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ABSTRACT. We study the non-uniqueness of factorizations of non zero-divisors into atoms (irreducibles)
in noncommutative rings. To do so, we extend concepts from the commutative theory of non-unique
factorizations to a noncommutative setting. Several notions of factorizations as well as distances between
them are introduced. In addition, arithmetical invariants characterizing the non-uniqueness of factorizations
such as the catenary degree, the w-invariant, and the tame degree, are extended from commutative to
noncommutative settings. We introduce the concept of a cancellative semigroup being permutably factorial,
and characterize this property by means of corresponding catenary and tame degrees. Also, we give
necessary and sufficient conditions for there to be a weak transfer homomorphism from a cancellative
semigroup to its reduced abelianization. Applying the abstract machinery we develop, we determine
various catenary degrees for classical maximal orders in central simple algebras over global fields by using
a natural transfer homomorphism to a monoid of zero-sum sequences over a ray class group. We also
determine catenary degrees and the permutable tame degree for the semigroup of non zero-divisors of the
ring of m X n upper triangular matrices over a commutative domain using a weak transfer homomorphism
to a commutative semigroup.

1. INTRODUCTION

The study of factorizations in commutative rings and semigroups has a long and rich history. Beginning
with attempts to understand the factorizations of elements in rings of algebraic integers into irreducibles,
this field has grown to include the investigation of non-unique factorizations in Mori domains, Krull domains
and Krull monoids, including the study of direct-sum decompositions of modules (see [BG14]). These
investigations have used tools from multiplicative ideal theory, algebraic and analytic number theory,
combinatorics, and additive group theory. A thorough overview of the various aspects of commutative
factorization theory can be found in [And97, BW13, Cha05, FHL13, Ger09, GHKO06].

On the other hand, the study of unique and non-unique factorization in noncommutative rings and
semigroups has received limited attention. In fact, for many years the study of factorizations in non-
commutative settings had been restricted to characterizing and studying noncommutative rings with
properties analogous to that of commutative unique factorization domains or to studying factorizations
of certain (symmetric) polynomials over noncommutative (e.g. matrix) rings (see [GRWO01, HR95, LL04,
LO04, GRSW05, GGRWO05, LLO08, DL07, Ret10, Ler12]). From the beginning it was clear that each
(noncommutative) PID intrinsically has certain unique factorization properties (see, for instance, [Jac43,
Chapter 3.4], [Deu68, Chapter VI.9] and [Rei75, page 230]). More recently, such phenomena have been
studied; for semifirs and in particular 2-firs by P. M. Cohn [Coh85, Coh06], for the ring of Hurwitz and
Lipschitz quaternions by Conway and Smith [CS03] and by H. Cohn and Kumar [CK15], for quaternion
orders by Estes and Nipp [EN89, Est91], and in a more general setting by Brungs [Bru69]. Somewhat
different notions of unique factorization domains and unique factorization rings were introduced by Chatters
and Jordan [Cha8&4, CJ86, Jor89], and have found applications in [JWO01, LLR06, GY12].

Recently, techniques from the factorization theory of commutative rings and monoids have been used to
investigate non-unique factorizations in a noncommutative setting. For example, in [BPA T 11] factorizations
within some natural subsemigroups of matrices with integer coeflicients are considered, and in [BBG14]
factorizations within the subsemigroup of non zero-divisors of the ring of n x n upper triangular matrices
T,.(D)® over an arbitrary atomic commutative domain D are studied. In [Ger13], noncommutative Krull
monoids are investigated. Through the study of the divisorial two-sided ideals of S that closely parallels
the techniques that have been used fruitfully for commutative Krull monoids, it is shown that in the
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normalizing case (aS = Sa holds for all a in the Krull monoid S) many results from the commutative
setting generalize. In [Smel3] this approach is, by means of divisorial one-sided ideal theory, extended
to a class of semigroups that includes commutative and normalizing Krull monoids as special cases. In
particular, this is applied to investigate factorizations in the semigroup of non zero-divisors of classical
maximal orders in central simple algebras over global fields. In this way, results on some basic invariants of
non-unique factorization theory, namely sets of lengths, are obtained.

In [BPAT11], [BBG14], [Ger13], and [Smel3], the focus on noncommutative factorizations was solely on
the sets of lengths of factorizations of a given element; that is, sets of the form

L(a) ={n € Nyp:a=uy---u, with each u; an atom in S}

and associated invariants. Much of this work was done through the use of various generalizations of
transfer homomorphisms to the noncommutative settings, each of which preserves sets of lengths. While
sets of lengths are amongst the most classical of arithmetical invariants describing the non-uniqueness of
factorizations, their usefulness is limited by the fact that they can only measure how far a ring or semigroup
is away from half-factoriality, that is, the property that all factorizations of a non-unit element into atoms
have the same length.

The purpose of this paper is to study more refined invariants that describe the non-uniqueness of
factorizations in a noncommutative setting, with considerations not just of sets of lengths, but also of
distinct factorizations of elements and divisibility properties. Our main objects of interest are certain
classes of rings, but, as is done in the commutative case, we develop everything in the setting of cancellative
semigroups (and often more generally in the setting of cancellative small categories), for essentially three
reasons: First, we wish to emphasize that the theory of factorizations is a purely multiplicatively one;
secondly, many of the auxiliary objects that appear in studying the factorization theory of rings (e.g. the
monoid of zero sum sequences) are not themselves rings, yet we need to be able to apply the language
of factorization theory to these objects; and thirdly, sometimes the object one is interested in studying
itself is not a ring, but a semigroup. Moreover, throughout we will restrict to the cancellative case because
even in the commutative setting the introduction of non-cancellative elements significantly increases the
complexity of studying factorizations. For rings, this means that we will consider factorizations within the
semigroup of non zero-divisors.

While it is completely clear how sets of lengths should be defined in the noncommutative setting,
any attempt to introduce more refined invariants such as the catenary degree or the tame degree in a
noncommutative setting immediately leads one to the following question. When are two representations of a
non-unit as products of atoms to be considered the same, and when are they distinct? In the commutative
setting, one typically considers factorizations up to permutation and associativity, but this seems less fitting
for many natural noncommutative objects. Further, in order to be able to describe how distinct different
factorizations of an element are, one needs to define a reasonable distance between two factorizations.

The choice of a notion of a distance and that of a factorization are closely linked, but there does
not seem to be a canonical choice that is entirely satisfactory. For example, based on investigations by
P. M. Cohn and Brungs in [Bru69, Coh85, Coh06], one can introduce two different notions of factorizations
and corresponding distances, both coinciding with the usual one when considered in the commutative
setting. A third notion, that of permutable factorizations, turns out to be particularly well suited to other
examples, for instance the semigroup of non zero-divisors of the ring of n X n upper triangular matrices
over a commutative atomic domain. For this reason, in Section 3, we first recall a rigorous notion of rigid
factorizations. Based on this, we introduce an axiomatic notion of a distance d, and derive from it the
notion of d-factorizations.

Each such distance gives rise to a corresponding catenary degree and monotone catenary degree which
we define and study in Section 4. As in the commutative setting, the (monotone) catenary degree
associated to a distance d provides a measure of how far away a cancellative small category is from being
d-factorial. In Propositions 4.6 and 4.8 we show that catenary degrees can be studied using (weak) transfer
homomorphisms.

In Section 5 we approach the study of factorization from the viewpoint of divisibility, introducing almost
prime-like elements and prime-like elements that generalize prime elements from the commutative setting.
We then introduce corresponding tame degrees and w-invariants based on permutable factorizations that
measure how far a given element is from being almost prime-like. With these notions we are able to give
characterizations of permutable factoriality in Propositions 5.15, 5.19 and 5.21.

In Section 6 we consider the notion of weak transfer homomorphisms as introduced in [BBG14] and give
criteria for when there is such a weak transfer homomorphism from a cancellative semigroup to its reduced
abelianization (if the abelianization is itself cancellative). Any weak transfer homomorphism preserves
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sets of lengths, and by constructing weak transfer homomorphisms from noncommutative cancellative
semigroups to commutative cancellative semigroups, we illustrate that sometimes it is possible to reduce the
study of sets of lengths in a noncommutative ring or semigroup to a corresponding commutative semigroup,
where sets of lengths may have been investigated before. Of course, such noncommutative semigroups then
necessarily have systems of sets of lengths which also occur as systems of sets of lengths in the commutative
setting. At the end of the section we revisit some known examples of weak transfer homomorphisms: In
particular, we study various distances for T,,(D)®, and determine the corresponding catenary degrees, tame
degrees and wy-invariants in Proposition 6.14. Also, in Proposition 6.16, we show that for a normalizing
Krull monoid S (as studied in [Gerl3]), w, (S, a) is always finite as is the case in the commutative setting.

