P(n,R)" (with P a permutation matriz) such that CBAP = B'.
Moreover,

(i) in the (n,1) partition of C = (U ¢), we have that ¢ = (0,0,...,0)" €
Zn=Ux1 U € GL(n,Z), and t € {1},

(i) A=1and UBP = B/,

(i) o belongs to one of £aP + r(B).

In particular, Gp,o = Gp o if and only if (it) and (iii) hold.

Remark. Condition (iii) says that one of o/ + P belongs to the row space
of B.

Proof. First, suppose that B and B’ are in NS, « is given (so that Gp 4 is
a critical group), and B is PH-equivalent to B’. Then it is elementary that
GB,a = Gp/ o~ (as partially ordered groups), where 7 effects a permutation of
the entries. To see this, suppose UBP = B’, where U € GL(n,Z) and P is a
permutation matrix. Let C = U @ 1. Then

o) =)= ()

and of course, aP is just a permutation of . By our usual construction, this
yields an order isomorphism G .o — G’ oP-

Thus given full rank B € M,Z and « such that {1} U {«;} is linearly
independent over the rationals, there exists a terminal B” € NS, such that
G B, is order isomorphic to Gpr o~ (where o’ is obtained from « by applying
some weighted permutation to the latter).

Hence we may suppose that @ and o’ are given (and satisfy the usual rational
linear independence condition), B and B’ are terminal forms in NS,,, and there
is an order isomorphism Gp o — Gp/,g. We will show that (i)—(iii) hold.

The isomorphism entails that there exist C' € GL(n + 1,Z) and a weighted
permutation matrix with positive real entries (here factored as diagonal times
permutation), AP, such that CBAP = B’. Partitioning the matrices as we
did before and writing B = (3 35) and B = (16’ g:) in terminal form (thus D
is upper triangular with positive increasing entries along the diagonal, none of
them 1, etc.), we have

U I, X I, X'
( C) o p)lap=[\o D
r t ,

07 «
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Our objective is to show that the column ¢ = (ci,...,¢,)T is zero, and
we achieve this by exploiting the numerous zeros in the matrices. Then it
is elementary that A must be the identity and UBP = B’, and moreover,
|det U| = 1 is immediate.

From the equation
U ¢\ (B A— B'P~!
r t)\«a “\aPt )

(UB+ca)A=B'P™', rB+ta=d Pt
One of the columns of B’P~!, say the hth, is the first standard column basis
element. Hence for all 4,

we obtain

1 ifi=1,

(UB)in + cian)on = {o ifi> 1.

Hence if ¢ > 1, (UB);, + ciap, = 0. As the first term and ¢; are integers,
and {1, oy, } is linearly independent over the rationals, we deduce ¢; = 0 (and
(UB);n, = 0). Assume c¢; # 0; we will obtain a contradiction.

Write U = {;;}. As the first column of B is the first standard basis element,
we have (UB);1 = ;1. Thus (vi1 + ¢;a1)01 € Z (as these are the entries of a
column of B'P~1). Hence for i > 1, ;1 € 51_1Z (as the corresponding ¢; are
zero). If for some ¢ > 1, ;1 # 0, then ¢; is rational. From 11 + 1o € 51_1Z
together with the rational linear independence of {1, a;}, we deduce ¢; =0, a
contradiction. Hence ;; = 0 for all 4 > 1.

Now counsider the second column of UB; as B is upper triangular, (CB);2 =
'YilBH + ’}/22322 and BQQ 7& 0. Hence

1
YirtBi2 + vi2 Baz + cjan € 5—Z~
2

If 4 > 1, this simplifies to v;2B22 € 5§1Z; thus if ;2 # 0 for some ¢ > 1, then
do is rational. Hence, ’}/11B12 + ’712B22 + cian € 5;1Z C Q As &1 7& 0, the
rational linear independence of {1, as} is impossible, a contradiction. Hence
7i2:0fori>1.

Thus the first, second, and (n+1)st columns of the matrix C' € GL(n+1,Z)
are

Y11 Y12 C1
0 0 0
0 0 0
0 0 0

T1 T2 t

These generate a subgroup of rank only two, so that rank C' < n+ 1. This final
contradiction shows that ¢; = 0, and thus c is zero.
Thus C = (Y 9), and so 1 = |detC| = |tdetU|. Then t = £1 and U €

GL(n, Z) yielding (i) and of course the equations simplify to UBA = B’P~1L.
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Since B and B’ are invertible in M, Q, this forces §; € QT for all . In
particular, there exists an integer N such that NA is an integer matrix (with
positive entries).

As B and B’ have all their columns unimodular, so do UB (as U € GL(n,Z))
and B’P~!. Thus the content of the ith column of NUBA is N§; while that
of NB'P~!is just N. Hence N§; = N, so A = L. Thus (finally)

UBP=DB', rBfaP=<d.

This yields (ii) and (iii), and the final statement is a consequence of this and
the remarks early in the proof. O

Proposition 10.2. Letn > 1, a = (a1,...,ap),¢/ = (af,...,al) € R™ be
such that both {a;};_, U {1} and {c}};_, U{1} are linearly independent over
the rationals. The basic critical dimension groups G, and G, (generated by
{e1,...,en;a} and {ey, ..., en;a'}, respectively) are order isomorphic if and
only if o is in the orbit of a under the action of Z™ Xr1ix, (Sn X Z2).

Proof. Here we have B = B’ =1, so the criterion of the theorem simplifies to
o £aP ¢ Ztxn, O

Corollary 10.3. Almost basic critical groups of rank at least three admit no
nontrivial order-automorphisms.

Proof. From CBAP = B (the order-automorphisms on a critical group auto-
matically extend to order-automorphisms of the closure, R™, hence must be
given by weighted permutation matrices), the preceding yields +a+rB = aP.
If 7 is the permutation induced by P, and n (i) = j # i for some ¢ and j, then
ajta; € Z; but this contradicts the rational linear independence of {1, a;, o }.
Hence P is the identity. Thus, by the preceding, B = UBP = UB; as B is of
full rank, this forces U to be the identity, and thus the only automorphism is
the identity. O

This contrasts with the critical groups discussed in [10]; those arose from
integral orders in totally real fields with one real embedding discarded, and
are classified by their ideal class structure. In those cases, there are plenty of
order automorphisms, arising from some of the units in the number field.

For an abelian group J, the torsion-free rank of J, that is, the rank of J
modulo its torsion subgroup, is denoted tf rank J.

Theorem 10.4. Let G be a critical group of rank n+ 1, with n > 1. Let u be
any order unit for it. The following are equivalent:

(a) The torsion-free rank of G/E(G) is one.

(b) Forallo € 0.5(G,u), the intersection Nrep, s(,u)\{o} ker T is nonzero.

(¢) There exists a basic critical group G’ such that G ® Q is order-iso-
morphic to G’ ® Q.

(d) Ewery proper subset of 0.5(G,u) is ugly.

(e) G is almost basic.
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Proof. (a) if and only if (b): Property (b) is equivalent to rank E(G) = n (since
the sum Y 2;Z is direct), which is equivalent to tf rank G/E(G) = 1.

(b) implies (¢). For each i, there exists x; € G unique with respect to the
properties (. co s(cu r.} Ker 75 = €iZ and 73(z;) > 0. Then E(G) :=>_xiZ
is free of rank n and there exists y € G such that Gy = E(G) @ yZ is of finite
index in G. As G is dense in R"™, so is Gy.

As a subgroup of G of rank less than n+1, E(G) is discrete; being of rank n,
any Z-basis for it is also an R-basis for R™. Hence there exist o; € R such that
y = Y. a;z;. The density of Gp in R™ entails that {1, a;,...,a,} is linearly
independent over the rationals, and Gy is a dimension group with respect to
the strict ordering, which obviously agrees with the relative ordering inherited
from G, and its pure traces are the restrictions of 7;, which we will also call 7;.

Set w = ) x;, so that 7;(u) = 7;(x;) > 0 for all . Thus w is an order unit in
both Gy and G. Normalize the traces of Gy with respect to u—the pure traces
are now 7; given by 7;(g) = 7i(g)/7i(u). The normalized traces now satisfy
7i(z;) = 0;; (Kronecker delta). Hence the embedding (Go,u) — Aff S(Go,u)
realizes G as a basic critical group.

Since Gy is of finite index in G, Go ® Q = G ® Q.

(c) implies (d). For any trace 7 on any dimension group G, ker7 ® 1q =
(ker7) ® Q. Thus rankkert = rankker(r ® 1q). As G is critical, every
subgroup of less rank than n + 1 is discrete, and the result follows.

(d) implies (e). For a pure trace 7;, let Q(i) be the complement of {7;} in
9e5(G,u). As Qi) is ugly, (), cq(; ker 7 is not zero, and being discrete and
spanning Q(7)* over the reals, it must be rank one. As it is a subgroup of a
free group, it is free, so it equals z;Z for some z; € G, and we may assume
7;(x;) is positive. Now we are in a position to use the method of proof in
(b) implies (c), coming up with a basic critical group Gy of finite index in G.
There thus exists an integer N such that NG C Gy, and NG is obviously order
isomorphic to G, while Gy C Z". Any subgroup of a free group is free, so we
can find the desired basis.

(e) implies (a). Trivial. O

Example 10.5. Critical dimension groups that are not almost basic, but such
that all of whose pure traces 7; are ugly and with all 7;(G) equal.

Let r be a real number that is neither rational, quadratic, nor cubic over the
rationals; that is, the set {1, r,r% 73} is linearly independent over the rationals.
Let G be the subgroup of R? spanned by

{E1 =(1,1,1), By :== (1,1,7), E5 == (1,7,0), E4 = (7“,0,0)}.

The set of four 3 x 3 determinants of the spanning set is linearly independent
over the rationals. Hence G is dense in R?, and thus with the strict ordering,
is a critical group (of rank three).

The pure traces on G are the three coordinate maps, denoted 7;. Then we
see that 71 (G) = Z +1Z = 1o(G) = 13(Q), free of rank two. In all three cases,
the kernel is free of rank two, and since the affine representation is one to one,
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and since the kernels are discrete subgroups, the corresponding pure traces are
ugly. However, ker 71 Nker 73 = {0}; by Lemma 9.1, the subset Q = {7y, 73} is
not ugly. By Theorem 10.4 (d), G cannot be almost basic.

This leads to a class of non-basic critical groups free of rank n + 1 such that
all 7;(G) are equal and of rank two (hence all the pure traces are ugly). Pick
r such that {1,r,...,7"} is linearly independent over the rationals (that is,
either r is transcendental or its algebraic degree is at least n + 1). Define the
following elements of R™:

F,=(r 0 -0 0 0),
Foa=(1 r -0 0 0),
Fpo=(1 17 -+ 0 0 0),

Fr=01 11 11 ),

Fpb=(1 11 111

That is, F; has ¢ — 1 zeros (for ¢ > 1), immediately preceded by r, which in
turn is immediately preceded by enough ones to fill up the row. Let M; be
the n X n matrix obtained by deleting F;, and throwing together the rest of
the Fj. Then det My = r™ and |det My| = r"~! as is easily seen from the
lower triangular forms. For ¢ > 1, M; is a block lower triangular matrix,
and it is straightforward to check that det M; = r"~%(1 — r)"=1. (At one
point, multiply the matrix rN7 + 1+ N + N2 + ... by I — N, creating an
upper triangular matrix. See Lemma 10.6 below.) Next we claim that the set
{re et =21 —r),...,r(L = 7)™ 2, (L —r)" '} spans Y., 7'Q, which is
easily checked by induction. Hence the set is linearly independent over the
rationals.

Thus G = G(n,r) is a critical group of rank n+1, so with the strict ordering
inherited from R" is a simple dimension group with n pure traces, the latter
arising as the coordinate functions. Their value groups, that is, the ranges of
the pure traces, are all equal to the rank two group, Z + rZ. In particular,
their kernels are necessarily of rank n — 1 and discrete (the latter from being
a critical group), and it easily follows that they are all ugly.

We have that G(n,r) C (Q+7rQ)" is of rank n + 1, and is dense in R"; we
have assumed r does not satisfy a rational equation of degree n or less.

Now we can show that G(n,r) is not almost basic; assume n > 3. It is an
easy exercise to show that kerr, has {Fy, F3,..., F,} as Z-basis, and ker 7 is
spanned by {F,,_1 — Fo, F_o — F, ..., Fi — Fy}. The intersection is spanned
by {Fn—1—Fy,..., F3—Fy}, which has only n—3 elements. Thus ker 7, Nker 7,
has rank n — 3. With Q = {ry, 7,,}, we see that Q is not ugly by Lemma 9.1,
and by Theorem 10.4 (d), G(n,r) is not almost basic.
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Lemma 10.6. Let N be the lower triangular k X k matrixz with ones in the
(j+1,7) entries and zeros every where else. Let r be any real number, and set
Q=rNT + I+ N+ N2+.... ThendetQ = (1 —r)F1L.

Proof. Multiply @ from the left by T — N (which has determinant 1); the
outcome is I — rNNT +rNT. Now NN is just the identity matrix less the
first 1, so that (I — N)@ is upper triangular, with diagonal entries (1,1 — r,
1—7r,...,1—7r. HencedetQ = (1 —r)~1. O

When n > 2, the construction G(n,r) does not yield a basic critical group,
but we can still construct basic ones with the property that all the value groups
of the pure traces are order isomorphic.

Example 10.7. Basic critical groups G such that all value groups, 7;(G), are
mutually order isomorphic.

Let r be a positive real number that satisfies no nontrivial integer polynomial
of degree n or less. Then the set {1,7,7/(1+7),r/1+2r,...,7/(1+(n—1)r)}
is linearly independent over the rationals. This is a routine exercise, which
becomes trivial if we assume r is transcendental. Hence there is a basic critical
group whose last row is (r,1/(1+7),...,1/(14(n—1)r)). The respective value
groups of the pure traces are Z +rZ,Z + (r/(1 +jr)Z (1 < j <n—1). But
these are all isomorphic (multiply Z + (1/(1 + jr)Z by 1 + jr; this is an order
isomorphism to (1 + jr)Z +rZ =Z + rZ).

11. UNPERFORATION OF QUOTIENTS

In this section, we want to ensure that the quotient pre-ordered groups
of almost basic critical groups by kernels of subsets of 9.5(G,u) are them-
selves almost basic; the crucial property is that these quotients are unperfo-
rated. The following result suggested and motivated the J(B) invariant of
PH-equivalence.