Finally, in Section 7, we investigate catenary degrees in saturated subcategories of arithmetical groupoids
and arithmetical maximal orders in quotient semigroups (as studied in [Smel3]). This treatment also
includes normalizing Krull monoids considered in [Ger13]. Under suitable conditions, these subcategories,
respectively maximal orders, possess a transfer homomorphism to a monoid of zero-sum sequences over a
subset of an abelian group. The factorization theory of monoids of zero-sum sequences over finite abelian
groups has been intensively studied (see [Ger09, Gry13]), due to its applications to commutative Krull
monoids arising from rings of algebraic integers and holomorphy rings in function fields over finite fields. It
is therefore desirable to show that catenary degrees in our setting can be studied by means of this transfer
homomorphism, as the known results from the commutative setting then immediately carry over. Indeed,
under the expected conditions, we are able to obtain satisfactory results about the catenary degree (cf.
Theorem 7.8 and Corollary 7.11) that mirror results about commutative Krull monoids. These results, in
fact, do not depend very strongly on the particular distance chosen. We then apply these results to classical
maximal orders in central simple algebras over global fields (as long as we have the additional property that
every stable free left ideal is free), and obtain Theorem 7.12 and Corollary 7.14, showing that the catenary
degree in this case is controlled by the catenary degree of a monoid of zero-sum sequences over a certain ray
class group. Thus, for instance, the results on catenary degrees in commutative Krull monoids obtained in
[GGS11] hold in our noncommutative setting. We summarize some of the consequences in Corollary 7.16.

Throughout, we illustrate the limits of extending the commutative theory to the noncommutative setting
by way of simple examples of semigroups given by a presentation via the generators and relations. While
such semigroups will only serve as isolated examples for us, we note that the study of the interplay of
arithmetical invariants and presentations of a commutative semigroup was initiated by P. A. Garcia Sanchez
and further investigated by various authors (see [BGSG11, CGSLT06, Phil0]). We have concentrated the
discussion of the main objects of our interest at the end of Section 6, where we discuss T,,(D)®, matrix
rings over PIDs, and almost commutative semigroups (which include normalizing Krull monoids), and
Section 7, where we discuss arithmetical maximal orders (which, again, include matrix rings over PIDs
and normalizing Krull monoids), and in particular classical maximal orders in central simple algebras
over global fields. The relationship between arithmetical maximal orders, Krull monoids, Krull rings, and
UF-monoids in the sense of P. M. Cohn is discussed in the preliminaries.

2. PRELIMINARIES

Notation. We denote by N = {1,2,3,...} the set of natural numbers, and by Ny = N U {0} the set of
non-negative integers. If a, b € R, we write [a,b] = {x € Z: a < x < b} for the discrete interval from a to
b. For n € Ny, we write &,, for the group of permutations on [1,n] (with &y = &; the trivial group). We
write C,, for a cyclic group of order n € N.

We will often introduce an arithmetical invariant as a supremum of a subset X C Ny U {oo} and, by
convention, we set sup ) = 0.

Semigroups and small categories. By a semigroup we always mean a semigroup with a neutral element.
A homomorphism of semigroups is always assumed to preserve the neutral element, and an empty product
in a semigroup is defined to be equal to the neutral element. All rings are assumed to have an identity
element, and all ring homomorphisms preserve the identity. A domain is a ring in which zero is the only
zero-divisor, and a principal ideal domain (PID) is a domain in which every left ideal is generated by a
single element and every right ideal is generated by a single element.

In studying the divisorial one-sided ideal theory of noncommutative semigroups (as will be necessary in
Section 7), we are naturally led to consider not only semigroups, but the more general notion of a small
category. Hence we will introduce the necessary notions in this setting.

A small category is a category for which both the class of objects and the class of morphisms are sets. To
a semigroup S we may associate a category with a single object with set of morphisms S and composition
of morphisms given by the operation of the semigroup. Conversely, to a small category with a single object
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we can associate the semigroup of endomorphisms on that object. In this way we obtain an equivalence
of the category of semigroups and the category of small categories with a single object. We view small
categories as generalizations of semigroups with a partial operation, and set up our notation for small
categories in a way that facilitates this point of view: In particular, we emphasize the role of the morphisms,
while deemphasizing the role of the objects.

Let H be a small category. We identify the set of objects of H with the corresponding identity morphisms,
and denote the set of identity morphisms of the objects of H by Hy. To be consistent with the language
used for semigroups, we shall refer to morphisms of the category H simply as elements of H, writing a € H
for a morphism of H, and call functors between small categories homomorphisms. For each a € H we
denote by s(a) € Hy its source (domain), and by t(a) € Hy its target (codomain). Writing composition left
to right, contrary to the usual convention for categories, but in line with the conventions for groupoids,
we write ab for the composition of a and b in H if t(a) = s(b). The set of all isomorphisms (which we
shall call units) in H will be denoted by H*. We say that H is reduced if H* = Hy, that is, the only
isomorphisms are the identity morphisms, and we say that H is a groupoid if H = H*. For e, f € Hy we
set H(e, f) ={a € H : s(a) = eand t(a) = f}, and further H(e) = H(e,e), H(e,") = Upcp, Hle, ['),
and H(-, f) = Upep, H(e', f). For A, B C H we define AB = {ab€ H :a € A,b€ B,t(a) =s(b) }, and
if a € H, we define aB = {a} B and Ba = B{a}. We say that b € H left divides a € H, and write b |; a,
if a € bH. Two elements a, b € H are left coprime if, for all ¢ € H, c¢|; a and ¢ |; b implies ¢ € H*. We
define b |,- @ and the notion right coprime analogously.

A congruence relation ~ on a category H is, for each pair e, f € Hy, a reflexive, symmetric and transitive
relation on H (e, f) (we tacitly denote all of these relations by ~ again) satisfying the condition that for
all z, o', y, v € H with s(x) = s(2’), t(x) = t(2') = s(y) = s(v/'), t(y) = t(¥/) and z ~ 2/, y ~ 3/, we
have zy ~ z'y’. Given a congruence relation ~ on H, we may define a quotient category H/ ~ with
(H/~)o = Hy and (H/~)(e, f) = H(e, f)/~ for all e, f € Hy.

We shall often not explicitly specify the source and target of elements, but tacitly assume that the
necessary conditions for certain products to be defined are fulfilled: For example, if we write “Let a, b € H
such that ab =...”, then we shall implicitly assume that a and b are such that t(a) = s(b).

We say that H is normalizing if Ha = oH for all a € H. In this case, for all a € H, we have s(a) = t(a).
Indeed, a = s(a)a = bs(a) for some b € H with t(b) = s(a), and thus b = a and s(a) = t(a). Thus
H(e, f) = 0 whenever e, f € Hy are distinct, and H is a union of disjoint semigroups. Clearly, every
commutative semigroup is normalizing.

If H is a small category and a € H, then a is cancellative if for all b, ¢ € H, ab = ac implies b = ¢
and ba = ca implies b = ¢ (that is, a is both a monomorphism and an epimorphism). The category H
itself is called cancellative if each a € H is cancellative. We write H® for the cancellative subcategory of
cancellative elements of H.

Let H be a cancellative small category. If a, b € H with ab = t(b) = s(a), then bab = b, and hence
ba = s(b) = t(a). Similarly, aba = a implies ab = s(a) = t(b). Thus every left (right) invertible element is
invertible. If m € N and a4, ..., a, € H are such that ay - - a,, € H*, then a; € H* for each i € [1,m)].

We call two elements a, b € H associated, and write a ~ b, if there exist e, n € H* such that b = can.
Clearly ~ is an equivalence relation and we denote the equivalence class of a € H by [a]~. In general,
associativity may not be a congruence relation. In the case of small categories this is partially due to the
fact that our notion of a congruence relation is very restrictive. However, we will only care about this
relation in the case of semigroups, and will not introduce a more general notion of congruences for small
categories. If H*a = aH* for all a € H, then, H* (e, f) = () for all e, f € Hy which are distinct. Moreover,
in this case, ~ is a congruence relation and H,.q is again cancellative. These conditions are satisfied if H is
normalizing. Indeed, suppose H is normalizing, a € H, and ¢ € H* with t(¢) = s(a). We have already
observed that in this case t(¢) = s(¢) = t(¢~1). Therefore, since H is normalizing, there exist b, ¢ € H such
that ea = ab and e 'a = ac. Then a = (ee~!)a = abc, and by cancellativity be = s(b). Thus b, ¢ € H*,
and hence H*a C aH*. The other inclusion follows similarly.