Proposition 11.1. Let G be an almost basic critical group of rank n+ 1. Let
Q C 0.5(G,u), and define L = kerQ := (| g ker7. Then G/ker(, equipped
with the quotient ordering, is an almost basic critical group with pure trace
space €.

This boils down to showing the quotient is unperforated, something that is
obvious for basic critical groups (and the quotients are themselves basic critical
groups), but not so obvious for almost basic ones. This provides an alternative
path to the definition of J((B°P)q) as the torsion subgroup of Go/E(Gq),
where Gg = G/ ker Q (for Q C 9.5(G, u), the latter identified with {1,...,n}).

The following is a slight improvement on [2, App. B, Prop. 1 and 2], not
covered by the results there.

Lemma 11.2. Let (G,u) be a simple unperforated group with order unit, and
let L be a convex subgroup of G such that G/L is torsion-free. Suppose that the
closure of the image of L, L, in Aff S(G,u), contains a subgroup of the form
D + P, where D 1is a rational vector space and P is generated by nonnegative
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elements of Aff S(G,u), and L/(D + P) is torsion. Then, equipped with the
quotient ordering, G/L is unperforated.

Remark. For example, if G is basic, say with generators {e;; > aje;}, and
L = kerS (where S C {r;}), then L is generated by {e;};, #5,- Each e;
has image in Aff S(G,u) = R™ as e; itself, which is nonnegative in the affine
function space (of course, the e; is not in the positive cone of G, since the
ordering is the strict one). By [2, App. B], the quotient is nicely behaved.

Remark. The lemma above removes the density condition on D + P (that it
be dense in L) [op. cit.], and replaces it with a different requirement. This is
particularly useful when L is already discrete, hence closed in the affine repre-
sentation; then D = 0, but P need only be a subgroup; this will automatically
be closed, so that L need not equal P. But the lemma here says that sufficient
for unperforation is that rank P = rank L < oo, which is easy to verify for
almost basic critical groups.

Proof. The convexity condition (which in the simple case boils down to L N
G = {0}) is sufficient to guarantee that the quotient pre-ordering is a partial
ordering, that is, an element that is both positive and negative must be zero.

If kg+ L = L, then torsion-freeness of the quotient entails g € L. Hence we
may assume that kg + L € (G/L)" \ {0}.

Suppose g € G and k is a positive integer such that kg + L € Gt \ {0}. We
may thus find x € L such that kg + x is an order unit. Let

€= oeg(lé,u) olkg+x) = aeé?g,u) (kg +z)(o) > 0.
There exists a positive integer N such that N7 is in the norm closure of D + P.
Select an integer M to be determined (as a function of k and N).

We may find d € D and p € P such that |[NZT —d — p|| < ¢/M. There exists
(from the definition of D) d’ € D such that d = Nkd'; so |[NT — Nkd' — p|| <
e/M. We may write p = p; — pa, where p; > 0 and p; € P (in particular,
i € f)

There exists f € L such that || f—d'|| < ¢/M and ¢; € L such that ||g;—p:|| <
e/M. In particular, ¢; > —el /M as functions on S(G,u).

Set

z=Nkg+ Nkf+ Nkq. = Nk(g+ f + q1).

If we can show z € G7, then as G itself is unperforated, it would follow that
g+ f+q € G, and so g + L is in the positive cone of the quotient. So it
suffices to show z € G™.

We have

z—N(kg+x)=Nkf+ Nkqi — (N — Nkf —q1 + q2) = Nkf —q1 + g2
= Nkqi +q2 — (Nz — Nkf — q1 + q2);
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evaluating at o € S(G,u),
0(z) 2 No(kg +z) + Nko(q1) + 0(q2) — [[NT = Nkf — q1 + @2
> Ne— —— — — — |NZ— Nkd' — p|| - Nk|f — |

—11G1 — p1ll = 132 — p2||

ey NEX1_ 1 NEe_ 1)
M M M M
2Nk +4
(- =5
If we select M > 2k +4/N (e.g., M = 2k + 6), Z is strictly positive, so that z
is an order unit of GG, and we are done. O

Corollary 11.3. Suppose G is a simple dimension group with an order unit u.
Let L be a convex subgroup of G such that G/L is torsion-free and the image of
L in Aff S(G,u) is discrete. Sufficient for G/L to be a simple dimension group
(with respect to the quotient ordering) is that there exist a subgroup Lo of L
such that L/ Lg is torsion, and the image of Lg is generated by its nonnegative
elements (with respect to the usual ordering on Aff S(G,u)). In this case, the
trace space of (G/L,u+ L) is a closed face of S(G,u).

Proof. Since the image of L is discrete, its image is already closed in AffS(G, u);
the hypothesis ensures that LO = P satisfies L/ P is torsion, so the preceding
applies with D = 0. Hence G/L is unperforated. Simplicity is automatic.

Since L/ Ly is torsion, if 7 € S(G, u) kills Ly, it automatically kills L. Hence
LF = L. Let Pt = PNAff S(G,u)* (the latter with the usual, not the strict
ordering), so that P = P* — P*. Since Ly maps to P, and P~ = (PT)",
we have that L' is a (closed) face, call it F, of S(G,u). In particular, F is a
Choquet simplex.

Let ¢ be a trace of G/L; then ¢ induces a trace of G, with kernel contain-
ing L. Thus ¢ € L™ = F. Conversely any element of F kills L and thus induces
a trace on G/L. Hence the map S(G/L,u+ L) — F is an affine bijection; it
is obviously continuous, so by compactness of S(G/L,u + L), it is an affine
homeomorphism.

Select an element h € Aff F; this lifts to an element j € Aff S(G,u). Givene,
there exists g € G such that ||g — j|| <, that is, sup,eg(q,u)l0(9) —j(0)] <e.
This implies sup,cp|o(g) — j(0)| < €, and together with the affine homeomor-
phism, this forces the image of G/L to be dense in Aff ', hence in its affine
representation (with respect to u+ L). As G/L is unperforated and simple, its
ordering must be the strict one inherited from affine functions on a Choquet
simplex, and thus G/L is a dimension group. O

Proof of Proposition 11.1. Let F be the face spanned by € (since Aff S(G,u)
is a finite-dimensional simplex, it is simply the convex hull of ). By Proposi-
tion 10.4 (c), there exists a basic critical group Gy of finite index in G' (whose
relative ordering agrees with its usual one). Then ker Q N Gy is generated by

Minster Journal of Mathematics VoL. 11 (2018), 49-156



118 DaAvID HANDELMAN

elements with nonnegative image in Aff S(G, u), and this is of finite index in
ker Q. By the result above, G/ ker S is a simple dimension group, and its pure
trace space is just the set of extreme points of F', which is 2. g

Connections to PH-equivalence. This was the starting point for the devel-
opment of (J(BJ))acs, the directed family of PH-invariants; when G is gen-
erated by the row space of B and «, then the torsion subgroup of Go/E(Gq)
is J((BY)).

For almost basic critical groups, Gg,a, Gp o/, with (2, (g,’) e Rx(nt+1)
such that B, B’ € M,,Z and det B, det B’ # 0, we immediately reduce to the
case that B, B’ € NS, by factoring out a positive diagonal matrix, as in
Section 7. Then by Theorem 10.1, G, is order-isomorphic to Gps o if and
only if B is PH-equivalent to B’ and the permutation involved in the PH-
equivalence sends « to /.

Example 11.4. Examples illustrating the results.

If
1 0 15 1 0 5
1o 1 2 , o 1 6
B, = 0 0 30 and B, = o o0 30|
(65} (65 Q3 0/1 al2 aé

given a = (aq, g, a3) (with {1, a1, as, as} linearly independent over the ratio-
nals), there is no choice of o/ = (a1, aa, ag) such that Gp , is order isomorphic
to Gpr o, since from Example 3.4 (first two matrices), B and B’ are not PH-
equivalent.

If we set B = B’ to be the leftmost example (the 3 x 3 integer matrix in
B, above), and let a = (\/5, V3, \/5) and o = (\/g, V2, \/5), then even though
the integer matrix parts are the same, the resulting critical dimension groups
are not order isomorphic. The permutation 7 = (12) and its corresponding
matrix P = (9¢) @ (1) does not fix B, as follows from Proposition 2.1, with
no invertible elements in the column (modulo d = 30).

APPENDIX A. A GENERAL DUALITY RESULT

This appendix gives fairly general duality results about orbits under natural
actions, that appear in Section 6. Here R will be a not necessarily commutative
ring (of course with 1), but not much additional effort is required to prove the
corresponding results over noncommutative rings.

Let R be a ring, and n > k be positive integers. A matrix with entries
from a ring will be called invertible if it is square and two-sided invertible;
sometimes we add two-sided, for emphasis. We follow [3] in saying an n X k
matrix M is completable if there exists an n x (n — k) matrix W such that the
n x n matrix (W M) is invertible. Invertibility of this matrix is equivalent to
the columns constituting an R-basis for R%*" (as a right R-module).

If instead, n < k, then we say M is completable if there exists a (k —n) x k
matrix W such that the k x k matrix (1) is invertible. If n = k, then
completable is simply invertible.
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These notions date back to the origins of K-theory.

The ring of n x n matrices will be denoted M,, R, but the set of non-square
rectangular matrices with k& rows and n columns will be denoted R**™. We
denote by GL(k, R) (or simply GL(k) if no ambiguity will result) the group
of invertible matrices in M, R. The group of invertible elements of R will be
denoted R*.

The next two lemmas are obvious.

Lemma A.1. Let M € R"**, with n >k > 1. The following are equivalent:

(a) M is completable.

(b) The set of columns of M can be enlarged to a basis of size n of R™*!
as a right R-module.

(c) There exists a right R-submodule L of R™ ' that is free on n — k
generators such that L & M(RF*1) = Rn*1,

Lemma A.2. Let M € R"**, with k > n > 1. The following are equivalent:

(a) M is completable.

(b) The set of rows of M can be enlarged to a basis of size k of pRF*1 as
a left R-module.

(c) There exists a left R-submodule L of R*** that is free on k —n gener-
ators such that L & (RY™)M = Rk,

Lemma A.3. Let A, B, and C be respectively in M,_pR, R~k and MR,
with C € GL(k, R), and set E := (4 B) € MyR. Then A € GL(n — k, R) if
and only if E € GL(n, R).

Proof. Suppose that E is invertible. Let U be the inverse of E; partitioned in
the same way as E, we can write U = (2 5), and we have

TV
ok 0)_,p_ (QA QB+SC
0o 1) -YE={714 1vive
_ [AQ+BT AQ+ BT
—EU—< oT oV )

From CT = 0 (second matrix, lower left) and invertibility of C' (two-sided
invertibility, that is), we deduce T' = 0 (of the appropriate dimensions). From
the upper left corners of each matrix, we then have AQ = QA = I,,_x, so
A€ GL(n -k, R).

Conversely, suppose that A is invertible. Multiply E on the left by A=! @
C~! € GL(n, R), resulting in (5 A;:B); this has inverse (' *AI:B), so B
is a product of two invertible matrices, hence is invertible. O

A ring R is stably finite if for all matrix rings M, R and elements € M, R,
x is right invertible implies x is invertible. This is a two-sided condition,
and is equivalent to onto right module homomorphisms z: R**! — R"*!
always being isomorphisms, or equivalently, if the left module homomorphism
rRY™™ « pR™™ .2 is onto, then « is an isomorphism.
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The ring R has the property that stably free modules are free (SFF) if
whenever R” = RF @ @ as right R-modules, then Q is free. This property
is also right/left symmetric. This property also hearkens back to the origins
of K-theory, e.g., what was formerly Serre’s conjecture, now known as the
Quillen—Suslin theorem.

Finally, R has invariant basis number (IBN) if R™ = R™, as right R-modules
implies m = n. This is again left/right symmetric, and it is easy to check
that stably finiteness implies IBN. The reverse implication is well known not
to be true; e.g., the ring generated by the unilateral shift and its transpose
(defined on [?(Z7)) has the IBN property but is not stably finite. However,
SFF and IBN together imply stable finiteness. (Proof: Suppose that the right
R-module homomorphism z: R" — R" is onto. It splits since the image is
free; this yields R™ = R" @ @ for the module Q = ker x. SFF implies that @ is
free, and IBN entails that it must be free on zero generators, hence zero. So x
is an isomorphism.)

For the computations in Section 6, we only deal with rings of the form
R =7Z,4. All of these, and Z itself, satisfy both SFF and stable finiteness (the
latter being trivial, since the rings are commutative).

Kaplansky [14, p.498] had a limited definition of Hermite rings. Lam [15,
p.26] defines Hermite to mean a ring satisfying SFF. Cohn [3, Section 0.4]
refers to a ring satisfying SFF and IBN as an Hermite ring (Charles Hermite
was French, so the initial H is pronounced as a stop, requiring an, not a; this
practise is adopted in [14] and many subsequent papers). To avoid confusion,
particularly in view of the main subject of this paper, we will not use this term
at all, nor IBN.

Sometimes, to emphasize the chirality of a module (left or right) over the
ring R, we place a subscripted R beside it: thus (@) means ) considered as a
left module, and Q) means as a right R-module.

Lemma A.4. Let R be a stably finite ring satisfying SFF. Suppose n > k are
positive integers. Let M € R™ . The following are equivalent:

(a) The set of columns of M is a right R-module basis for a free direct
summand of R}y*".

(b) There exists W € R"* (%) such that U == (W M) € GL(n, R).

(c) The left R-submodule of RR**™ spanned by the rows of M is all of
RRlxn'

Remark. It is not sufficient (in (c)) that the row space be free on k generators;
R = Z yields an example.

Remark. The right versus left hypotheses are important (unless R is commu-
tative), as shown in Example A.5.

Proof. (a) implies (b). Let V be the (right) submodule of R"*! spanned by
the columns of V'; by hypothesis, it is free with k generators, and there exists
a submodule X of R™*! such that R"*! = X @ V. Since V is free, SFF
implies that X is free, and stable finiteness guarantees that it is free on n — k
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generators. Label them wq,ws, ..., w,_k, and let W be the resulting nx (n—k)
matrix (whose ith column is w; ). From the direct sum decomposition, the set of
columns of U = (W M) is a basis for R**!. Thus the map U: R"*! — Rnx1
is a homomorphism of right R-modules which is onto. Stable finiteness now
yields that U is (two-sided) invertible.

(b) implies (c). Given U = (W M) invertible, define the map of left mod-
ules, RRY™™ +— pR*™ : U (given by right multiplication of course, hence the
weird notation). This is an isomorphism (since U is invertible). Now con-
sider the images of M and W separately. Identifying g R'*("~%) and pR'**
with respectively the submodules of x R**™ having zeros in the bottom & po-
sitions and zeros in the top n — k positions, we have that the respective ranges
satisfy (rRR™>™W C gpRY™ (™% and (rkR™™")M C grR™® . Since U (as a
homomorphism of left modules) is onto, the sum of the two ranges is all of
(rR™™), and since the respective images have zero intersection, it follows
that (rRR*™*™)M = rR™®). But this is precisely condition (c).

(c) implies (b). Again, view M as a left module homomorphism g R'** +
rRY™™ : M. Hypothesis (c) says that M is onto, so the map splits. Hence
there exists V € RF*™ such that VM is the identity on pR'** (one of the
peculiarities of left module homomorphisms is that they compose in the correct
order, unlike what we are used to with right modules). Moreover, we have a
direct sum decomposition ; ker M @ Z = pR'™™, where 1 ker M is the kernel
of M as a left module homomorphism, and Z is obtained from the splitting,
and moreover, left multiplication by M induces an isomorphism pR'** « Z.

As in the proof of (a) implies (b), SFF and stable finiteness imply that
rker M is free on n — k generators. Identifying pR'** with the submodule
of RRY ™ consisting of elements whose leftmost n — k entries are zero (and
similarly R R*("~%) with the obvious complementary submodule), we define
W € R™*("=k) acting (on the right of course) as an isomorphism p R (%) «
. ker M, and zero on Z.

Now define the n x n matrix U = (W M), and observe that its range (as a
left module homomorphism) is all of g R'X™. As R is stably finite, this implies
that U is invertible.

(b) implies (a). Let Z be the inverse of U = (W M). Invertibility entails
that the set of columns of U is a basis for R"*!. Let V; be the right R-module
span of the set of columns of W, and V5 the span of the set of columns of M.

Then R™! = V; 4+ V5; from the fact that the set of all columns is a basis,
we have R"*! = V| @ V5. Since any subset of a basis is itself a basis for the
submodule it generates, we have that V5 is free, necessarily on the k generators
arising from the columns of M. O

Suppose that n > k. Define the following subsets of rectangular matrices
over R:

C(n,k) = {M € R"** | M is completable},
C'(n,k) = {M € R*™ | M is completable},
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Fn, k) = {M c prek M contains a set of k rows }
T whose corresponding matrix is invertible)’

M contains a set of k columns

/ _ kxn
Fi(n, k) = {M €R whose corresponding matrix is invertible]’

Fi(n,k) = {M c Rrxk M contains exactly i sets of k rows }

whose corresponding matrix is invertible
. n
for each i =1,2,..., (}),

F{(n, k) = {M c RExn M contains exactly ¢ sets of k columns }

whose corresponding matrix is invertible

for each i =1,2,..., (7).

If R is a local ring (in the not necessarily commutative setting, this means
that R modulo its Jacobson radical is a division ring), then C(n, k) = F(n, k).
It is probably true that C(n,k) = F(n, k) for some n > k implies that R is
local.

It can happen that some of the F;(n, k) are empty when 7 is at or near the
maximum. For example, if R is the finite field Z, with p prime, then with
n=>5andk =2, (g) =10, and F10(5,2) is empty for p = 2 or 3, while Fy(5,2)
is empty if p = 2. However if R is an infinite field, then F(:)(n, k) is generic
(and if the field is R or C, its complement in F(n, k) is just a union of lower
dimensional varieties).

Set D,, to be the group of invertible diagonal n x n matrices with entries
from R* (the group of invertible elements of R), and let P,, denote the group of
nxn permutation matrices (regarded as elements of GL(n, R)). The group they
generate (consisting of weighted permutation matrices), will be denoted W (n).
Then W(n) acts from the left on each of the sets C(n,k), F(n,k), F;(n,k)
and GL(k, R) acts on the right, yielding a W(n) x GL(k, R) action; similarly,
GL(n, R) acts from the left on C’(n, k), F'(n, k), F!(n, k), yielding an action of
GL(k, R) x W(n) on each of these.

We see that F(n, k) = F;(n, k) (i =1,2,...,(})), and it is not difficult to
see that F'(n,k) C C(n,k) (below). We denote their orbit spaces by replacing
the roman capital letters by their script forms, e.g., C(n, k), C'(n, k), etc.

We will obtain what amounts to duality by showing that there exists a nat-
ural bijection F(n,k) — F'(n,n — k), which restricts to dualities F;(n, k) —
Fl(n,n — k) for each i = 1,...,(}) (conveniently, (})=(,",)). Here the
corresponding groups implementing the actions are W(n) x GL(k, R) and
GL(n — k,R) x W(n). When R is commutative (or more generally admits
an anti-automorphism), there are bijections F}(n,n — k) — Fi(n,n — k) (de-
termined by composing the anti-automorphism with transpose), yielding bijec-
tions Fi(n, k) — Fi(n,n — k); if the anti-automorphism is either the identity
or involutive, these are dualities.

For C(n, k), at the moment, the situation requires an additional hypothe-
sis, namely, that R be stably finite and satisfy SFF (even if R is commuta-
tive). Then there is a duality C(n, k) — C'(n,n — k) that extends the duality
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F(n,k) — F'(n,n — k), and the same comments about the presence of an
anti-automorphisms apply.

My colleagues, Kirill Zaynullin and Damien Roy, pointed out that if R = F
is a field, then one of the dualities, F(n,k) — F(n,n — k), is implied by
the usual Grassmannian duality Gr(k,n) — Gr(n — k,n). To see this, pick
M € F™*F; its columns form a basis for a k-dimensional subspace of F™*1;
the right action by GL(k, F') (given by elementary column operations) has no
effect on the subspace, and the duality takes the transpose and looks at its
kernel.

If R is commutative, we will see that the dualities F(n, k) — F(n,n—k) and
Fi(n, k) — F;(n,n—k) are implemented by [M] — [N], where the columns of N
constitute a right basis for the kernel of the map M7 : R"*! — R**!  This is
particularly simple, as M7 N = 0 if and only if NTM = 0. However, if R is
not commutative, the transpose does not do what we expect. For example, at
one point in the argument of the commutative case, we would use the obvious
fact that if g € MR is invertible, then so is g7. This is no longer the case in
the noncommutative situation; in fact, it is almost never true. Example A.5
illustrates this. This is a minor modification of an example in [9], the main
result of which is that a ring R in which the transpose of invertibles is always
invertible, must be commutative modulo its Jacobson radical.

Example A.5 ([9]). Suppose R is a ring and there exist elements x,y € R
such that zy — yz is invertible (in R). Then there exists g € GL(2, R) such
that g7 is a two-sided zero divisor in MaR.

Set g = (4, &, ). Elementary column operations (using right multiplications)
reveal that g is invertible, in fact even a product of elementary matrices; ex-
plicitly,

-1 14+ 2ely —ze~! (1 —xz\ (1 O 1 0
gy = —e 1y e ! ~\0 1 0 et)\—y 1)°

where e = zy — yx. However, g7 = (1 ) kills the column (%) and the row

(—z 1),s0a:=(7)(—z 1) = (Y2 V) satisfies ag” = gTa = 0.
Any division ring which is not commutative admits such a pair x, y, as does
any ring containing a full set of matrix units (e.g., z = (§¢) and y = (99

10 )7
and similar examples for larger sets of matrix units).

In particular, we must avoid the temptation to use the transpose. We
avoid it by sometimes considering matrices as left R-module homomorphisms,
acting on the right. (An alternative is to use the opposite ring of R; however,
I found this extremely confusing.) We use the weird but logical notation,
rQ2 < rQ1 : x, to denote the left module homomorphism z from @7 to Q2,
the subscripted R on the left of the names of the modules emphasizing the fact
that they are left modules.

First, we show that F(n,k) C C(n,k). Pick M € F(n,k); there exists
a permutation P € P, such that the bottom k rows of PM constitutes an
invertible matrix, g € GL(k,R). Then PMg~' = (3 ). Set Wy = (1“6’“)
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(where the zero matrix is size kx (n—k)). Then h := (Wy PMg~!) is invertible
(by the lemma about upper triangular matrices if and only if), and set W =
P~ Wy, and U = (W M). Then PU(I,,_r®g ) =h,soU = P *h(l,_r®g)
is a product of invertibles, hence is invertible. Thus M € C(n, k). The same
argument (not using the transpose) works to show F'(n,k) C C’'(n, k).

To construct the map on equivalence classes, pick M € C(n,k), and view
M as a homomorphism of left modules, g R*** « rR'*™ M (it acts by right
multiplication, of course). Denote its kernel pker M. By Lemma A.3 ((a)
implies (c)), the image of M is all of rRR'**, so the map splits; in particu-
lar, pker M is a direct summand, and there exists a submodule @ such that
R = rker M @ @, and the restriction to Q of right multiplication by M is
an isomorphism R'** « Q. In particular, Q is free on k generators as a left
module. Now we make the assumption,

() pker M is free (as a left R-module) on n — k generators.

(We will see later that this applies if either M € F(n, k) or R satisfies SFF
and stable finiteness.) Pick a basis with n — k generators, {r1,r2,...,rmn—r} C
R Let N be the (n — k) x n matrix whose ith row is r;. We will show that
the assignment M — N (which is highly dependent on choices of bases) yields
a well-defined map [M] — [N] on the orbit spaces.

First, we claim that N € C’'(n,n — k). But this is easy: let W be the
k x n matrix consisting of a k-element basis for ). Then the rows of V =
(W) constitute an n element basis for g R'*", and it is immediate that V is
invertible.

Next, if we choose a different (n — k)-element basis for pker M and corre-
sponding N’, there exists g € GL(n — k, R) such that gN = N’ (express each
element of one basis as a left linear combination of the elements of other basis;
the matrices of coefficients are mutually inverse).

If we replace M by wMh, where w € W(n) and h € GL(k), we observe
that pker(wMh) = pker(wM) = (prker M)w~!. Thus if we choose a basis for
rkerwM, (s;), and form the matrix N (whose rows are the s;, then N := Nw
will have rows constituting a basis for pker M (recall that W (n) acts on the
right of rows, multiplying by a weighted permutation matrix). Thus if M
belongs to the W(n) x GL(k)-orbit of My, then any choice for N (that is,
whose rows form a basis) will belong to the GL(n — k) x W (n) orbit of (any
choice of) Ny, and N € C'(n,n — k).

All this was under the assumption (x). Now assume that M € F(n,k); we
claim that (x) holds. By assumption, there exists P € P, and g € GL(k, R)
such that My == PMg~! = (fi) It is an easy computation (essentially
column-reduced echelon form, but with noncommuting entries) that pker My
is spanned as a left R-module by the rows,

{(—ej; Xj,n7k+17 Xj7n7k+27 o ,ij) }?;f

(where e; is the jth standard basis element of pR'*("~*)) and the module is
clearly free on these generators, and a direct summand (with complementary
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basis {Es},_,_,,1, where { E;} is the standard basis for g R'*™. In particular,
(*) holds.

But we have more: N € F'(n,n — k), and if we choose the displayed basis,
then N = (_I;{’“ ), which clearly belongs to F'(n,n — k).

Thus the assignment, ¢: [M] — [N], sends F(n,k) - F'(n—k). I M €
Fi(n, k), for each of the i sets of k rows yielding an invertible matrix, there
exists a distinct permutation matrix P such that PM has that particular set
of k rows moved to the bottom (of course different permutations can yield the
same subset of ¢ rows), and we easily see from the preceding explicit form that
for each, there is a corresponding subset of n — k columns in N. This yields a
one to one map from the sets of k rows of M constituting an invertible matrix
to the sets of n — k columns of NV yielding an invertible matrix. To show it is
a bijection, we work in reverse.

Begin with N € C’(n,n — k), and consider the map of right modules,
N: R - R(»=k)x1 By Lemma A.4(a), it is onto, so the map splits, and
we have a direct sum decomposition of right modules, ker N & @Q = R'*", with
the restriction of N to @ being an isomorphism with R™("=5)  If ker N is
free on k generators, then we send IV to any matrix whose set of k£ columns
is a basis for ker N (in parallel with what we did before). Now suppose
N € F(n,n — k); by applying a permutation matrix and pre-multiplying it
by an element of GL(n — k), we may assume that hNP = (_I;{’“ ). Then
ker hNP = ker NP = P~ ker N, and we see that the kernel is spanned by the
rows of (). It follows that if N' came from an M € F(n, k), then we recover
M up to the action of W(n) x GL(k).

In particular, this yields an inverse map [N] — [M], and we obtain that ¢ is
a bijection F(n, k) — F'(n,n—k); moreover, parallel arguments show that the
inverse map sends J;(n,n —k) — ;>; F;(n, k). Combined with the previous,
we must have ¢(F;(n, k) = F(n,n — k).

For the action of W(n) x GL(k, R) on F(n,k) or C(n,k), we define the
stabilizer of a point, M, to be the subgroup of P,, consisting of

{PeP,|PDMg= M for some D € D, and g € GL(k)}

(and similarly with respect to the actions on F'(n, k) and C’(n, k)). It is easy
to check that this is a subgroup of P,, (which we typically identify with S,,),
with the usual properties of stabilizers, e.g., if M and M’ are in the same
W (n) x GL(k) orbit, then the stabilizer of M is isomorphic to that of M’ via
an inner automorphism of P,, (of course, the word inner is only significant if
n = 6).

Thus far, we have most of the following.

Proposition A.6. Let R be any ring andn > k > 1. Then the map ¢ induces
bijections Fi(n,k)) — Fl(n,n — k) for each of i = 1,2,...,(}). Moreover, it
induces isomorphisms on the stabilizers.

Proof. We have already seen that ¢ is a bijection. Select M in F'(n, k), and con-
struct N € F"*("=F) guch that MT N is zero, as in the definition of ¢. Suppose
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P belongs to the stabilizer of M; then PDMg = M for (D, g) € D x GL(k).
Thus MT(DT)"1PN = 0. Since the columns of N constitute a basis for
ker M T, it follows there exists h € GL(n — k) such that (DT)"*PNh = N.
Since we can write (DT)"'P = P(P~}(DT)~'P) and the second factor is
diagonal, we have that P belongs to the stabilizer of N. It follows, by inter-
changing M and N, that their stabilizers are equal. O

It is clear from the definitions that an n x k matrix of the form U(X) := (1)2 )
belongs to F(n, k), and moreover, every orbit in F(n,k) contains a matrix
of this form. More interestingly, such a matrix U(X) belongs to F,(n,k),
where m = (Z), if and only if all s X s submatrices of X are invertible, for
all s = 1,2,...,k. In particular, all the entries of X have to be invertible
(corresponding to s = 1), and if & > 1, then all matrices of the form

<xi<1>,j<1> %(1),]'(2))
Li(2).5(1)  Ti(2).5(2)
. . k n—k\ (k n
(s :.2? have to be invertible as well. There are thus » ;_, ( P )(j) = (]) -1
conditions.