If H is a small category such that ~ is a congruence relation, we define the reduced small category
associated to H as Hyeq = H/ ~. Note that Hyeq is indeed reduced with H); = {|e]~ : e € Ho}. If
m: H — H,cq denotes the canonical homomorphism, then W_l(Her) = H*. If S is a semigroup, we will
call Syeq the reduced semigroup associated to S.

Let @ be a quiver, that is, a directed graph which may contain multiple arrows between each pair of
vertices as well as loops. If a is an arrow of @, we write s(a) for its starting vertex and ¢(a) for its target
vertex. A path from a vertex e of @ to a vertex f of @ is a tuple (e, aq,...,ax, f) with k € Ny and ay,
..., aj arrows of @ such that either £ > 0 and e = s(a1), t(a;) = s(ai41) for all i € [1,k —1], and t(a) = f,
or k=0 and e = f. To a quiver Q we associate the path category F*(Q) with objects the vertices of Q and
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morphisms from a vertex e to a vertex f consisting of all paths from e to f in Q. The composition is given
by the natural concatenation of paths. This construction yields a morphism of quivers j: Q@ — F*(Q) and
the pair (F*(Q),j) is characterized by the universal property that any morphism of quivers f: Q@ — H to
a small category H factors through j in a unique way.

If X is a set, we may associate to X the quiver consisting of a single vertex and the set of loops X on
that vertex. In this special case we recover the notion of a free monoid, the elements of which we may view
as words on the alphabet X, and which we shall denote by F*(X). As is usual, we shall write elements of
F*(X) as formal products on the alphabet X, instead of adopting the tuple notation that we use for path
categories. We write (X | R) for the semigroup with generators X and relations R, that is, (X | R) is the
quotient of F*(X) by the congruence relation generated by { (u,v) € F*(X) x F*(X):u=v € R}.

By F(X) we denote the (multiplicatively written) free abelian monoid with basis X.

Basic notions of factorization theory. Let H be a cancellative small category. An element u € H\ H*
is an atom (or irreducible) if u = ab with a, b € H implies either a € H* or b € H*. We denote by A(H)
the quiver of all atoms of H, that is, the quiver with vertex set Hy and arrows consisting of atoms of
H. When the additional structure of the quiver is not necessary (in particular in the case that H is a
semigroup), we will view A(H) simply as the set of atoms. We say that H is atomic if every non-unit
element of H can be expressed as a finite product of atoms of H. A sufficient condition for a cancellative
small category H to be atomic is that it satisfies the ascending chain condition both on principal left ideals
and on principal right ideals. The standard proof from commutative monoids or domains generalizes to
this setting; see for example [Smel3, Proposition 3.1].

Transfer homomorphisms are a key tool in the investigation of non-unique factorizations (see [GHEKO06,
Section 3.2]). The notion of a weak transfer homomorphism was introduced in [BBG14] to be able
to study sets of lengths in a wider class of noncommutative semigroups than is possible with transfer
homomorphisms. In either case, given a cancellative small category H one seeks to find an easier-to-study
or more well-understood cancellative small category 7', and a homomorphism from H to T, that preserves
many properties related to factorizations. In our applications, the target category T will always be a
commutative cancellative semigroup.

Definition 2.1. Let H and T be cancellative small categories.
(1) A homomorphism ¢: H — T is called a transfer homomorphism if it has the following properties:
(T1) T =T*¢(H)T* and ¢~ 1(T*) = H*.
(T2) If a € H, by, by € T and ¢(a) = bybe, then there exist a1, as € H and € € T* such that
a = ayaz, p(ar) = bie~ !, and ¢(az) = eby.
(2) Suppose T is atomic. A homomorphism ¢: H — T is called a weak transfer homomorphism if it
has the following properties:
(T1) T =T*¢(H)T* and ¢~ H(T*) = H*.
(WT2) Ifac HoneN, vy, ..., v, € AT) and ¢(a) = vy - - - vy, then there exist uq, ..., u, € A(H)
and a permutation o € &,, such that a = u; - - - uy, and ¢(u;) ~ v,(; for each i € [1,n].

It is easy to see that if H and T are cancellative small categories and ¢: H — T is a transfer
homomorphism, or 7" is atomic and ¢: H — T is a weak transfer homomorphism, then an element u € H
is an atom of H if and only if ¢(u) is an atom of T. If H and T are cancellative small categories and
¢: H — T is a transfer homomorphism, then H is atomic if and only if 7" is atomic. If T is atomic and
¢: H — T is a weak transfer homomorphism, then H is also atomic.

If ~ is a congruence relation on a cancellative small category H and H,.q is cancellative, it is easy
to check that the canonical homomorphism H — H,.q is a transfer homomorphism. A composition of
two transfer homomorphisms is again a transfer homomorphism, and the same holds for weak transfer
homomorphisms. In particular, if ¢: H — T is a (weak) transfer homomorphism, ~ is a congruence relation
on T, and Tyeq is cancellative, then the induced homomorphism ¢: H — Tyeq is also a (weak) transfer
homomorphism.

The following example shows that in order to obtain a notion that preserves factorization theoretical
invariants it is indeed necessary to require that 7" is atomic in the definition of a weak transfer homomorphism.

Example 2.2. Let P be a countable set, say P = {p, : n € Ny }, and let S = F(P) be the free abelian
monoid with basis P. Let ~ be the congruence relation on S generated by { p, = p%H :n € Ny}, and
let T = S/~ be the quotient semigroup with canonical homomorphism 7: S — T. We claim that T is
cancellative. By the universal property of the free abelian monoid, there exists a semigroup homomorphism
v: S = (Q,+) such that ¢(p,) = 27" for all n € Ny, and ¢ factors through 7 to give a homomorphism
T — (Q,+) that maps [p,]~ to 27 ™. It follows that, for all n, k, | € Ny, p* ~ pl if and only if k = [. Let
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a, b, c € S be such that ac ~ bc. By the defining relations of T', there exists an n € Ny and m, k, | € Ny
such that ¢ ~ p™, a ~ pk and b ~ pl,. Therefore p+* ~ pm+! and hence k = [ and a = b. Thus T is
cancellative. Since S and T are both reduced, the homomorphism 7 satisfies (T1), and since T obviously
contains no atoms (WT2) is trivially satisfied. However, atoms of S are not mapped to atoms of T and, in
fact, S is factorial while 7" is not even atomic.

It follows that if T is atomic, then any transfer homomorphism ¢: H — T is also a weak transfer
homomorphism. However, the converse is not true in general. The following lemma better illustrates the
difference between transfer homomorphisms and weak transfer homomorphisms. We omit the proof as the
first two claims follow by straightforward induction and the defining properties, and the last claim is an
immediate consequence of the second.

Lemma 2.3. Let H and T cancellative small categories and let T' be atomic.

(1) Let ¢: H — T be a homomorphism satisfying (T1). Then ¢ is a transfer homomorphism if and
only if the following property holds: If a € H, n € N, vy, ..., v, € A(T) and ¢(a) = vy - vy,
then there exist uy, ..., u, € A(H) and e1 = s(v1), €2, ..., €n, €nt1 = t(vn) € T such that
a=uy--Up, and ¢(u;) = siviaa_ll for each i € [1,n].

(2) Suppose that T is a commutative semigroup, and let ¢: H — T be a homomorphism satisfying
(T1). The following statements are equivalent.

(a) ¢ is a weak transfer homomorphism.
(b) Ifa € H, n € N>y, v, ..., v, € A(T) and ¢(a) = vy - -- vy, then there exist i € [1,n], ag € H
and u € A(H) such that a = agu, ¢(ag) = vy V;—1Vi41 - Up, and ¢(u) = v;.
Furthermore, the following statements are equivalent.
(a) ¢ is a transfer homomorphism.
(b) If a € H, by, by € T and ¢(a) = bibe, then there exist a1, aa € H such that a = ajaz,
¢(ar) = b1, and ¢(az) =~ bs.
(¢c) Ifae HyneN, vy, ..., v, € AT) and ¢(a) = v1 -+ - vy, then there exist uy, ..., u, € A(H)
such that a = uy -+ - uy, and ¢(u;) ~ v; for each i € [1,n].