Proposition A.7. Let R be a stably finite ring satisfying SFF. Then the map
¢ induces a bijection C(n, k) — C'(n,n — k).

Proof. First, we show that (x) holds; that is, if M € C(n, k), then pker M is free
on n— k generators. As in the proof above, we have that g R**" = pker M & Q
where @ is a free left R-module (because the restriction of right multiplication
by M to @ is an isomorphism with z R'**). By SFF, pker M is free, and by
stable finiteness, it can only be free on n — k generators. Hence (*) holds.
Therefore the corresponding N exists, and we showed above that N €
C’(n,n — k). In particular, ¢ is a well-defined map C(n,k) — C'(n,n — k).
Now we can work in reverse to show it is a bijection. Pick Z € C'(n,n — k);
write ker Z & Q = R™*! as right R-modules, with Z restricted to @ being an
isomorphism. Then @ is free, so SFF implies ker N is free, and stable finite-
ness yields freeness on exactly k generators; pick such a basis. Define M to
be the matrix whose ith column is the ¢th basis element. It is easy to check
that if we construct the corresponding N, the R-module span of its rows will
be that of NV, and both being bases, they are bases for the same submodule,
hence there exists g € GL(n — k) such that gV = N. This shows that the map
C'(n,n — k) — C(n, k) is the inverse to ¢. O

Suppose that R is commutative, or more generally, admits an anti-auto-
morphism 1 (for commutative rings, we can take the identity; if R is a *-ring,
we can take *). Then there is a (relatively) natural map (depending on )
C'(n,n — k) — C(n,n — k) (and corresponding maps on the F): send M to
Y(M)T (defining ¢ on matrices entrywise). So composing this with ¢, we
obtain bijections F;(n, k) — Fi(n,n — k) (and if R satisfies SFF and is stably
finite, on the corresponding Cs).
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In particular, if R is commutative, and we take the identity as v, the columns
of N are given by a basis for ker M7, where we regard M7 : R"*! — RFX1 a5
a homomorphism of right modules. Then MTN = 0 and thus N* M = 0, and
we quickly see that the map ¢ really does behave like a duality. Similarly, if
we assume that v is involutive (as in *-rings), then there is a natural duality
F(n,k) = F'(n,n — k) — F(n,k) implemented via ker(M*)T.

If, however, 1 is just an anti-automorphism, there are still mutually inverse
bijections F(n,k) — F'(n,n — k) and vice versa, but they are not really the
same (the first is implemented by ker(M)?, the reverse by keryp~1(M7T)).

Suppose that k = 2, n = 5, and F' = Z,, for a prime p. We note that the
orbit space of Fio(5,2) can be interpreted as the orbit space of the collection
of 5 (distinct)-element subsets of 1-dimensional projective space over Zj, Py,
acted upon by PGL(2,Z,). Since PGL(2,Z,) acts 3-transitively on P, it is
easy to check that it acts transitively on Fi(5,2) if p = 5 or 7 (but not for
any larger prime—the order of Fio(5,2) does not divide that of PGL(2,Z,) if
p > 7). In particular, the result above shows that PGL(3, Z7) acts transitively
on Fio(5,3)—something that is routine to check with a computer (it suffices
to show that the stabilizer of one or any point has at most six elements), but
extremely tedious to check by hand.

APPENDIX B. A TRUNCATED RECIPROCAL FORMULA
David Handelman & Damien Roy

The rather casually obtained upper bound on density in the beginning of Sec-
tion 7 stems from the result in this section.
Fix a prime p. The following goes back to 1893.

Theorem B.1 ([16]). The number of rank n — s matrices in GL(n,Z,) is

2
((pn _ 1) . (pn _ pn—s—l))

(pn—s _ 1) . (pn—s _ p) .. (pn—s _pn—s—l)

The limiting case of this is the identity [13, 19.7], due to Euler. However,

we cannot obtain the result below simply by truncation, since there is a bonus
of an extra bit in the exponent of the error term.

Cs =

Proposition B.2. Let n,s be positive integers, with n > (s +1)2 + 1, and let
z be a variable. Then as functions analytic on the open unit disk, we have that

<(S+ﬁ_1“‘z )(”Z e 1—5: —

i=1

and

(o) (o 2y

i=1
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are polynomials, and their Maclaurin expansions are

1— 2GT0°F2 4 higher order terms.

Proof. Since (s+1)2—1 > 2s, it follows that all the denominators of the right
factor are eliminated by the left (count the multiplicities of the various roots
of unity that are zeros of the denominators, and do the same for the first 2
terms in the product on the left). Hence the polynomial assertion is verified.
With N, =[]/~ (p" — p*) being the number of invertible matrices, we have

I e e s
H;Z;Ql (pn _ pi) (pn—s _ ]_) . (pn—s _ p) e (pn—s _ pn—s—l)
(P —1)---(p" _pn—s—l)

((pn _ p"_s)(p" _ pn—s+1) . (pn _ pn—l))
1

(=D =) (= Y)
2 N, plnm9=s=D2(pn — 1)(pn 1—1) C(pt = 1)

'p”2 : pn(nfl)/2((p —Dp=t=1)---(p— 1))
1

. ((pn_s _ 1)(pn—s—1 — 1) ce (p — 1))
5 Np p(n—s)(n—s—l)/Q(pn _ 1)(pn—1 _ 1) . (pn—s—i-l _ 1) .

onz 2
p pr =2 ((pr = 1) (ps=t = 1)+ (p— 1))
divide by p”2 and set z = 1/p to obtain

252 _n B _ s 1 n ‘
G _ N, (1 )gl ) M <H(1 —zl)) - cs(2).

e (-2 <1—z2> ST i

Cs =

:Np~

‘23

=P

)

Set co = 1, and let m(z) =[]/, (1 — 2°). We see that each c,(z) is analytic
on the unit disk; moreover, for each prime p, m(1/p) E;;O ¢;(1/p) = 1, since
the unnormalized forms count the total number of matrices; this equality is also
true at z = 0. Since each of the factors is analytic on the open disk, and the
product agrees with the constant function 1 on a limit point ({0,1/2,1/3,...}),
it follows that the product, m - (Z;—Z:o ¢;) is 1 on the unit disk. We use this to
determine some Maclaurin coefficients. Each ¢; is expressed as

Zi2

(I1—2)2---(1—2%)2
When we expand this in its Maclaurin expansion, we see that ¢; = 2 4220y
terms of higher order. Now suppose that s> < n, and consider the truncated
sum, Ef:o c¢i. The missing terms are of the form m, - ¢;, where t > s. It
follows immediately that the smallest degree term in the Maclaurin expansion
of what is missing is 2(s+1)? L 9,(s+1)” 1 1 Thus E, = S ci — D ins Ci =
1 — 2(+D% —2(+1)% 1 1 4 terms of higher order.

x (1—2")(1—2""1) (1= 2",
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2 - _ i
Now truncate m at (s +1)% — 1, that is, ms = [[;< (4 1)2_1 (1 — 2"). Then

m—ms = ms - ((1 — z(SH)Q)(l — 2(5“)2“) cee— 1)

= my - (- LD (D)L ()42 )
=2 Q224 ) (1= 2) (1= 22) (1 —2%) -
— _z(8+1)2(1 224 ),
SO
My :m+z(s+1)2(1—z2+---).

Now we have

ms'Es:m+2(5+1)2(1_22—|—"')' (ici—Zci)
=0 i>s
:1—chi—|—(z(s+1)2(1—22+---))E8
i>5

=1—((1=2)(1=2%(csp1+))

—|—(z(5+1)2(1—22—|—---))(1—|—z—|—2z2—|—---)
:1—(1—z—z2—|—z3+---)z(3+1)2(1+2z+5z2+---)

+z(5+1)2(1+z+z2+---)

=12 (4242224 ) = (42422 4--1))
- 1_Z(S+1)2+2+...

This is exactly the desired assertion for the more complicated product. For
the less complicated (first) product, from n — j + 1+ 52 > (s + 1)% + 2 (this
is equivalent to n +1 > (s + 1)2 + 2), the extra terms in the numerator of
the right-hand term do not contribute to any Maclaurin series terms of degree
less than or equal (s + 2)% + 2, so the first product has the same Maclaurin
expansion up to that degree. O

The simpler expression (the first one) does not involve n and the product
behaves as 1 — 2(5TD*+2(1 4+ O(z)) without reference to n. If we let s — oo,
then the left function converges uniformly on compact subsets of the open unit
disk to the Euler function, and since the latter has no zeros, it follows that
the infinite sum on the right also converges uniformly on compact subsets,
so is also analytic on the open disk; necessarily, the limit is the reciprocal of
the Euler function, giving yet another proof of the identity [13, 19.7]. For all
values of s that we could calculate with, the coefficients of the higher order
terms oscillate in a particularly interesting way, and the maximum increases
as s does, according to Maple.
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APPENDIX C. COUNTING PH-EQUIVALENCE CLASSES

In [1], Atanasov et al. compiled tables of PH-equivalence isomorphism types,
based on (what amounts to) d = |det B| and |det B°P| for n = 3 and 4. Using
Proposition 2.1, one can obtain explicit formulas for the numbers of equivalence
classes that contain a terminal form with 1-block size n — 1 of determinant d,
and subdivide it according to the possible values of |det B°P|. Aside from the
complicated nature of the expressions, these only deal with 1-block size n — 1.

The usual (Jordan) totients are denoted J; = ¢, Jo, Js, . ...

In this appendix, we will see that the lower bound obtained for the number
of PH-classes of C € NS,, of determinant d obtained in Lemma C.1,

(Q‘) * Jo ke k Jn—l)(d)
n!

F,(d) =

3

is asymptotically (in d) correct (with an estimate having a factor 1 +0O(d 1)),
when d is square-free. We do this by showing that the vast majority of the
Sp-orbits on weakly terminal matrices (defined below) of determinant d are
of full size, that is, n!, via estimates (and in some cases, exact formulas) for
numbers of matrices fixed by an arbitrary permutation.

A matrix C is called weakly terminal, if it is in Hermite normal form and
belongs to AS; in particular, it is upper triangular, and its (1,1) entry is 1. It is
quite easy to count the weakly terminal matrices of given size and determinant.

Let C be a weakly terminal matrix of size n, let m € S,, be a permutation,
and let P = P, be the permutation matrix right multiplication by which
implements 7 as a permutation of the set of columns. There exists U =
Up € GL(n,Z) such that Cp := UCP is in Hermite normal form, and in fact,
given P, Cp is unique. If C’ and C" are weakly terminal matrices such that
C’' = UCP for some permutation matrix P and U € GL(n,Z), and C" =
U"”CP (same permutation matrix), then C” = U"(U~1C'P~1)P =U"U~1(C’,
so that C" is Hermite equivalent to C’—but both are in Hermite normal form,
so must be equal.

Since the property of being in NS is preserved by Hermite equivalence, it
follows that {Cp}p g is a finite set consisting of weakly terminal elements,
and an orbit, under the action of S,,. Moreover, this orbit must contain at
least one terminal matrix (since every matrix is PH-equivalent to a terminal
matrix, and terminal implies weakly terminal). Thus the orbits of the form
{CP}pes, (with C varying over weakly terminal matrices) are in bijection
with the PH-equivalence classes of C' € NS,,.

In particular, for fixed weakly terminal C' (weakly terminal is required, since
otherwise Cp is not necessarily uniquely determined) is an S,-space. The
difficulty in counting arguments is that the orbits need not all be full, that
is, there will be some fixed points—C'p = C for some nontrivial permutation
matrix P.

One case in which the orbit will be full (of cardinality n!) occurs when the
J(Cqiy) are distinct (that is, mutually nonisomorphic as abelian groups). The
obvious action of P (acting on the columns) implements a permutation of the
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n-tuple, (J(Co1)), J(Cae)),---»J(Camy)) (the subsequent left action by the
unimodular matrix does not affect the order of these groups). If the J(Cq;)
are distinct, this action is just the permutation representation of .S,, on a set
with n elements. It follows that the orbit of the action C — Cp is full.

For 7 € S,,, let P = P, denote the permutation matrix right multiplication
by which implements 7 as a column permutation. Then a weakly terminal
matrix C € NS, is fixed by 7 (or P = P;) if and only if CPC~! has only
integer entries. For a subgroup H of S,, and a positive integer d, let Z(H)(d)
denote the set of all weakly terminal matrices of determinant d that are fixed
by all elements of H. When H is the cyclic group generated by m, we use
the notation Z(7)(d). The cardinality of Z(w)(d) is denoted S(m)(d) (and
similarly for subgroups H). The function d — S(m)(d) is multiplicative (in the
number-theoretic sense) for all 7.

There is an obvious procedure for counting PH-equivalence classes. First,
we count all the weakly terminal matrices of fixed determinant d (done in
Lemma C.1). Then we count the number of weakly terminal matrices whose
orbits are not full, and subtract them off, keeping track of the number of PH-
equivalence classes they constitute, and apply Burnside’s lemma. When n = 3,
it is barely possible to do this, but for larger sizes, obtaining the exact number
seems horrible. (In fact, when n = 3, we obtain a convenient subdivision into
various cases with 1-block size two, and the remainder; this goes most smoothly
when d is square-free.)

However, for n arbitrary and d prime (and thus for d square-free), we can
obtain relatively explicit formulas for S(mw)(d) for every m € S,; since the
matrices with orbit size less than n! must be in Z(7) for some non-identity
m € S, we obtain an upper bound for the number of PH-equivalence classes via
Burnside’s lemma. This will verify the conjecture below when d is square-free.

Recall the definition of the kth Jordan totient, Ji(n) = n* 1.1 —p7 ).
Then J; = ¢, Jj is multiplicative (in the number-theoretic sense), and Jj(d)
counts the number of content one columns of size k + 1 with d in the bottom
entry, and all the other entries belonging to {0,1,...,d — 1}. Recall that for
multiplicative functions f and g, the convolution, fxg, is defined by (f*g)(d) =
Zrldf(x)g(d/x), and is multiplicative; moreover, f x g = ¢ x f. There is
an identity for constructing Ji, namely, if & is the multiplicative function
n— nFe(n), then &1 * &_o % --- % & * ¢ = Jp. (The Dirichlet series for the
function on the left telescopes.)

Lemma C.1. Let d be a positive integer. For n > 1, the number of weakly
terminal n X n matrices of determinant d is

(¢*JQ koo *Jn—l) (d)

Proof. This simple proof is carried out by induction on n. If n = 2, we are
counting the matrices () %), where 0 < a < d and (a,d) = 1—the number of
choices for a is obviously ¢(d).

For n > 2, given a weakly terminal matrix C, say with (n,n) entry z
(which divides d, as the matrix is upper triangular), deleting the last row and
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column, yields a weakly terminal matrix of size n — 1, and with determinant
d/xz; moreover the nth column has content one. Conversely, given a weakly
terminal matrix of size n — 1 and a content one column of size n, we created a
weakly terminal matrix of size n by attaching the column, and embroidering
n — 1 zeros on the bottom, and of course the determinant multiples.

If H;(t) denotes the number of weakly terminal matrices of size j and de-
terminant ¢, we then have H,_1(t) = (¢ x Jo * - -+ % J,_2)(t), by the induction
hypothesis, and

H,(d) = Z In-1(x)Hp-1(d/)
o|d
= (Jup_1x H(n —1))(d)
= (Hp_1 % Jn_1)(d)
=(pxJyx-xJy_1)(d),
completing the induction. |
Set F'(n,d) = (¢px Jax---xJy_1)(d). It follows immediately that F'(n,d)/n!

is a lower bound for the number of PH-equivalence classes of matrices in NS,
of determinant +d.

Conjecture. For d a positive integer, the number of PH-equivalence classes
of matrices in NS,, having determinant +d is

(o Jox- % Ju1)(d) (1 4 5(1 + o(l)))

n!

for some constant c.

Theorem C.2. If n > 3 is fized and d is square-free, then the number of
PH-equivalence classes of matrices in NS, of determinant +d is given by

n
PH(n,d) = L T2* - Jn-1)(d) <1 + %) (1+ 0(%)))

In Appendix D, we will show that the estimate is true for arbitrary d when
n=3.

One way to proceed, and even obtain a slightly sharper result is as follows.
Fix n, then d, and a permutation 7 € S,,, and its corresponding matrix P (right
multiplication by which implements 7 as a column permutation). We wish to
obtain an asymptotic estimate for the number of weakly terminal n xn matrices
C of determinant d invariant under the action of P, that is, CPC~! € M, Z.

Let K(m) denote the number of cycles in the decomposition of the per-
mutation 7 associated to P; fixed points of course are 1-cycles, so they are
counted. Then K(m) is just the co-rank of the matrix I — P, that is, n =
rank(I — P) 4+ K (), as it simply counts the algebraic and geometric multi-
plicities (they are the same for permutation matrices) of 1 as an eigenvalue
of P.

Motivated by the counting arguments above, the following is likely to be
true.
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Specific Conjecture. Let m € S,, be a non-transposition. Then for all € > 0,

S(ﬂ-) (d) _ O(dK(ﬂ-)_TH_E).

F(n,d)

Without e, the specific conjecture fails (in Appendix D, we will see that when
n =3 and 7 is a 3-cycle, then S(r)(d)/S(1)(d) is infinitely greater than d—2).

If the specific conjecture were true, the conjecture preceding it would follow
(as we will see when we discuss S(7) when 7 is a transposition). Of course, it
would be sufficient to prove this when d is restricted to powers of primes.

Presumably, this is part of a theory of an arithmetic version of varieties,
corresponding to subvarieties having measure zero when imbedded in a variety.

Lemma C.3. Let H be a subgroup of Sy, and w € S,,. Then for all d > 0,
S(H)(d) = S(rHr)(d).

Proof. Fix d, and let () be the permutation matrix representing 7. Select a per-
mutation matrix P that corresponds to an element of H, and suppose weakly
terminal C is fixed under the action of P, that is, CPC~! € M,,Z. There ex-
ists U = Uc g € GL(n,Z) such that UCQ ™! is in Hermite normal form; since
both left multiplication by elements of GL(n,Z) and right multiplication by
permutation matrices preserve NS,,, UCQ ™! is itself weakly terminal, and of
the same determinant as C' (it is of the same absolute determinant, but being
in Hermite normal form, the determinant is positive). In addition, Uc,q is
unique (with respect to the property that UCQ~" is in Hermite normal form),
as det C' =d # 0.
Next, we observe that
UCQ 1 QPQ™HQCTIUT =U(CPCTHU T € M, Z.

Since this is true for every P corresponding to an element of H, we have
a set map Z(H)(d) — Z(rHr 1)(d), given by C — Uc,oCQ~'. Since C
is itself weakly terminal, it follows that Uycg-1 -1 must be Uc_,le so the

corresponding map Z(rHn~1)(d)) — Z(H)(d) is the inverse of the original.
This shows that C + Uc,oCQ ™1 is a bijection. O

Define for each positive integer k, NV: N — N via
Ni(d) = |{z €Zy| 2" = 1}|

The Chinese remainder theorem implies that for each k, the function N is
multiplicative. The following is routine, and follows from Zj.. being cyclic of
order p™~1(p — 1) when p is odd, and isomorphic to Zom—2 X Zo when p = 2
(with the interesting convention that Zs-1 X Zs is the trivial group).

If p is a prime and m € N, then v,(m) = r means that p” maximally
divides m; this is the usual valuation.

Lemma C.4. For a prime p,

Ne(p™) = prin{up(R)m—1} ged{p—1,k} ifp is odd, or p™ =2
2 ifp=2and m > 2.
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If k is an odd prime, then In Ny (d) < |{p|d |p =1 modk}| - Ink, and in
general, NV (d) < 2k*(D+1 although the latter is almost always a gross over-
estimate.

Let m € Sy, and let i € {1,2,...,n} (n will be fixed). Define the orbit of
with respect to w, Ox(i) (or O(i) if  is understood), to be {7 (i)}, o5

For w € Sy, let P, (or P if 7 is understood) be the corresponding permuta-
tion matrix that implements the action of 7 on the columns of n X n matrices
by right multiplication. If C'is weakly terminal, then C' is fixed by the action of
7 (or P) if CPC~! has only integer entries: explicitly, C P! is put in Hermite
normal form by a matrix U € GL(n, Z), that is, UCP~! is in Hermite normal
form; then UCP~! = C if and only if U = CPC~*, which is equivalent (since
the determinant of the right side is plus or minus one) to CPC~! having only
integer entries.

We will determine S(m)(d) exactly, when d is square-free. We obtain a
formula involving some of the orbits of 7 and their cardinalities, relating to
Jordan totients. It is explicit enough that we can easily verify the specific
conjecture for square-free d.

As before fix n and fix d as well. Let 2 < j < n, and let

T
U= (al,ag,ag,...,aj,l,d,0,0,...,O) ezZ”

such that 0 < a; < d and ged{d,a1,...,a;-1} = 1. Let C = C(j,u) be the
weakly terminal matrix whose jth column is u, and whose ith column for i # j
is the standard basis elements E; € Z™. In other words, C' — I has exactly one
nonzero column, and it is v — E;. Note that C' so constructed is automatically
weakly terminal.
Define
_ det C' = d, C is weakly terminal,
Vi =Vi(d) = {C € M.z ‘ the only nonzero column of C' — 1 is the jth}'

The definition forces the jth column to be of the form u as given above.

Given 7 € S,,, we will determine the number of matrices C' € Vj such that
C is invariant under 7, that is, for which CP,C~' € M,,Z. If d = p, a prime,
then every weakly terminal C of determinant d is in V; for some j, so we obtain
S(m)(p) as a sum over j = 2,...,n of these numbers. This yields a formula for
S(m)(d) when d is square-free. The formula is sufficiently explicit to determine
asymptotic behavior (that is, for large, square-free d).

Begin with C'= C(j,u) € Vj, and P = P;. The ith column of C'P is given
by

B0 if i # 7(j),

CP); = - .
(CP) {u:Zl<j1 wE +dE; if i = 7(j).
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Thus the entries are given by
1 ifi#w(j) and ¢ = w(m),
0 ifi#m(j) and i # w(m),
(CP)im =X am ifi=mn(j) and m < j,
d ifi=mx(j) and m = j,
0 ifi=mx(j) and m > j.
Extend the definition of a;, so that a; = d and a; = 0 if [ > j. We will usually

write mk rather than 7(k) (unless ambiguity may result) from now on. We can
thus write the mth row of CP, (CP)(™), as

(C’P)(M) = Qmenrj + {eﬂ'm 1f m 7é .]’7
0 if m=j.
(We are using the convention that FE; represent the standard basic columns,
while e; represent the standard basic rows, so that e E); is the matrix product
whose outcome is dy;.)
Now C~! is calculated easily by factoring C into a product of a diagonal

matrix and a unipotent. The outcome is that all the columns of C~! except
the jth are just the standard basic columns, and the jth column is

dY(—a,...,—a;_1,1,0,0,...,0)T.

In particular, (C_l)j = d_l(Ej — Zigjfl aiEz)
We see immediately that CPC~! has only integer entries if and only if its
jth column does. We calculate the entries of the jth column:

(CPC™ ")y = (CP)™(CTY;

s .
—fmmif m,mm # g,

—amlnl 4+ 00 if m =, if mj # 7,
= % if m # j and mm = j,
“Gam ifp £
am 4} T d ’ if 7j = j.
T itm=j, 7=

Now we count the m-invariant matrices in V;. First suppose that (j) = j.
Then the conditions for all the entries to be integers boil down to G n, =
anm modd for all m # j. Hence, if m # j, then a,, # 0 implies a; # 0 for
all i € O(m). Thus a,, # 0 entails O(m) C {1,2,...,j — 1}. Conversely, if
O(m) € {1,2,...,j— 1}, we can put any value in we like for a,,, and the same
value for a; as i varies over the orbit of m. The only constraint is that the
resulting column v must have content one. The number of such columns is
thus exactly Jy(;)(d) (the Jordan totient), where s(j) is the number of orbits
that are contained in {1,2,...,7 — 1}.

So if w(j) = j, the number of matrices in V;(d) that are fixed by the action
of 7 is exactly Jy(;y(d). (If s(j) = 1, J1 = ¢, the usual totient; if s(j) = 0, the
outcome is zero.)
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Now suppose that 7(j) # j. First, we consider conditions arising from the
coefficients corresponding to O(j), the orbit of j itself. Suppose the orbit of
j has k > 1 elements, so that if m = 7j, then m,7m, ..., 7% %m are distinct
from each other and j, and all but the last one satisfies ws # j (if & = 2, then
all we have is {m}).

For k > 3, we deduce a2, = —arm, and then G mam, = —ayr2,,, until we
reach ark—3,,0m = —Grk-2,,, and finally, a x-2,, = —1. We can rewrite these
as functions of a,,, obtaining @, = —a2,, a2, = ad,, and for r < k — 2,

Arrm = (=)™, and finally (—a,,)* = 1 modd. So we have N (d) choices
for a,, and every other a; for i € O(j)\ {j} is determined by the choice of ay,.

For k = 2 and k = 3, the same result applies (and is easily checked); the
indexing was confusing.

Now we come to a,, for m ¢ O(j). Then the equations become ary =
—QmQrj, Qp2py = ama%j, and in general arrym = am(—ax;)" (this is true for
all 7). Thus the choice of a,; (which has to be a kth root of unity in Z,;) and the
choice of a,, will determine the rest of the a; for i € O(m). However, there are
constraints on the choice of a,, if k(m) := |O(m)| is not divisible by k = |O(j)].
Write k(m) = ¢k + f, with ¢ > 0 and 0 < f < k. Then a, = apromy, =
am(=a-;)*™ = a s = am(—ar;)?. Hence an(1 — (—ax;)?) =0 modd.

Set 2 = —ayj, so that 2¥ = 1 modd. The restriction, that a,,(1 — 2f) =0,
is trivial if 2/ = 1. At this point, for simplicity, we assume that d is a prime.
In that case, 1 — z/ is a zero divisor if and only if 2f = 1, and a,, can be
anything; otherwise, a,, = 0 is forced. Moreover, if 2/ = 1, then the remain-
ing a;, determined by Grrm = am(—ax;)", are consistent with the conditions
for invariance. Hence there are exactly ged{f,p — 1} = ged{k(m),k,p — 1}
selections for a,; for which we obtain p choices for a,,, and for all the rest
(Ng(p) — ged{k(m),k,p — 1}), there is exactly one choice, a; = 0 for all 4 in
the orbit of m. If k divides k(m), then the latter does not occur (as f = 0).

Now we can count the number of matrices in V;(p) fixed by =, for p prime.

(a) If mj = j, there are Jy(;)(p), where s(j) is the number of m-orbits in
{1,2,...,5 - 1}.

(b) Suppose mj # j. If O(j) is not contained in {1,2,...,5}, then there
are zero choices. Assuming O(j) C {1,2,...,;} (that is, 7 = max O(j)), select
z in Z; with order dividing |O(j)|, and set ar; = —z. For each of the s(j)
orbits in {1,2,...,7— 1}, we select m in the orbit, and either set a,, to zero (if
210l £ 1) or let it be arbitrary (if z/90™| = 1), and define the a; for other
i € O(m) according to the formulas. The constraint that the column must
have content one is automatically satisfied, since a.; = —z is relatively prime
to p.

For z fixed, the number of choices (with ar; = —z) is thus (provided O(j) C
(1,2,...,5)

PHOIOm)C{1.2...3} and 9™ =1 modp}|

Now we sum this over all choices for z, of which there are ged{|O(j)],p — 1}
(the number of kth roots of unity in Zy).
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Finally, we observe that if d is prime, then the set of weakly terminal matri-
ces in M, Z of determinant d is simply U J V;(p), since a matrix in Hermite
normal form with prime determinant can only have one column that is not
the corresponding standard basis element. This leads to the following expres-
sion. Recall that s(j) = s(j, ) is the number of m-orbits that are contained in

{1,2,...,5—1}.

Proposition C.5. Let m € S,,. Then for a prime p, the number of weakly
terminal matrices of determinant p fixed by 7 is given by

Z Js(j,ﬂ) (p)

2<j<n
wj=J
+ E E \{O(m)\(’)(m)c{l 2,...,5} and 21°0MI=1 rnodp}\
2<j<n 2€Zy

0: g} #7
Proof of Theorem C.2. If 7 is a transposition, then by Lemma C.3, we may
assume that 7 = (12). In that case, there are n — 2 fixed points, and s(j,7) =
j— 2 for 57 > 3. The second sum in Proposition C.5 reduces to the case that
j = 2, and there are exactly two solutions to 22 = 1 mod p if p is odd (z = +1),
and just one if p = 2. So we obtain

n—2 . .