(3) Suppose H and T are commutative semigroups, and let ¢: H — T be a homomorphism. Then ¢ is

a transfer homomorphism if and only if it is a weak transfer homomorphism.

Remark 2.4. There are examples of atomic semigroups for which there exists a weak transfer homomor-
phism to some commutative atomic semigroup, but for which there does not exist a transfer homomorphism
to any commutative semigroup. Indeed, if D is any commutative atomic domain with atoms u and v such
that u? = v™ for some m > 2, and S = T»(D)* denotes the cancellative semigroup of all 2 x 2 upper
triangular matrices with entries in D having nonzero determinant, then there is no transfer homomorphism
from S to any commutative semigroup. However, there is a weak transfer homomorphism from S to
(D®0q)?. See [BBG14, Example 4.5] for details.

In some cases, (weak) transfer homomorphisms do not transfer certain information from 7' to H. It will
therefore occasionally be useful to impose the following strong extra condition.

Definition 2.5. Let H and T be cancellative small categories and let ¢: H — T be a homomorphism. We
say that ¢ is isoatomic provided that ¢(u) ~ ¢(v) implies u ~ v for all u, v € A(H).

The following lemma illustrates just how strong the isoatomic condition is when the domain of a weak
transfer homomorphism is assumed to be commutative. A more general version of this lemma will be given
in Proposition 6.9.

Lemma 2.6. Let S and T be commutative atomic cancellative semigroups, and let ¢: S — T be an
isoatomic (weak) transfer homomorphism. Then ¢ induces an isomorphism Syed = Tred-

Proof. By definition, T' = ¢(S)T*, so the induced semigroup homomorphism ¢red: Sred — Tred 1S surjective.

Suppose that ¢(a) ~ ¢(b) for some a, b € S. Since T is atomic, there exist n € Ny and atoms wy, ..., wy,
in T such that ¢(a) ~ ¢(b) ~ wy - - - wy,. Since ¢ is a weak transfer homomorphism and S is commutative, ¢
is a transfer homomorphism. Thus there are atoms uy, ..., u, and vy, ..., v, in S such that a >~ uy - - - uy,

b~ vy vy, and ¢(u;) ~ ¢(v;) ~ w; for each 7 € [1,n]. Since ¢ is isoatomic, u; ~ v; for each ¢ € [1,n] and
thus a ~ b. We have therefore shown that ¢(a) ~ ¢(b) implies a ~ b and hence the induced homomorphism
Ored: Sted = Tred 1S an isomorphism. O

Sets of lengths and invariants derived from them belong to the most basic invariants used in studying
non-unique factorizations. We refer the reader to [GHK06, Chapter 4] for a thorough introduction to the
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study of sets of lengths in the commutative setting. If H is a cancellative small category and a € H \ H*,
then

L(a) = Lg(a) = {n € N: there exist uy, ..., u, € A(H) witha =wu; ---u, } CN

is called the set of lengths of a. We set L(e) = {0} for alle € H*. We call L(H) ={Lg(a):a € H} the
system of sets of lengths of H.

Let ) # L C Z. A positive integer d € N is a distance of L if there exists an [ € L such that
Ln[l,l+d ={l,l+d}. We denote by A(L) the set of all distances of L. The set of distances of H is
defined as

AH) = |J AW
LeL(H)
We say that H is half-factorial if |L(a)] = 1 for all a € H, equivalently, H is atomic and A(H) = (). The
elasticity of a set L C Nis p(L) =sup{ 2 :m,n € L }, and p({0}) = 0. The elasticity of an element a € H
is pp(a) = p(Lu(a)) and the elasticity of H is p(H) = sup{ pg(a) : a € H }. Note that H is half-factorial
if and only if H is atomic and p(H) = 1.

(Weak) transfer homomorphisms are a key tool in studying sets of lengths, due to the following
straightforward but important result (a proof in the semigroup case for transfer homomorphisms can be
found in [Gerl3, Proposition 6.4] and for weak transfer homomorphisms in [BBG14, Theorem 3.2]).

Lemma 2.7. Let H and T be cancellative small categories. Let ¢: H — T be a transfer homomorphism,
or let T be atomic and ¢: H — T a weak transfer homomorphism. Then Ly (a) = Ly(¢(a)) for all a € H,
and in particular L(H) = L(T).

In the noncommutative setting, (weak) transfer homomorphisms to appropriate commutative semigroups
have already been used to study sets of lengths in [BPAT11, BBG14, Gerl3, Smel3].

Arithmetical maximal orders and Krull monoids. In Section 7 we investigate catenary degrees in
arithmetical maximal orders in quotient semigroups, a class of semigroups that was first studied by Asano
and Murata in [AM53]. Developing our machinery in this abstract setting allows us to simultaneously treat
normalizing and commutative Krull monoids as well as bounded Krull rings in the sense of Chamarie (see
[Cha81, MVO12]), and in particular the classical maximal orders in central simple algebras over global
fields (see [Rei75]) to which we ultimately apply our abstract results. Therefore we recall the following,
referring to [Smel3] for more details.

Let @ be a quotient semigroup (that is, a semigroup in which every cancellative element is invertible).
A subsemigroup S C @ is an order in Q if for all ¢ € Q, there exist a, b € S and ¢, d € SN Q™ such that
g=ac™' =d'b. Two orders S and S’ in Q are equivalent, denoted by S ~ S, if there exist a, b, ¢, d € Q*
such that aSb C S" and ¢S’d C S. This is an equivalence relation on the orders in Q. A maximal order
is an order in @ that is maximal in its equivalence class (with respect to set inclusion). A subset I C @
is called a fractional left S-ideal if SI C I, and there exist z, y € @ such that x € I and Iy C S. It is
called a left S-ideal if moreover I C S. (Fractional) right S-ideals are defined analogously, and we call T
a (fractional) S-ideal if it is both, a (fractional) left and right S-ideal. For a fractional left (respectively
right) S-ideal I, we set I~1 = {q € Q| IqI C I}, and this is a fractional right (respectively left) S-ideal.
We define I, = (I71)~! and call I divisorial if I = I,. The divisorial fractional left S-ideals form a lattice
with respect to set inclusion, where IV J = (I UJ), and I A J =1NJ, and so do the divisorial fractional
right S-ideals. An order S is bounded if every fractional left S-ideal contains a fractional S-ideal, and every
fractional right S-ideal contains a fractional S-ideal.

Definition 2.8 ([Smel3, Definition 5.18]). Let S be a maximal order in a quotient semigroup Q). We say
that S is an arithmetical maximal order if it has the following properties:

(A1) S satisfies both the ACC (ascending chain condition) on divisorial left S-ideals and the ACC on
divisorial right S-ideals.

(A2) S is bounded.

(A3) The lattice of divisorial fractional left S-ideals is modular, and the lattice of divisorial fractional
right S-ideals is modular.

We note that if S is an arithmetical maximal order and S’ is a maximal order in ) that is equivalent to
S, then S’ is also an arithmetical maximal order. Analogous ring-theoretic definitions are made for a ring
R which is an order in a quotient ring Q.

We now summarize the connections between arithmetical maximal orders and more familiar notions.
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(1) Let S be an order in a group Q. If S is an arithmetical maximal order, then .S is a Krull monoid in
the sense of [Ger13] (that is, S is a cancellative semigroup that is left and right Ore, is a maximal
order in its quotient group, and satisfies the ACC on divisorial S-ideals). If, in addition, S is
normalizing, then S is an arithmetical maximal order if and only if it is a Krull monoid. In particular,
a commutative cancellative semigroup is an arithmetical maximal order (in its quotient group) if
and only if it is a commutative Krull monoid (that is, a commutative cancellative semigroup which
is completely integrally closed and satisfies the ACC on divisorial ideals).

(2) Let S be a normalizing cancellative semigroup. Then S is a UF-monoid in the sense of [Coh85,
Chapter 3.1] if and only if Syeq is a free abelian monoid, and S is a Krull monoid if and only if
Sted 18 a commutative Krull monoid. It follows that S is a UF-monoid if and only if it is a Krull
monoid with trivial divisor class group (that is, every divisorial S-ideal is principal).

(3) Let R be a prime PI ring. Then R is a Krull ring if and only if R® is a Krull monoid. Equivalently,
R is a Krull ring if and only if it is a maximal order in its quotient ring and satisfies the ACC on
divisorial R-ideals (equivalently, on divisorial left and right R-ideals). If R is a Krull ring, then the
semigroup (R, -) is an arithmetical maximal order. (This remains true in more general settings; see
[Cha81].)