2 if pis odd,
> Jilp) + P
pt 1 ifp=2.

The left sum is p" 2 4+p" 3+ +p—n—-2)=0p" 1 -1)/(p—1)—n+1;
perhaps unsurprisingly, this is ¢1 * Jy * - - - x J,_o(p). It is easy to see than any
nonidentity permutation other than a transposition will have leading term at
most p” 3.

If 7 is a cycle of order n, then the count is hardly anything, just N, (p) =
ged{n,p — 1}.

Now we make some crude estimates for the number of PH-equivalence classes
of determinant +d matrices in NS,,, denoted PH(n,d), when d is square-
free. 'We see that (J, 5 Z(m)(d) consists of the weakly terminal matrices
(of determinant d) whose orbit size is strictly less than n!. Let F(n,d) =
(¢ Jo*---*Jy_1)(d), the number of weakly terminal matrices of size n and
determinant d. Let T be the set of transpositions in \S;,, together with the iden-
tity element. By Burnside’s lemma (actually the lemma that is not Burnside’s)
and Lemma C.3,

F(n,d) + 3>, S(m)(d)
n!
F(n,d) + (3)S(12)(d) + X rcs, 7 S(7)(d)

n!

PH(n,d) =
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We know that if 7 is any of the (}) transpositions, then S(m)(p)/F(n,p) < 1/p;
hence for d square-free, S(mw)(d)/F(n,d) < 1/d, and if 7 is not a transpo-
sition, then S(7)(p)/F(n,p) < O(1/p*~¢) (as d — oo) for all € > 0, hence
S(7)(d)/F(n,d) <1/d*¢. Thus

F(n.d) ¢ (3) Fn.d) ¢ (5)  n
i St A A2/ 1 < < 07 A2
22 (142 (1-0(1)) < PH(n ) € === (142 + —)
for all € > 0. This is not effective until d > n!, but it does yield the conjecture
(for square-free d). O

For general d (not assumed to be square-free), we can obtain results for
transpositions. For each integer k > 1, define the function My : N — N via

My (d) = |{(a,t1,t2,... . ti—1) € Z& | a® = 1 and for all 4, t;(a + 1) = 0}].

By the Chinese remainder theorem, each M} is multiplicative.
We also define the multiplicative function Py(d): N — Z*, via

Peld) = {Jk(\/a) if d is a square,

0 if d is not a square.

Informally, Py.(d) = x2(d) - Jx(v/d), where Y2 is the indicator function of the
set of square integers.

Lemma C.6. For p a prime,

pm=b 41 if p is odd,
)2 i =2,
Mk(p ) = 22(k—1) + 2k—1 prm _ 4,

om(k—1) + 9(m—1))(k—1) + ok if 8 divides p™.

Proof. If a = —1, then there are p™*~1 choices for (t1,...,tp_1). If a = 1
and p is odd, as 2 is invertible in Z4, we must have t; = 0, that is, just one
solution. When p is odd, the solutions to a? = 1 are exactly &1, hence we have
a total of p™(*~1) 4 1 solutions.

If p =2 and a = 1, the number of ¢ such that 2¢ = 0 mod 2™ is 2; hence
this case accounts for 251 solutions. When m > 3, there are two other
roots of a2 = 1, 271 &+ 1. When a = 2™ ! — 1, the equations reduce to
2m=1¢, = 0 mod 2™, so there are 2(m~D(*=1) golutions. When a = 2" 41,
the equations become 2(1 + 2™~2)¢t; = 0 mod 2™, and as the middle factor is
invertible, there are just 2¥~! solutions.

When p™ = 2, a = 1 is the only square root of 1, so there are 2~ (preceding
paragraph, first line) solutions, as indicated in the statement of the result. If
p™ = 4, then there are two roots of 1, £1; we have 22(:~1) golutions from
a = —1 (first line of first paragraph) plus 2*~! solutions arising from a = 1
(first line of second paragraph).

Finally, if p" = 2™ with m > 3, we have 271 4 9k—1 4 o(m-1)(k—1) } gk—1
solutions, arising, respectively, from a = —1,1,2m~1 —1,2m~1 4 1. O
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Recall that we have abbreviated (¢ * Ja * - -+ % J,_1)(d) to F(n,d).

Lemma C.7. Let m € S, be a transposition, with n > 2. For d a positive
integer, the number of n X n weakly terminal matrices of determinant d that
are invariant under w is

S(m)(d) = (¢p* Jp# -+ Jn_g % Pp_g x My_1)(d).

Proof. As d — S(m(d)) is multiplicative, we may assume d = p™. By Lem-
ma C.3, we may assume that 7 interchanges n — 1 and n. Fix (k,l) with
k+1 < m, and let C be a weakly terminal matrix whose last two diagonal
entries are p* and p', respectively. Denote the entries above the diagonal by
a;; as usual; for convenience, denote a,—1,, = a. Let P be the permutation
matrix corresponding to m, that is, right multiplication by it implements the
interchange of the last two columns. Then I — P =0, @ ( %, 7).

The condition that C is w-invariant is equivalent to CPC~1 € M, Z, equiv-
alently, C(I1— P)C~! € M,,Z. To calculate (I— P)C~!, we need only calculate
the bottom 2 x 2 block of C~!, which is found in a matter of seconds to be
p*(k”)(’g ;,?). Thus, letting Cy be the upper n — 2 square block of C,

CO a1,n—1 a1,n
az,n—1 a2.n
a1 : : P —(a+p")
CI-P)C™'=— : : on_@< :
( ) karl n—2n—-1 0Qan-2n < ’ _pl a+ pk
0 pF a
0 0 P

This multiplies easily (we can ignore Cjp), and we deduce necessary and suffi-
cient conditions for all the entries to be integers:
(i) forall1 <j<n—2,a5, = ajn1 mod p¥,
(ii) for all 1 < j <n—2, (ajn — ajn—1)(a+p*) =0 mod p**+!,
(iii) a =0 modp*,
(iv) p* = 0 mod pk+!,
(v) p** = a® mod pFt!.

From (iv), we must have k < I. We may write a = pFay by (iii), with
ag < p'=* (as C is weakly terminal). Then (v) yields a2 = 1 mod p'~*. By (i),
we may write a;,, = a;j,,—1 + t;p¥, for some t; < p'~*. Then (ii) translates to
t;(1 4+ a) = 0 modp'~*. Conversely, if I > k, given a3 = 1 and t; satisfying

tj(14a) = 0, then for each choice of (a1,n—1,a2.n—1,-- -, an—2.n-1)T, we obtain
a fixed point of w. If [ = k > 0, then ¢ = 0, and ¢; = 0 for all 4, so we obtain
exactly one solution for each (a1 1,02 -1, .. ,an-2,)7. Finally, ifl = k = 0,

there is only once choice.

The arbitrary weakly terminal matrix in the upper block, Cy, is of determi-
nant p™ %~ and size n — 2; thus there are F(n — 2,p™ *~!) choices for Cj.
For the (n — 1)st column, there are no constraints on the entries (assuming
k < 1), so there are J,,_2(p*) choices (since the column has to be unimodular).
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Finally, once the (n — 1)st column entries are determined, we have, by the pre-
vious paragraph, M,, _(p'~*) choices. Hence the number of weakly terminal
matrices is (on setting t =1 — k)

SmE™ =Y F-2p" " (0" Mo ()

k+1<m, k<l

= > Fn—2,p" ") (0" Ma 1 (p)
2k+t<m

= Z F(n— 27pm_K_t)Pn—2(pK)Mn—l(pt)
K+4+t<m

= (((b * J2 Kook Jn—B) * Pn_g * Mn_l)(pm)

The third line is obtained from the second line via the observation that if K
is odd, then P, _»(p%) = 0. O

If n = 3, the result is Py x My, and if n = 4, the result is ¢pxPax M3 (J1 = ¢
and Jp is the constant function). So for 7 a transposition, S(I) — S(7) =
(pxJask-xJp_3)* (Jp_a*xJp_1 — Py_o % M,_1), which is sufficient to show
S(m)(d)/F(n,d) = O(1/d). So the conjecture (for general d) would be true if
the specific conjecture were true (as it almost certainly is).

APPENDIX D. COUNTING PH-EQUIVALENCE CLASSES OF SIZE 3

Here we obtain exact counts for various situations involving the PH-equi-
valence classes when the matrix size is 3, without assuming the determinants
are square-free (as always, we are assuming the matrices are in NS). For
example, those equivalence classes that contain a terminal matrix with 1-block
size two can be subdivided into three interesting subcases, and we can count
each. As a result, we show that in terms of PH-equivalence classes, those of
fixed determinant with a 1-block size two matrix are generically swamped by
those not containing one, even when we restrict to square-free determinant
(generally, for determinant d, the larger Zpl 4 1/p is, the smaller is the ratio of
1-block size two equivalence classes to the rest).

Theorem D.1. The number of PH-equivalence classes PH(3,d) satisfies

3 PH(3,d) 3¢(2) 1
35 Grais St olE)

for all e > 0.

This of course is close to the conjecture of Appendix C with n = 3. The
little oh term is presumably redundant.

For n = 3, again by Burnside’s lemma, the number of PH-equivalence classes
is
(5) ¢ * Jo(d) + 38(23)(d) + 25(132)(d)

5 .
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If m > 1 and p is a prime,

(@ * J2)(P™) = (" 2(p+1)* + 1)p" ' (p— 1)
1 1 1 1 1
2m
(koL RS

p p2 pd  pmtl pm
At m = 1, the outcome is simply p—1+p?> — 1= (p — 1)(p + 2). Hence as a
function of d, it is a bit less than d? [Ta(p + DT, - 1/p%)). At d = 2™,
the outcome is asymptotically 9 - 22m=3(1 — O(2=™))

Now ¢ Jo(p™) = p*™ +p*" 1+ 50 ¢ Jo(d) = d* [, 4(1+1/p+1/p*+
---). We will find that S(12)(p™) = p™ +p™ L —. .. except for p = 2, when it
begins 3-2" /4 rather than 2, so S(12)(d) < d[[,,(1+1/p+1/p*£---) and
S(132)(d) = o(d®) for all € > 0; both of these will result from exact expressions.

There are relatively straightforward asymptotic estimates, for example, with
fixed n, the number of equivalence classes of terminal forms with 1-block size
n — 1 is bounded below by

max{(d — ¢(d))"~*, ¢(d)" "'} '

n!

However, there are some cases (with n = 3), wherein the formulas become
quite simple. If d is a prime or a product of two distinct primes, automat-
ically all terminal forms have 1-block size n — 1. More generally, we obtain
exact numbers of PH-equivalence classes for fixed absolute determinant d when
n=3.

Let w,w’,w”: N — C be defined, respectively, by w(d) is the number of
distinct prime divisors of d, w’(d) is the number of distinct prime divisors of d
that are congruent to 1 modulo 3, and w”(d) is 1 if 9 divides d, otherwise it is
zero (so w” is the indicator function of 9N). Each of them is additive (in the
number-theoretic sense), so each of 3%, 3" and 3v" is multiplicative.

We also define My, M: N — C by setting, for d = Hp‘dpm(”),

1 if m(2) =0,
2 if m(2) = 1,

Ms(d) =
() =194 if m(2) = 2,
3.2m2 44 if m(2) > 3,

M(d) = Ma(d) T ™% +1).
odd p|d
Obviously, M and M3 are multiplicative, but not completely multiplicative.
Recall that N3(d) denotes the number of solutions to the polynomial X3 —
1 = 0in Zgq. On replacing X by —X, we see that N3 also counts the solu-

tions to X3 = —1. By the Chinese remainder theorem, the function N3 is
multiplicative. The following is elementary.

Lemma D.2. We have N = 3w’ +v”
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Proof. Both sides are multiplicative, so it suffices to show equality for d = p™,
with p prime. The set of solutions to X® — 1 = 0 is a subgroup of Z} of
exponent 3 or 1. If p = 2 mod3, |Z};| = ¢(p™) = p™!(p — 1) is relatively
prime to 3, so the solution is unique. In this case, N3(p™) = 1 = 3w/ (d)+w"(d),
If p=1mod3, Z is cyclic of order p™~!(p — 1); the latter is divisible by 3,
and as the group is cyclic, it has a unique subgroup of order three. Hence
N3 (pm) —3— 3w’(d)+w”(d).

Finally, if p = 3, with m = 1, ZZ is order two, so N3(3) = 1 = 3w @) +w" (),
if m > 2, then Zg is cyclic of order 2 - 3™~!, hence has a unique subgroup of
order 3, and thus N3(d) = 3 = 3w ()+w"(d), O

Lemma D.3. Let p be a prime, and m a positive integer. The number of
solutions (y,k) to the equations y> —1 =0 and (y + 1)k =0 in Zym is

pm+1 if p is odd,
2 ifp™ =2,

M(p™) =
LT if =4,

3-27" 144 ifp=2andm>3.

Proof. Since Zym [p™ 1Zym = Z,, and the latter is embedded in the former,
if y2 = 1, then we can write y = w + p’s for some w € {0,1,2,...,p — 1},
1<t<m-—1(soif m =1, the second summand disappears), and (p,s) = 1
with 1 < s <p—1, ory = w. In the field Z,, the only solutions are £1, so
w=%1. Thus 1 = 3% = 1 + p's(£2 + p's?). As (p,s) = 1, we must have p™
divides p*(£2 + p’s?).

If p is odd, then £2 + p’s? is invertible in Z,m, which forces y = £1. When
y = —1, we can set k to be any element of Z,~, so we obtain p™ choices,
(—1,k). When y = 1, y + 1 = 2 is invertible modulo p and thus modulo p™,
and so the only choice is (1,0). Hence there are p™ + 1 solutions.

If p =2 and m =1, then obviously ¥y = 1 and then k£ can be anything, i.e.,
we obtain two solutions, {(1,0), (1,1)}. If m = 2, there are two square roots of
unity in Z4, £1 (or {1, 3} if you prefer); if y = —1, we obtain the four solutions
(—1,k), while if y = 1, there are only two, {(1,0), (1,2)}. Thus when m = 2,
there are a total of 6 solutions.