(4) If R is a bounded Dedekind prime ring, then (R, -) is an arithmetical maximal order.

(5) Let K be a global field, and denote by S the set of non-archimedean places of K. For v € S denote
by O, C K the discrete valuation ring of v. A holomorphy ring in K is a subring O C K such that
O =Nyes\5, Ov With So C S finite and Sy # @ in the function field case. A central simple algebra
A over K is a finite-dimensional K-algebra with center K that is simple as a ring. A classical
(O-)order in A is a subring R C A such that O C R, KR = A, and R is finitely generated as
O-module (see [MRO1, Rei75]). A classical maximal (O-)order in A is a classical O-order that is
maximal with respect to set inclusion amongst classical O-orders. If R is a classical maximal order
in A, then R is a Dedekind prime ring, a PI ring, and in particular a Krull ring. Investigating such
classical maximal orders is the focus and main motivation of Section 7.

Particular examples of classical maximal orders are, for instance, M,,(O) where O is a ring
of algebraic integers and n € N, as well as classical maximal orders in quaternion algebras over
number fields, such as the ring of Hurwitz quaternions Z[i, j, k, W] with k = ij = —j7 and
i? =42 =1

Monoids of zero-sum sequences are examples of commutative Krull monoids and play an important
role in studying non-unique factorizations in commutative Krull monoids. Indeed, every commutative
Krull monoid possesses a transfer homomorphism to a monoid of zero-sum sequences over a subset of its
divisor class group (see [GHKO06, Chapter 3.4]). Under certain conditions, this continues to hold true for
arithmetical maximal orders, and it is this transfer homomorphism that was exploited in [Smel3] to study
sets of lengths in this setting, and that we will use in Section 7 to study catenary degrees. We therefore
recall the definition of monoids of zero-sum sequences.

Let G be an additive abelian group, Gp C G a subset and let F(Gp) be the (multiplicatively written)
free abelian monoid with basis Gp. Following the tradition of combinatorial number theory, elements
S € F(Gp) are called sequences over Gp, and are written in the form S = g; -+ g, with | € Ny and g1,

.., g1 € Gp. To a sequence S we associate its length, |S| =, and its sum, o(S)=¢g1 + -+ g; € G. We
call the submonoid

B(Gp) ={S € F(Gp):o(S) = 0g }

of F(Gp) the monoid of zero-sum sequences (over Gp). The minimal zero-sum sequences are the atoms of
B(Gp), and the Davenport constant is D(Gp) = sup{|S|: S € A(B(Gp)) }, that is, the supremum of the
lengths of minimal zero-sum sequences.

If S is a normalizing Krull monoid, G is its divisor class group, and Gp is the set of classes containing
prime divisors, then there exists a transfer homomorphism S — B(Gp) (see [Gerl3, Theorems 6.5 and
4.13]). For this reason, monoids of zero-sum sequences, and in particular the Davenport constant, have been
the focus of intensive study in combinatorial and additive number theory (see, for instance, [Ger09, Gry13]).
Many factorization theoretic invariants of B(Gp) can be bounded (or even expressed) in terms D(Gp).

If D(Gp) is finite, the Structure Theorem for Sets of Lengths ([Ger09, Definition 3.2.3]) holds for B(Gp),
which implies that sets of lengths are almost arithmetical multiprogressions, with differences described by
the set of distances, A(B(Gp)). In the case G = Gp, A(B(Gp)) is a finite interval starting at 1 (if it is
non-empty). Due to the existence of a transfer homomorphism, the same is then true for S itself. Similarly,
if S is not half-factorial, its catenary degree is c(S) = max{2,c(B(Gp))} (see [GHK06, Definition 1.6.1]
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or Section 4 for the definition of the catenary degree, and [GHKO06, Lemma 3.2.6 and Theorem 3.2.8] or
Corollary 7.11 for this result).

Adyan semigroups. Since we will have need to introduce many atomic semigroups defined via generators
and relations in order to illustrate various points, pathological cases, and obstructions to creating a
noncommutative analogue of the commutative theory, and do not desire to expose the reader to the tedious
details of checking whether or not the semigroup is indeed cancellative, we recall the notion of Adyan
semigroups.

Let (X | R) be a presentation of a semigroup S with a finite set of generators X and finite set of relations
R of the form u = v with u and v non-trivial elements in F*(X). The left graph of the presentation is the
graph G(V, E) with vertex set V = X and with an edge {a,b} € E if and only if there is a relation v = v
in R where a is the left-most letter in u and b is the left-most letter in v. One similarly defines the right
graph of the presentation. A semigroup S is said to be Adyan if it has a presentation such that the left and
right graphs of the presentation are acyclic; i.e., if they are forests. For the examples of semigroups in this
paper that are defined via generators and relations, it can easily be checked that they are Adyan. Thus it
is important to note the following result which allows one to easily verify that these examples are indeed
cancellative (see also [Rem80, Theorem 4.6] for another proof and a more general result that allows for
infinite sets X and R).

Proposition 2.9 ([Ady60]). Let S be an Adyan semigroup. Then S embeds into a group and is therefore
cancellative.

In particular, if R consists of a single relation w = v (which will often be the case in this manuscript),
then S is cancellative if the first letters of u and v are distinct, and the last letters of u and v are distinct.

3. DISTANCES AND FACTORIZATIONS

In this section we introduce rigorous notions of factorizations and distances between factorizations. We
begin by briefly recalling the concepts of factorizations as well as the usual distance from the commutative
setting. A more detailed account can be found in [GHKO06, Section 1.2].

Let S be a commutative cancellative semigroup. If a € S and a = uy -+ -ux = vy ---v; with k, [ € Ny
and uy, ..., ug, v1, ..., vy € A(S) are two representations of a as products of atoms, then one considers
these representations to be the same factorization if k¥ = [ and there exists a permutation o € &, such
that u; >~ v, for all i € [1,k]. A fully rigorous notion of factorizations is obtained as follows: Let Sreq
be the associated reduced semigroup of S. The factorization monoid of S, denoted by Z(.5), is the free
abelian monoid F(A(Syed)). There is a canonical homomorphism 7: Z(.S) — Syeq mapping a formal product
uy -+ - ug in Z(S) to the product Hle u; in Speq. For a € S, the set Z(a) = Zg(a) = 7~ 1(aS™) is the set of
factorizations of a.

If X is a set and F = F(X) is the free abelian monoid on X, there is a natural notion of a distance
function dp: F' X F' — Ny, defined as follows: If z, y € F', we may write z and y as

T =1Up " - ULVL """ Um and y:ul...ukwl...wn
with k, m, n € Ng and uq, ..., Uk, v1, - -+, Um, W1, ..., Wy € X such that
{v1, .y om}N{wy, ..., w,} = 0.

We then set dp(x,y) = max{m,n}. This is a metric on F' having the additional property that it is invariant
under translations, that is, dp(zz,yz) = dp(x,y) for all z, y, z € F. Moreover ‘|z| - \z” <dp(z,7) <
max{|z|, ||} for all z, 2’ € Z(S).

Since Z(S) is simply the free abelian monoid on A(Syeq), in this way a notion of a distance between
factorizations is obtained. It is this distance function that has been a central tool in the investigation of
non-unique factorizations in the commutative setting. For instance, the catenary degree c(.S) and the tame
degree t(S) are defined in terms of dz(g).

For a cancellative small category H we cannot directly imitate the approach to defining factorizations
that is used in the commutative setting (taking the path category instead of the free abelian monoid)
because associativity may not be a congruence relation on H. Instead we shall take the path category on
A(H), and afterwards impose a congruence relation to deal with the potential presence of units. This gives
rise to the notion of a rigid factorization in cancellative small categories. In the commutative setting, rigid
factorizations differ from the usual notion in the commutative sense in that the order of factors matters. In
general, there does not seem to be an entirely natural choice of distance between rigid factorizations that
also coincides with the usual distance for factorizations in the commutative case. Therefore we introduce
an axiomatic notion of a distance. Each distance d gives rise to the notion of d-factorizations, possibly
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coarser than that of rigid factorizations. On the other hand, different distances may give rise to the same
notion of a factorization.

We focus on what appear to be two reasonably defined distances: The first of these notions, the
permutable distance d,, allows for permutations of irreducible factors of an element, and hence gives rise to
the notion of permutable factorizations of an element. In a commutative semigroup, d, coincides with the
usual distance defined between any two factorizations of an element. The second notion, the rigid distance,
instead corresponds more naturally to the notion of rigid factorizations, and hence does not coincide with
the usual distance in the commutative setting.

In addition, for the semigroup of non zero-divisors of a ring, we shall also introduce distances based on
stmilarity and subsimilarity of atoms, denoted by dgin, and dgypsim. For the semigroup of non zero-divisors
of a commutative ring, these also coincide with the usual distance of the commutative setting, and have an
advantage over the permutable distance in that they correctly reflect the structure of noncommutative rings
in the sense that PIDs are dgi,- and dgupsim-factorial, while they are not necessarily permutably factorial.

We also show that the coarsest possible distance, d| |, is based on lengths alone, and that a factorization
in that distance corresponds to a length, whence sets of lengths naturally reappear as sets of factorizations
in this coarse distance.

Throughout this section, let H be a cancellative small category.

We now recall the notion of a rigid factorization as defined in [Smel3, Section 3]. Let F*(A(H)) denote
the path category on the quiver of atoms of H. We define

H> % FH(A(H)) = {(e,y) € H* x F*(A(H)) : 1) = s(y) },

and define an associative partial operation on H* x, F*(A(H)) as follows: If (¢,y), (¢,y) € H* X,
F*(A(H)) with e, e’ € H*,

y=(e,us,...,up, f) € F*(A(H)) and v = (¢',v1,...,u, f') € F*(A(H)),
then the operation is defined if ¢(y) = s(¢’), and

(g,9) - (€,9) = (&, (e,ur, ... yupe’ v1, .. o, 1)) if k>0,
while (e,y) - (¢/,y") = (e’,y) if k = 0. In this way, H* X, F*(A(H)) is again a cancellative small category
(with identities { (e, (e,e)) : e € Hp } that we identify with Hy, so that s(e,y) = s(e) and (e, y) = t(y)).
We define a congruence relation ~ on H* x, F*(A(H)) as follows: If (e,y), (¢/,y") € H* x, F*(A(H))
with y, ¢’ as before, then (e,y) ~ (¢',y/) if k =1, euy - - - ux, = €'vy ---v; € H and either k = 0 or there exist
02, ..., O0p € H* and Ogy1 = t(ug) such that

e'vy = eurdyt and v; = 6iui5;+11 for all i € [2,k].
Definition 3.1. The category of rigid factorizations of H is defined as
Z*(H) = (H* x, F*(A(H)))/~ .

For z € Z*(H) with z = [(e, (e, u1, ..., uk, f))]~, we write z = euy * - -- * u and denote the partial
operation on Z*(H) also by *. The length of the rigid factorization z is |z| = k and there is a homomorphism
7w =mng: L*(H) — H, induced by multiplication in H, explicitly 7(z) = euy---ux € H. For a € H, we
define Z*(a) = Z3;(a) = 7= 1({a}) to be the set of rigid factorization of a.

Factoring out by the relation ~ is motivated by the fact that if e € Hy and w, v € A(H) with
t(u) = e = s(v), and € € H* is such that t(¢) = e, then we always have uv = (ue~!)(ev), but we do
not wish to consider these to be distinct factorizations of uv. Working with H* x, F*(A(H)) instead of
F*(A(H)) ensures that, despite factoring out by ~, every unit of H has a rigid factorization (of length 0).
Hence the homomorphism 7: Z*(H) — H is surjective if and only if H is atomic. In this way we often
avoid having to treat units as special cases.

Each atom u € A(H) has a unique rigid factorization, as does each unit of H. Moreover, it is easy to see
that these unique rigid factorizations of atoms and units of S are precisely the atoms and units of Z*(H),
and thus we have bijections

™ ‘A(Z*(H)): A(Z*(H)) — A(H) and 7 |Z*(H)><: Z*(H)X — H*.
In particular, H* embeds into Z*(H) as a subcategory by means of ¢ — ¢ = [(e, (t(¢),t(¢)))]~. Thus we
may view A(H) and H* as subsets of Z*(H).
One can verify, directly from the definition of Z*(H), that if x, y, ', v’ € Z*(H) with x xy = 2’ x ¢’ and

|z| = |2'|, then there exists ¢ € H* such that 2’ = x xe~! and y/ = € * y. Thus any representation of a
rigid factorization as a product of other rigid factorization is, up to trivial insertions of units, uniquely
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determined by the lengths of the factors. Below, we will define the notion of rigid factoriality, and by the
property just stated, Z*(H) will turn out to be rigidly factorial.

If H is reduced, then we simply have Z*(H) = F*(A(H)), and in this case we identify these two objects.
In particular, if S is a commutative reduced cancellative semigroup, then Z*(S) is the free monoid on
A(S), while the usual factorization monoid from the commutative setting is the free abelian monoid on
A(S). Thus rigid factorizations differ from the usual ones in that the order of atoms matters for rigid
factorizations.

We shall sometimes write something akin to “Let z = euy * - - - x uy, € Z%;(a) be a rigid factorization
...7, and we will tacitly assume that we are implicitly choosing k € No, e € H*, and uy, ..., ux € A(H)
representing the given factorization.

With rigid factorizations defined, we are now able to introduce distances between them.

Definition 3.2. A global distance on H is amap d: Z*(H)x Z*(H) — Ny satisfying the following properties.
(D1) d(z,2) =0 for all z € Z*(H).
(D2) d(z,2') =d(¢, z) for all z, 2’ € Z*(H).
(D3) d(z,2') <d(z,2")+d(2",2) for all z, 2/, 2" € Z*(H).

(D4) For all z, 2/ € Z*(H) with s(z) = s(2’) and « € Z*(H) with ¢(x) = s(z) it holds that d(z*z,z*2") =
d(z,7'), and for all z, 2’ € Z*(H) with t(z) = (') and y € Z*(H) with s(y) = t(z) it holds that
d(zxy, 2" xy) =d(z,2).

(D5) ||z| — /]| < d(z,2") < max {|z|,|2'|,1} for all z, 2’ € Z*(H).
Let L = {(z,2') € Z*(H) x Z*(H) : ©(z) = 7(2’) }. A distance on H is a map d: L — Ny satisfying
properties (D1) to (D5) under the additional restrictions on z, 2’ and z” that w(z) = w(z') = w(z").

A distance is only defined between two rigid factorizations z and 2z’ of a fixed element, while a global
distance is defined between arbitrary rigid factorizations. If d is a global distance, then d|, is a distance
and we simply write d = d|;. The concept of a distance suffices to introduce d-factorizations and to study
catenary degrees. Distances have an advantage over global distances in that they can be extended to
the category of principal ideals (see Proposition 7.9). While the particular distances we introduce will
generally be global distances, our abstract results will always be stated for distances, the only exception
being Lemma 3.7(3), where it is necessary to assume that the given distance is a global distance. The
description of =, after Definition 6.5 by means of the permutable distance makes use of the fact that the
permutable distance is a global distance.

Let z, 2/ € Z*(H). If |z| = |2/| = 0 then z = ¢ and 2’ = n with ¢, n € H*. If, in addition, 7(z) = m(2’),
then e = n and hence z = 2’. In this case, (D5) together with (D1) implies d(z, z") < max{|z|, |2|}. For a
distance, the upper bound in (D5) is therefore equivalently to d(z, z’) < max{|z|,|2'|}.

In the literature a great number of distances between words in a free monoid have been introduced, see
for example [DD13, Chapter 11]. Modifying these to account for the potential presence of units, they prove
to be a rich source of possible interesting distances to study on H.

We now introduce two general constructions for global distances in the present context.

Construction 3.3.

(1) Let © be a non-empty set of symmetric relations on Z*(H) x Z*(H), and for each R € § let
cr € Ny denote its cost, subject to the condition that cg > ||z| — |2/|| for all 2z, 2’ € Z*(H)
with zRz". We call R € Q an edit operation. Let z, 2/ € Z*(H). An edit sequence from z to 2’
consists of a finite sequence of relations Rq, ..., Ry, € Q (repetition is allowed) and factorizations
Z = 20y Z1y vy Zm—1, Zm = 2 € Z*(H) such that z;_1R;z; for all i € [1,m]. (Note that the
intermediate factorizations may have different products, and even s(z;) # s(z;—1) and ¢(z;) # t(2i—1)
is permitted.) The cost of the sequence is cg, + -+ + cgr,,, and the length of the sequence is
m € Np.