If p =2 and m > 3, there are now four square roots of 1, y = £1 + 2™ 1q,
where u € {0,1}, as follows easily from 2™ dividing 2¢(+2 + p’s?). If y = —1,
we have the 2™ solutions {(—1,k)}; if y = 2™~ — 1, then y + 1 = 2" 5o
we obtain 2" solutions, {(2"" —1,25)}o<;qm-1- If y = 1+ 2™ 1w, then
y+1=2(1+ 2™ 2u); as the second factor is a unit (since m > 3), it follows
that in order that k(y + 1) = 0, we must have 2™~! divides k. Hence in both
cases, there are only two solutions.

Thus if 8 divides p™, we must have 2™ + 2™~! + 4 solutions in total. O

By the Chinese remainder theorem, the number of solutions (k,y) € (Z4)?
of the equations Y2 =1 and (Y + 1)K = 0 is M(d).
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Now we determine S(23)(p™) and S(132)(p™). The generic weakly terminal
matrix is given by

1 a b
C=10 e gy,
0 0 gz

and its inverse is

1 egr —a ayg — be
Cl=—"| 0 gz —gy |€MQ,
9N 0 0 e

where all of {a,b,e,g,y} are nonnegative and a < e, y < z, b < gz, and
ged{a, e} = ged{b, g} = ged{z,y} =1 (by convention, gcd{0,m} = m). When
we have a permutation acting on C, it also acts on the triple (J(OQ(i))),?:l by
permuting according to its action on the columns. Since the three invariants for
the generic matrix are, in order (that is, deleting the first column, then deleting
the second column), (Zs,gz), Zg, Ze), where 6 = agy — be (the determinant of
the upper right block), if for example 7 = (23) or (132) and C is invariant
under the action of 7 (meaning that CP,C~1 € M3Z), then we must have
e=g.

Define the multiplicative functions, y2 and P: x2 is the indicator function
of the set of square integers and P(d) = x2(d) - (v/d).

Lemma D.4. For d a positive integer, the number of weakly terminal 3 x 3
matrices of determinant d that are invariant under a transposition ™ € Ss is

S(m)(d) = (P x M)(d).

Proof. This is Lemma C.7. U

This is not useful unless we can describe the resulting convolution product.
The formula below when p = 2 is obtained by considering a number of spe-
cial cases, and then summing geometric series; it did not seem worthwhile to
transcribe the tedious argument.

Lemma D.5. Suppose 7 is a transposition.

(a) If p is an odd prime, then

S(m)(@™) = (P M)(p™)

m/2 _ ,m/2—1
=pm+pm1+1+{ b

P if m is even,
—p(m=1)/2 if m is odd.
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(b) If p=2, then
S(m)(2™) = (P M)(2™)

2 ifm=1,
7 ifm=2,
=412 if m =3,
om 4 gm=3 4 gm/2 _ ] if m >4 and is even,

om 4 gm=3 4 o(m=1)/2 L 9(m=3)/2 ity > 5 and is odd.

Proof. When p is odd and s > 0, M(p®) = p® + 1 and M(1) = 1. Taking into
account the latter, we have

SmME™) = > @™+ > 6"

0<n<m/2 0<n<m/2
_ pm +14 (p _ 1) Z pmfnfl _’_p\_(mfl)/2j
1<n<m/2
. p— l)pm_lpf# +p™/2 if m is even,
=p"+1+ Jm1)/2 N
(p— I)T if m is odd,

m/2 _ pm/271

o omet D if m is even,
=p"+p +1+ {_p(m—l)/Z

if m is odd.

When p = 2, the computation is more complicated because of the definition
of M(27). Fortunately, there is still massive cancellation, and after a battle
keeping track of the limits of summation, we obtain the result in the statement
of the lemma. |

In particular, the number of invariant C'is d - [],4 , oqa(1 +1/pE---) -
a(m(2)), where « is the function obtained in the last lemma, divided by 2™(?)
(for m >4, a(m) =1+41/8+---; the dependence on the exponent, m, is tiny
if m is large).

Now to deal with Z(132)(d), the set of weakly terminal matrices invariant
under the permutation matrix corresponding to (123) or (132). This is fairly
horrible, but is not as bad as it could be. It is marginally better to use (132),
rather than (123) (the groups they generate are the same, but the computations
are a bit less tedious in the former case).

S(m)(d) with 7 = (132). From the column action, we have e = g = (J, gx)
(the last equality, in the presence of the first, is equivalent to (d,z) = 1), so
d = e2z. The equations are then

—a?+b=0mode, ay—b—y?>=0modz, a’y—ab—>by+1=0modex.

Rewrite the third one as (a?—b)y+1—ab = 0 mod ex. Taking this modulo e, we
obtain ab = 1 mod e, which, in combination with the first, yields a® = 1 mode
(and also b*> = 1 mode). Write b = a® + ke, where k is defined modulo z.
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Plugging this into the second and third equations yields
—key+1—ab=0modex, y*>—ay+a®+ke=0moduz.

The former yields —key—a3—ake+1 = 0 mod ex, so ke(y+a) = 1 —a® mod ex.
Multiplying the second displayed equation by y + a yields ke(y +a) = —(y> +
a®) mod x, whence y> = —1 modz. Since e|(ab — 1), we also have —ky =
(1 — ab)/e modx. In particular, if x # 1, then k (and thus b) is uniquely
determined by y modulo x.

We recall from Lemma D.2 that each X341 = 0 has three distinct solutions
in Z,~ if and only if p =1 mod 3 or 9|p™, and otherwise each has one.

Now set d = p™, e = x™, and x = p” with 2n + r = m. First, suppose that
n = 0, so r = m, and the equations boil down to a = 0, y> = —1 mod p™,
b = y? modp™ (so b is determined by y), and by = —1 mod z, but the last is
a consequence of the second last.

If p=2mod3 or p™ = 3, then y> = —1 entails y = —1 modp™. Hence
b = 1 modp™, so there is exactly one solution for (a,b,y) = (0,1,—1). If
p = 1 mod3 or 9|p™, there are three choices for y, and thus a total of three
choices for (a,b,y) when n = 0.

Now suppose that n > 0. If »r = 0, then m = 2n, and the only conditions
imposed are a® =1 modp”, y = 0 and b = a® mod p™ = ex. Hence we obtain
three solutions for (a,y,d) if p =1 mod 3 or 9|p™ (since b is determined by a),
and 1 otherwise.

Finally, suppose that n,r > 0, so that 1 < n < m/2. Here y is defined
modulo p” = z and b is defined modulo p"*" = ex. We have a®> = 1 mod p",
and we can write b = a® + kp™ (where k is defined modulo p”). We also have
y> = —1 mod p", that is, (—y)> = mod p".

If p = 2 mod 3, then a = 1 (defined modulo p™) and y = —1 (defined modulo
p"), and thus kp™ = 1+ 1+ 1 modp”. This forces (since both n and r are
positive) p = 3, a contradiction, so that in this case, there are no solutions.

If p™ = 3, then n + r = 1, contradicting n,r > 0.

If p = 1 mod 3 or 9|p™, there are three choices for a, and also for y. However,
they are not independent of each other. Modulo p, either y + a is 0 (which
corresponds to taking the same cube root of +1) or invertible. But if p|(y + a),
as in the previous paragraph, we obtain kp"” = —(y? — ay + a?) modp” =
—3a% + pX modp". This yields a contradiction, unless p = 3—and in that
case, we have m > 2, so either 7 = 1 (in which case k has three values), or
n=1and r > 1, and in that case k is uniquely determined.

Finally, if p = 1 mod 3 or 9|p™ and y + a # 0 modp, then there are six
choices for (a,y), namely, so that y + a is invertible modulo p, hence modulo
any power of p, and for each of these, the equation k(y+a) = (1—a?)/e mod p”
uniquely determines k.

Now we count all these possibilities. Let H(t) be 1 if ¢ is odd, and 2 if ¢ is
even. If p = 2 mod 3, there are zero solutions for n,r > 0, giving us a total
of 1 solution (arising from n = 0) plus an additional 1 if and only if m is even.
So the formula is H(m(p)).
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If p = 1 mod 3, we obtain 3 solutions from the case n = 0 plus an additional
3if mis even (r = 0), plus D> 1<, /2 6 = 6[(m — 1)/2]. Here the formula is
6[(m(p) —1)/2] + 3H(m(p)). This is 3(m(p) — 1) + 6 = 3(m(p) + 1) if m(p)
is even, and 3(m(p) — 1) + 3 = 3m(p) if m(p) is odd, so we can rewrite the
expression as 3(m(p) + H(m(p)) — 1).

Now we look at the totals for the various situations. We recall r = m — 2n,
so that » = 0 entails m is even and r = 1 entails m is odd. If p = 2 mod 3,
then

S(132)(p™) = 1+ 0+ H(m) — 1 = H(m).
If p=1 mod 3, then
S(132)(p™) =3+ Y, 6+3(H(m)—1)

1<n<m/2
-1
- 3+6[mTJ +3(H(m) — 1)

_J3m+3 ifmis even,
3m if m is odd.
If p™ = 3, then
S(132)(3) = 1.
Finally, if p =3 and m > 2,
S(132)3™) =3+ Y 6+3(H(m)—1)+1
1<n<m/2
_ J3m+4 if mis even,
C|3m 41 ifmis odd.
We can combine these in one gigantic formula,

S(l32)(d) = 2|{P\d|pz2 mod 3; m(p) even}| .3w'(d)

1 itm(3) <1,
X H (m(p) + H(m(p)) —1)- ¢ 3m(3) +4 even m(3) > 0,
pld, p=1 mod3 3m(3)+1 odd m(3) > 1.

It is not necessary for the counting formula, but a similar computation
(much easier than the others) reveals that the number of Ss-invariant weakly
terminal matrices of determinant d is

1 ifm(3)=0

S(S3)(d) = 2v@ . ’

(53)(d) mEFL i m(3) > 0.
In particular, Z(123)(d) = Z(S5)(d) if and only if d is a square all of whose

prime divisors are congruent to 1 modulo 3, and in that case, the cardinality
is 20(d),
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Equation (5) at the beginning of this section now yields the number of
PH-equivalence classes of C' € NS5 with determinant =+d:

(¢ % Jo)(d) + 3(P * M)(d) + 25(132)(d)
5 .

The last term is too complicated to expand compactly, but it is given explicitly
above. When d is square-free, the formula simplifies considerably, and we will
discuss this later.

We see from Lemma D.5 and the formula for ¢x.J5 that (1—1/p?)S(23)(p™)
(65 J2)(p™) /p™, s0 S(23)(d) /(& * Jo(d) < ((2)/d. And similarly, S(132)(d)
o(d=%t¢) . ¢ x Jo(d). The number of PH-equivalence classes PH(3,d) thus
satisfies

PH(3,d) =

I IA

3 PHEB,d) 3¢(2) 1
s Gen@e =t Ta e (d2—6)

for all € > 0. This completes the proof of Theorem D.1.

1-block size two PH-equivalence classes. We now investigate the number
of PH-equivalence classes of fixed absolute determinant that contain a 1-block
size two weakly terminal (and thus terminal) matrix, so that we can compare
them with the total number of PH-equivalence classes. This time, the set of
matrices that we are looking at are not invariant under the action of Sj3, so
somewhat different methods are used.

So fix d > 1, and consider the PH-equivalence classes having a 1-block size
two terminal form. We perform operations within the ring Z4. The third
column of one of these terminal forms is

ai
az |,

d

where the ideal generated by {a1,as} is Zg (when we regard a; as elements
of Z4), and 0 < a; < d (when we regard a; as integers).
Now we count the number of PH-equivalence classes of matrices B € NS
with absolute determinant d, having a terminal form with 1-block size two.
Recall the multiplicative function w’': N — Z*; w’'(d) is the number of
distinct prime divisors of d that are congruent to 1 modulo 3.

Case 1: J(B°P) = Z2. In this case, by Corollary 1.4 (even without the hy-
pothesis that B has 1-block size 2), B has a terminal form,

1 0 aq
0 1 as |,
0 0 d

where ged{ay,d} = ged{az,d} = 1. We now view the entries of the truncated
column (ai,az2)” as elements of Z. The equivalence class of such a truncated
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column, renamed (x,y)7, is given by

1) () () () ) ()

Most of these equivalence classes have size six, but some have size 1, 2, or 3.
We count the latter, and then obtain a fairly simple formula for the number
of equivalence classes.

la. Fquivalence class size 1. There is only one element with this property,
explicitly (—1,—-1)7.

1b. Equivalence class size 3. An inspection of the six possible elements in the
equivalence class reveals that the only such with exactly three elements are

those of the form
x -1 x!
x )’ xfl "\ -1 ’
provided z # —1. There are thus ¢(d) — 1 equivalence classes here, covering

3¢(d) — 3 elements.
1lc. Equivalence classes of size 2. These are of the form

()}

where a3 = —1, = —a? and a # —1. To count the number of choices for a
(and B), we first observe that if p is a prime exceeding 3, then the equation
2% = —1 has a solution other than —1 in Z, if and only if —3 is a square

modulo p, equivalently, if and only if p = 1 mod 3, and when this occurs, the
solutions are distinct. It is easy to verify that these properties hold for any
power of p as well.

If p = 3, then —1 is the only solution to 23 = —1 modulo 3, but modulo
any higher power of 3, there are exactly 3 distinct solutions: modulo p™, the
solutions are {p™~* —1,2p™~! — 1, -1}, including —1.

If p = 2, then there is only one solution to 23 = —1 modulo 2™.

Write d = 3™(3) . Hpeppm(p) [leo ¢™@ where P is the set of primes con-
gruent to one modulo three, and @ is the set of primes (including 2) congruent
to two modulo three. By the Chinese remainder theorem, the number of solu-
tions (including —1) to the equation z® = —1 is thus 37! - 3%, where a = 0 if
m(3) < 1 and otherwise equals 1. After discarding the solution z = —1 (which
is in 1a), the number of columns covered is 3w'(d) 4 ¢ — 1, accounting for half
as many equivalence classes.

The remaining columns (out of the original ¢(d)?) have six-element equiv-
alence classes. Hence the total number of equivalence classes is

2 1 _ _ _ (quw'(d)+a _ w'(d)+a _

Ol 1= ) =)~ D 41y oy -1y 2

_ p(d)? +3¢(d) +2- 3V (Dta
= G ;
where a = 0 if m(3) < 1, and 1 otherwise.
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This is worth stating as a result on PH-equivalence classes.