We set d(z, 2') € NgU{oo} to be the minimal cost of an edit sequence from z to 2z’. If d(z,2) < oo
for all z, 2/ € Z*(H) (that is, for any two z, 2/ € Z*(H) there exists an edit sequence from z to z’),
then d: L — Nj satisfies properties (D1) to (D3). Moreover, d satisfies one inequality of (D5): For
any edit sequence of minimal length,

m m m
d(z2) =Y er, = Y |l = laimal| = | Do Jail = Jzial| = |12l = 1]
i=1 i=1 i=1

To establish that d is a global distance, it remains to check (D4) and the remaining inequality from
(D5). We will use this construction to introduce the rigid distance in Definition 3.4.
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(2) Let ~ be an equivalence relation on the set of atoms A(H ) of H such that, for all u, v € A(H), u ~v

implies u ~ v. We denote by [u]. the ~-equivalence class of u € A(H), and by F = F(A(S)/~)
the free abelian monoid on the equivalence classes of A(H) under the equivalence relation ~.
Then there exists a homomorphism ¢: Z*(H) — F such that ¢(z) = [uj]~ - [ug]~ for all
z=cuy*---*xu, € Z*(H) with k € Ng, e € H*, and uq, ..., u € A(H).

Let dp: ' x F — Nj denote the usual distance on the free abelian monoid F. We obtain
a global distance d on H by setting d(z,2") = dr(p(2),¢(2)) for all z, 2/ € Z*(H). Thus, if
z=ceuy k- kup, 2 =nuyk---xv € Z*(H), we compare the sequences of ~-equivalence classes
of uy, ..., ux and vy, ..., v; up to permutation. Explicitly, there exists a (uniquely determined)
n € [0, min{k,}], subsets I C [1,k] and J C [1,I] of cardinality |I| = |J| = n, and a bijection
o: 1 — J such that u; ~ v, for all i € [1,n], while u; ¢ u; for all i € [1,k]\ I and j € [1,]\ J.
Then d(z, z') = max{k —n,l — n}.

The permutable distance, as well as the similarity and subsimilarity distances, introduced in the
following definition, will be constructed in this way.

Using these constructions, we now introduce the (global) distances we will focus on.

Definition 3.4.

(1) In the rigid distance, denoted by d*, we allow the replacement of m € Ny consecutive atoms by

n € Ny new ones at cost max{m,n,1}. Explicitly, for all m, n € Ny we define an edit operation
Rom.n as follows: If z, 2’ € Z*(H), then 2R, 2’ if and only if there exist z, y, 29, 2;, € Z*(H) such
that {|zol,|2|} = {m,n} and one of

z=xzx20xy and 2 =xx*z)*vy,
z=zoxy and 2’ =z)=xvy,
z=xx*zyg and 2 =uzxz, or
z=20 and 2z =z,
holds. We set the cost of Ry, ., to be max{m,n,1} and set
Q={Rmn:m,necNy}.

The rigid distance d* is the distance defined by these edit operations, as described in Construc-
tion 3.3(1). (We verify in Lemma 3.6 below that d* is a global distance.)

The permutable distance, denoted by d,, is defined by means of Construction 3.3(2) by setting
Let R be a ring and S = R*® the cancellative semigroup of non zero-divisors of R. Two elements
a, a’ € R are similar if R/Ra = R/Ra’ as left R-modules, and they are subsimilar if there exist
monomorphisms R/Ra < R/Ra’ and R/Ra’ — R/Ra. These are equivalence relations on S. If
a ~ o, then a and a' are similar, and hence subsimilar. Using Construction 3.3(2), similarity
therefore gives rise to the similarity distance, denoted by dgim, and subsimilarity gives rise to the
subsimilarity distance, denoted by dgubsim-

Remark 3.5.

(1)

2)

If S is a commutative reduced cancellative semigroup, then d, coincides with the usual distance.
To differentiate it from a generic distance we will always write d,, for the usual distance in the
commutative setting.

The rigid distance is derived from the editing (or Levenshtein) distance on a free monoid: There,
one permits the insertion, deletion and replacement of a single letter in a word at cost 1. The
variation from the definition for a free monoid accounts for the nature of the partial operation, in
which a one-by-one deletion and insertion of atoms may not be possible, as well as the presence of
units. If z, 2’ € Z*(H) with d*(z,2’) = 0, then z = 2’ since all edit operations have cost at least
1. Thus the rigid distance is sufficiently fine to be able to distinguish between two distinct rigid
factorizations.

The definition of the edit operations R, , seems repetitive. However, since it is possible that
s(z) # s(2') or t(z) # t(2'), one cannot assume that all the listed cases are special cases of
z=xxzpxyand 2’ = x x z{ *y.

It may seem natural to set the cost of R, to max{m,n} instead of max{m,n,1}. However, it
would then be permitted to insert or remove units in arbitrary places at cost 0. It would then be
possible to have d*(z,z") = 0 for two distinct factorizations z, 2’ € Z*(H), even if 7(z) = w(z’).
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Indeed, consider S = (a,e | €2 = 1,ea® = a¢). We first check that S is cancellative. Since the right
hand side of the relation €2 = 1 is trivial, we cannot employ Adyan’s result. However, by mapping

€ (0 1) and a+— (0 2)

10 1 0/’
we obtain a homomorphism S — My(Z)®. Using the fact that every element of S affords a
representation of the form a?™*"(ea)"e® with m, n € Ny and r, s € {0,1}, one can check directly
that this homomorphism is injective. Therefore S can be realized as a subsemigroup of Ms(Z)*
and is cancellative. Now note that z = ca x ac and 2’ = a * a are distinct rigid factorizations of a?.
Indeed, suppose otherwise. Then there exists n € S* such that ea = an. However, S* = {1,¢},
and thus z and 2’ are distinct. However, (a * a)Ro0(¢a * a), and (ea * a)Ro o(ca * ac) would give
an edit sequence of cost 0.

(3) In [Coh85, Chapter 3], P. M. Cohn uses the notion of similarity to define a concept of unique factor-
ization in noncommutative rings. Similarly, in [Bru69], the slightly weaker notion of subsimilarity
is used to introduce such a concept. If z, 2/ € Z*(H) with m(z) = 7(z’), then dgim(z,2’) = 0 if and
only if z and 2’ are the same factorization in the sense of P. M. Cohn, and similarly dgubsim(z,2") =0
if and only if z and 2’ are the same factorization in the sense of Brungs.

There is also a purely multiplicative characterization of subsimilarity (see [Bru69, Lemma 2],
but note that Brungs assumes that R is a domain): Two elements a, a’ are subsimilar if and only
if there exist elements ¢, ¢’ € R such that

RaNRd = Ra'd and Ra’' N Rc= Rac,

with ¢ and ¢’ satisfying the additional property that, for all » € R, rc € Rac implies r € Ra and
r¢’ € Ra/c’ implies r € Ra’ (this is a weak form of cancellativity for ¢ and ¢’).

If R is commutative, then the notions of subsimilarity and similarity coincide with associativity,
and hence both of these distances coincide with the usual one in R: If a, ' € R® are subsimilar,
then Ra = anng(R/Ra) = anng(R/Ra’) = Ra’, and hence a ~ a’.

The first part of the following lemma shows that any edit sequence consisting of the edit operations which
define the rigid distance can be transformed into an edit sequence of equal or lower cost which consists of
pairwise disjoint replacements (the idea is related to the use of traces in studying the Levenshtein distance
in a free monoid, see [WEF74]). The details of the proof are somewhat technical, but essentially, given
any edit sequence, we can merge two subsequent overlapping edit operations into a single edit operation
whose cost does not exceed the combined cost of the two operations. We then use this characterization to
establish that the rigid distance is a global distance.

Lemma 3.6.

(1) Let z, 2/ € Z*(H) and let N € Ng. Then d*(z,2") < N if and only if there exist n € N,
X1, ovny Tp—1 € Z*(H) and y1, Y4, -+, Yn, Y, € Z*(H) such that

Z=YL kTR Yk K Y1k Tp1 * Yy and
r / / /
z —yl*:El*yQ*"'*yn_l*In_l*yn

with 3,y max{|y:|, |[yi|, 1} < N where I = {i € [1,n]:y; # s(y;) ory; # s(y;) }-
(2) In the representation in (1) we can, in addition, assume that either
(i) for alli € [2,n] the suffives y; * x; % - % Tp_1 % Yp, of 2 and Yy} * x; % - * T,_1 x y), of 2’ are
left coprime, or
(i) for alli € [1,n — 1] the prefizes yy * @1 % -~ % T;—1 xy; of z and y] *x1 * -+~ xx;_1 %y, of 2/
are right coprime.
(3) Let z, 2/ € Z*(H) and let x, y € Z*(H). If t(z) = s(z) = s(Z), then d*(z * z,z * 2') = d*(z, 2/),
and if s(y) = t(z) =t(2'), then d*(z x y, 2" xy) = d*(z, 2').
(4) The rigid distance d* is a global distance on H.