Proposition D.6 (Case 1). For d a fized positive integer, the number of PH-
equivalence classes of matrices B € NSs with |det B| = d and |J(B°P)| = d?
18
O(d)? + 3p(d) + 2 - 3 (D+w"(@)
5 .
Proof. The only thing we have to note is that if [J(B°P)| = |det B|? for B €
NSz, then, by Lemma 1.3 and Corollary 1.4, B has a terminal form of the type
discussed in case 1 above (it also follows that J(B°P) 22 (Z4)?). O

Case 2: Ezxactly one of {a1,as} is invertible modulo d. In this case, a1 %
az mod d. By Proposition 2.1, the equivalence classes are then of the form

1) o) () (")}

where x € Z} and y ¢ Z}. The only possible equivalence classes with fewer
than four elements are those with two, and this occurs if and only if z = z~!
and y = —x~y; this reduces to 22 = 1 and (1 + )y = 0. By Lemma D.3, the
number of choices for (z,y) is M(d).

Now the only case in which y can be a unit occurs when x = —1, and in
that case y can be anything. So to obtain the number of solutions in which y
is a nonunit, we simply subtract ¢(d) from M (d). The number of solutions to
r?=1and (1+z)y =0 for (x,y) € Z} x (Zq \ Z) is thus

Na(d) = M(d) — 6(d).

All of the other possible 2¢(d)-(d—¢(d)) columns have four-element equivalence
classes; hence the total number of equivalence classes for case 2 is

2¢(d) - (d — ¢(d)) — 2N5(d) ¢(d) - (d — ¢(d)) + Na(d)
4 2 '
Proposition D.7 (Case 2). The number of PH-equivalence classes correspond-
ing to exactly one of (a1, az) being invertible modulo d is
¢(d) - (d = ¢(d) — 1) + M(d)
5 .
Case 2 corresponds to all the situations in which J(B°P) contains a proper

direct summand isomorphic to Zg but |J(B°P)| < d2. The remainder are
covered by case 3.

+ Na(d) =

Case 3: Both a; and ay are nonunits in Zq. This can be restated as J(Bq;))
is not zero for exactly two choices of i. Since B € NS3, we also have to have
ged{ay, aqg,d} = 1, equivalently, that in Zg4, the ideal generated by {ai,as} is
the improper one.

So let (x,y)T correspond to such a truncated column; for most of this, we
regard them as integers (rather than elements of Zg4), each with ged{z,d},
ged{y,d} > 1, and of course, 1 < z,y < d — 1 (we cannot have x = 0, y = 0,
or x = y, since ged{x,y,d} = 1). All the equivalence classes here consist of
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exactly two elements (the column and its flip), so it is simply a matter of
counting the number of pairs, and dividing by two.

First, we note that if w(d) = 1 (that is, d is a power of a single prime),
then there are no equivalence classes. So we assume k = w(d) > 2, and
write d = Hlep;”(i), and S = {1,2,...,k}. For a subset Q of S, write
do = [Licap™® and Do = [[;cqpi- Thus dg = Dy = 1, dg = d, and
D = DS:Hp\dp'

For an eligible truncated column (z, y)*, we may write uniquely x = Dgq, -t1,
y = Dq, - ta, subject to the following conditions:

(i) & # 2,
(11) AN =9,

(iii) for all p € Q¢, ged{t;,p} = 1.

We see that since 1 < z,y < d, we have 1 < t; < d/Dq,. If we fix the
ordered pair (21,€2), then the number of choices for ¢; is

5o (1)

jeqs P

)T

Thus the number of eligible truncated columns corresponding to fixed (€21, 22)
is the product

& jeas JeQs P
d? ( 1 1
= H 1— _) . H 1 — _)
Daq,uq, d p jeqsnas pj
[Lieosna: (1 — =)
_ d¢(d) 1691092 Dy
DQlUQQ
1
=¢(d)? —.
( ) ¢(D91U92)

Now let 2 be a subset of S, say with |Q2] = s; the number of ways of writing
it as a disjoint union of Q; and 5 (maintaining the ordering), with neither
being the empty set, is zero if s < 1, and otherwise

s—1 s .
;<i):2 —2.

Define the polynomial f(z) =[], ,(1 +z/(p — 1)).
The total number of truncated columns is thus

! =¢<d>2(1+§kj<25—2)2 ! )
5D%) 2 2D%)

|©2]=s

= ¢(d)*(1+ f(2) — 2f(1))

k

S (2°—2) )

s=2 |1Q]=s
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= ¢(d)? 1+H(1+ L) —2H(1+ L)
p—1 p—1
pld pld
¢(d)?
=20 (Mw+v-2ITr+ o~

pld pld pld
- d¢(d)<H(1+%) —2+[(1- %))
pld pld

The number of equivalence classes for case three is half of this.

Proposition D.8 (Case 3). The number of PH-equivalence classes of B € NS
with |det B| = d with both a1 and ay being non-invertible modulo d is
do(d 1 1
M<H(1+ ) =2+ I(1- —))
2 p P
pld pld
When Epl 4 1/p is large, the two rightmost summands are small compared
to [J(1 4 1/p); in that case, this is asymptotic with (provided we choose ds so
that 3_, ;1/p becomes arbitrarily large)

2
12
pld b
Given ¢, there exists N such that ) - 1/p? < ¢; hence given M, we can find
d = d(e) such that 35, 1/p* < e and [],4(1+1/p) > M. It follows that the
least upper bound for the number of equivalence classes is at least d/2 (and
we can choose square-free d to asymptotically reach this). On the other hand,
initially, we only have a choice of (d — ¢(d))?/2 columns, so this is the best
possible (and note that ¢(d)/d — 0 for these sequences).

This means that case 3 overwhelms the other two cases (asymptotically) for
the appropriate choice of ds (with large numbers of prime divisors). On the
other hand, with few prime divisors (or simply small 3 ;1/p), cases 1 and 2
together are dominant. With just one prime divisor, case 3 is empty.

An amusing example occurs when d(j) is the product of the first j primes.
Then

) N; 1

Im —— = ——.

j=ood(j)? 2¢(2)
where N; is the number of case 3 PH-equivalent classes for B € NS3 with
|det B = d(j). For case 2 with the same sequence, the number of PH-
equivalence classes is asymptotic to ¢(d)d/2, which is smaller. With case 1,
the number is about ¢?(d)/6, smaller still. So in the display we could replace
“case 37 by PH-equivalence classes that contain a terminal form with 1-block
size two.

If B is classified in case 3, then I(B°P) = Zg4; however, there are also
examples as part of case 2 with the same property (case 2 examples with
I(B°P) = Z,; automatically have the property that B°P also has a terminal
form with 1-block size two; however, not all case 3 classes satisfy this).

Miinster Journal of Mathematics VoL. 11 (2018), 49-156



152 DaAvID HANDELMAN

There are a couple of situations in which we can go directly to the number of
PH-equivalence classes, without requiring the restriction to those with 1-block
size n — 1.

Lemma D.9. If B € NS3 and d = |det B| is either a prime or of the form pq
for distinct primes p and q, then B is PH-equivalent to a terminal form with
1-block size 2.

Remark. We have seen that the conclusion can fail if d is a product of three
distinct primes, in fact, d = 30 = 2-3-5, and of course, it can also fail if d = p2.

Proof. This is a special case of Proposition 3.9. g

Adding the results from case 1, case 2 and case 3, we obtain the next result,
without referring to the general horrible formula (5).

Proposition D.10. Suppose the positive integer d is of one of the following
forms, d = p,2p, pq, where p and q are distinct odd primes. Then the number
of PH-equivalence classes of B € NSs such that |det B| = d is

PP 4Ap+1+2.39' @

5 if d = p,
2 _ w’(d)
2p© + 5p 31+3 ifd=2p,
o(d)(3d — 2¢(d) + 3) +2 - 3w'(d)

+d+1 ifd=npgq,

6
where w' (d) is the number of distinct prime divisors of d that are congruent to
1 modulo 3.

The number of equivalence classes with |det B| = 2p is itself divisible by p
if and only if p = 2 mod 3.
There is one more bit of low-hanging fruit.

Proposition D.11. Ifp is a prime, then the number of PH-equivalence classes
of B € NSz with |det B| = p* = d is given by the number of PH-equivalence
classes for 1-block size two of determinant d (cases 1 and 2 for d = p?) plus
the number of PH-equivalence classes for case 1 with d = p. This is

4 3 2 L quw’(d) w'’ (d)
p*+p°+2p +p+1g—23 (1+3 ) ifp 4o
Proof. Let B € NSz have determinant +p?. Any of its terminal forms has
diagonal either (1,1,p?) or (1,p,p). In the former case, it has a terminal form
with 1-block size two, so is covered by cases 1, 2 and 3; however, for a power
of prime, case 3 is empty.
Suppose that the diagonal is (1,p, p). Then the terminal form must be

1 b b
B'=(0 p 0],
0 0 p
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where 1 < b; < p and ged{b1,p} = ged{b2,p} = 1 (recall the condition in the
terminal form that the diagonal entry in the second row from the bottom must
be less than or equal to the greatest common divisor of the bottom diagonal
entry and the entry immediately above; this explains the zero in the (2,3)
position). Now for i = 1,2,3, each of I(Bq;) is Z,, a trivial computation.
Hence B’ (and thus B) is not PH-equivalent to a terminal form with 1-block
size two, so these equivalence classes are disjoint from the former case.

However, if we calculate B’°P, we find that it is PH-equivalent to a 1-block
size two terminal form, with determinant p, corresponding to case 1 of the
latter class:

p 0 0 1 0 —by
BP=[-by 1 0] ~[0 1 —by
by 0 1 00 p

(The PH-equivalence was implemented by conjugation with the permutation
matrix that transposes 1 and 3.) Thus °P implements a bijection between
the current matrices and the matrices covered by case 1 for d = p, and of
course, this bijection preserves PH-equivalence classes. Hence the number of
equivalence classes arising from terminal forms with diagonal (1,p,p) is the
same as the number from case 1 of the equivalence classes with d = p. O

The function w” is nonzero only when p = 3; in that case, the outcome is
138/6 = 23, which of course agrees with the entry for I =9 in [1]. For p > 3,
the expression simplifies (?7) to

prap’+ 20 +p+1+4-30@
G .
I was relieved to find that for p = 5 (w'(d) = 0) and p = 7 (w'(d) = 1),
this yields 135 and 477 respectively, agreeing with the table entries for I = 25
and 49.

Table 1 of [1] was particularly useful in checking examples in order to see
whether the formulas were very likely correct! With other values of d than
those covered in Lemma D.9, there will be PH-equivalence classes that contain
no terminal forms with 1-block size 2.

When n = 4, formulas are still possible, but it would take a lot of Sitzfleisch
to work out all the possible equivalence classes and their quantities.

The formulas simplify considerably when we consider only square-free choices

for d; for example, the number of weakly terminal matrices with determinant
fixed, is

16«22 = [[0* +p—2) = s(@d ] (1 +2/p).

pld pld pld

For 7 a transposition, by Lemma D.5,

Stmyd) =[[S)w)=d J] 1+1/p) and S(123)(d) = 3.

pld pld;p#2
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Thus for square-free d,

Ao (d) TTpja(1 + 3) + 34 Tpjapa(1 + 3) + 234
- .

PH(3,d) =

(Recall w’(d) is the number of distinct prime divisors of d that are congruent
to 1 modulo 3.)

The middle term is 3[[,4(1 +p) if d is odd and 2 ][, 4(1 + p) if d is even. I
tested the formula in Corollary D.1 against Table 1 in [1] (recalling that their
I is our d) for values of d = 30,42, 70, 102, 105, 154, 165, 182, 186, 190, 195, 210,
as well as numerous choices of primes and products of two primes. Agreement
was complete—so I am confident that the formula is correct! (This is somewhat
miraculous, as the formula is a sum of four formulas, each rather delicate.)

The first term is by far the largest, so the number is 6~ '¢(d) [, a(p + 2) -
(14 O(1/d)). This is the same as (¢ * J2(d))/6 for square-free d. This is also
true if d is restricted to squares of primes (Proposition D.11).

Something rather startling occurs when we subtract from this the number
of PH-equivalence classes that contain a 1-block size two matrix (the latter is
the sum of the three numbers obtained from cases 1, 2 and 3). Recall from
Section 7, the difference operator A, defined by Af(z) = f(x +1) — f(=).

Proposition D.12. Let d be a square-free integer. The number of PH-equi-
valence classes of C € NSs with |det C| = d and C not equivalent to a terminal
form with 1-block size two is

A(A)A® fa(-1)
6 )

where fa(z) = [],4(z +p).

The factor ¢(d) likely arises from an action of Z} on the equivalence classes,
presumably (b,y) — (b,y)z as z varies over Z} (a similar phenomenon exists
for the number obtained in case 3). The appearance of the third difference
operator is rather mysterious. The dominant term in A3 fy(—1), at least when
>plal/p is large, is [],4(p+2). We obtain that if d(m) is a sequence of
square-free integers such that Zp|d(m) 1/p — 00 as m — oo, then

N,

1
IS
where N} (resp. N,,) is the number of PH-equivalence classes of C' € NSs
with |det C| = d(m), with (resp. without) a terminal form with 1-block size
two.

If d is a product of one or two primes, then A3 f;(—1) = 0, consistent with
Proposition D.10. If d = pqr, a product of three primes, then A3 f;(—1) = 6,
so the number of PH-equivalence classes not equivalent to a terminal form with
1-block size two is ¢(d), and in fact, the action of Z} is just that of Z} on itself.
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For example, with d = 30, we take

11 4 1 2 4
c=102 5], cr~|0 3 5]|=D.
0 0 15 00 10

Both are in terminal form, with
[[J(O), J(OQ(l)]] = [[ZBO; 73,75, ZQ]] = [[J(D), J(DQ(Z)]]

Hence neither is PH-equivalent to a terminal form with 1-block size two. The
8 PH-equivalence classes of determinant 430 matrices in NS3 with no ter-
minal form having 1-block size two are obtained by multiplying the (b, gy)”
truncated column, (2,5)7, by the integers relatively prime to 30, that is,
1,7,11,13,17,19, 23,29 (that these are all primes is not entirely a coincidence),
and then reducing modulo 15.

More is true: C°P is not PH-equivalent to C' (even though their invariants
are identical). By calculating the ordered triples (J(Cq;y)) and (J(Dqy)), we
see that if C' were PH-equivalent to D, then the relevant permutation matrix P
would have to correspond to the transposition (13). But a simple computation
reveals that with this P, DPC~! has non-integer coefficients (specifically, the
(1,3) entry is 1/6).

CONSTANTS’ REFERENCES

carefree constant: (see http://oeis.org/A065463 and [19])

I =@p—1/p?).

p

Landau’s totient constant: (see http://oeis.org/A082695)

¢(2)¢3)/¢(6) = [J(1 + 1/p(p — 1)).

p
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