Proof. For k, | € Ny, let Ry, denote the edit operations from Definition 3.4(1), and let € denote the set
consisting of all such edit operations. We recall: If z, y, o/, y' € Z*(H) with z x y = 2’ x ¢y’ and |z| = |2/],
then there exists e € H* such that 2’ = zxe ! and 3y = e xy. We will make use of this property throughout
the proof.

(1) Suppose first that z and 2’ are of the described form. Then we can clearly construct an edit sequence
from z to 2z’ in the operations from 2 and of cost at most N: We successively replace y; by vy} for all i € T
with cost at most max{|y;|, [yi],1}. Thus d*(z,2") < N.
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For the converse, suppose that d*(z,2’) < N. Fix an edit sequence from z to z’ with cost at most N
and with length m € Ny. For each i € [1,m], let R; € Q and let z = z, ..., 2, = 2/ € Z*(H) be such
that z;_1R;z; for all i € [1,m] and >_." | ¢g, < N. We proceed by induction on the length m of the edit
sequence. If m = 0, then z = 2z’ and we simply set n =2, 1 = z, y1 = y] = s(z) and y2 = y4 = t(2). Now
suppose that m > 1 and that the claim holds for sequences of length m — 1. Note that N > 1, since all
edit operations in €2 have cost at least 1. Since z = zg, ..., z;,—1 is a sequence from z to z,,_1 of length
m — 1, the induction hypothesis implies that there exist r € N, &1, ..., &,_1 € Z*(H) and g1, 9, - -, Ur,
9. € Z*(H) such that

Z=Yp * Ty kYo k- K Yp_1 % Tp_q * Yy,

(3.1)

NN ~1 ~/ A a1
Am—1 =Y ¥ T1*Yg ¥ kY 1 *Tp—1*Yp,

and . ; max{[g|, |gi],1} < N — eg,, where I= {iel,r]:9; #s(y:) or g; # s(4.) }.
Since zp—1Rm 2, there exist &, §, 2, 2’ € Z*(H) with max{|Z|,|%'|,1} = cgr,, and such that one of the
following holds:

Zm—1=2*xZxy and

I\
I
>
*
I\
*
&

~ A~ ! ol ~
Zm—1=2%7y and 2 =2 x7,
~ ~ / A ol
Zm_1=%*x2 and 2z =xxZ, or
Zm—1 =% and 2 =2’

We first consider the case where z,_1 = & * 2 x § and 2/ = & x 2’ % §. The other cases will be analogous to
special cases of this one. To simplify the notation in what follows, for i, j € [0, r], we set

P=s(@)) x g1 x @1 Qo % x 0.y x&;_1 %7, and
S; = 17;'+1 * Ty ok Q;—+2 Kook @;«—1 * Ty _q * Q; * t(gj;)
These are the prefixes of z,,_; ending in ¢, respectively the suffixes of z,,_1 starting with g)é 41, for
i, j € [0,7]. Note that Py = s(¢1) and S, = t(¢..) are empty products.
Let k € [0,7] be maximal and [ € [k, 7] be minimal such that
[Pl < |2] and [S] < [g].
We first deal with some extremal cases. If k = 0 and [ = r, then we set n = 1, y; = z and ¢} = z’. Then

2| = 2]+ + 2] < D [§il +cr, and
ie{l,r}

r—1 r
ol = Sl + S0l < em + S max{ll, 191},
i=1 i=1 iel
and thus max{|z|,|2'],1} < N.

If k=0 and ! < r, then, by enlarging 2 and 2’ if necessary by at most |g]| elements, we may assume
1S1] < 19| < |Z; * Si|. Then there exist z1, y1,1 € Z*(H) such that & = y11 *z1 and § = z1 * 5. Setting
Y1 = Q1 k& k- x By x G xy11 and Y] = T x 2, we have

Z=Y1 kT kYp1 * g1 %k Tp_1 x Y and
2=y k@ * Gy k By x ek Bpog % G

Weset n=r—1+1, y; = giy1—1 and y; = g;,,_, for all i € [2,n], and 2; = ;1 for all i € [2,n —1].
Then

-1 l
il = l&il + lyeal + > il < er,, + > max{|gl,[§}]} and
1=1 =1

ieln[1,l]
o1l = 121 + 12 < 193] + er, + 100
Thus max{|y1|, ‘yi|7 1} < N — Zieim[url,r] maX{‘:giL |:l);|, 1}'

The case £k > 0 and [ = r is analogous to the previous case. We can assume from now on that
k, 1l € [1,7 — 1]. Suppose first that k = I. Comparing the following two representations of z,,_1:

~ 2 ~ ~/ S ~/ ~/ S, A~/
Zm_l:.’ﬂ*Z*y:yl*xl*yQ*“'*yT_l*ZL'r_l*yr,
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it follows that there exist x, xx+1 € Z*(H) such that &y = xk * £ * Tp41, & = Py *xxy, and § = Tgq1 * Sk.
Then

Z=Y1 %k kY kT * 2k Tpg1 * Y1 * - -- %Y and
2=y ke kY Tk 2k T * gy * e x G
Setting n =r+1, ypy1 =2, Yppy =2, xi =2 foralli € [1,k —1], y; = §; and y; = g; for all i € [1, k],
x; = &1 for all i € [k +2,7], and y; = §;—1 and y, = g,_, for all ¢ € [k + 2,7 + 1], the claim follows since
max{|2], 2], 1} < cr,,.
Now suppose that k& < [ with &, I € [1,7 — 1]. Enlarging 2 and 2’ if necessary by at most |g;,_ | + |7]
elements if k + 1 < [, respectively by at most |¢]| elements if k + 1 = [, we may further assume

|Pr| < 2| < [Py * @k and [S] < [g] < |2 % Sl

Then there exist Tk, T41, Yr+1,1, Yo+1,2 € Z*(H) such that T = Tp*yp41,1, T = Yr1,2%Th41, T = Ppxag,
N 2 by IS . Iy
U= Tkr1 xS, and 2= Y11 % Ppyq * Ty * - * Tpo1 * §) * Ypg1,2. Thus

Z=Yr k- kYp ¥ Tk ¥ Z* Tpqq * Yy *--- %Y and
’ ~1 ~1 Al A~/ ~f
2=k kY kT k2 kT K Yy ke x T

Weset n=r—1+k+1, yp41 =2, ypy =2, v =2; foralli € [1,k—1], y; = g; and y; = g; for all
i€ [1,k], i =2 11 forallie [k+2,n—1],and y; = §i_py1—1 and y; = g;_,. ., forall i € [k +2,n].
If k41 = [, then max{|Z|, 2,1} < cgr,, + 9|, and if k41 <[, then max{|Z|, 2,1} < cgr,, + |Uj41| + |97l
Thus, in any case, with I = {7 € [1,n] : y; # s(y;) or y; # s(y;) } we have

Zma’X{|yl|’ |y;‘7 1} S Zmax{|g7/|’ |g7{|7 1} + cRm'

i€l icl
Hence the claim is verified in the case where 2,1 = T*2Z*gand 2/’ =2 * 2" 9. If z,,_1 = Z*x g and
z' = 2" x ¢, then the proof is similar to the case k = 0 above, noting that it is possible that s(2) # s(Z') and
hence this case is not strictly a special case where « = t(x). If z,,,_1 = & * 2 and 2’ = & % 2/, then the proof
is similar to the case | = r above. If z,,_1 = 2 and 2’ = 2/, then the proof is similar to the case k = 0 and
l=r.

(2) We show that the suffixes can be chosen to be left coprime. The basic idea here is that a common
left factor of a suffix may be moved into the z; preceding the suffix. Let ¢ € [2,n]. Suppose that
Yk Ty %k Ty %Yy = axband yi xx; - *xy_1 xy), = a*c for some a, b, ¢ € Z*(H). We may assume
that |a| is maximal. Then there exist k, [ € [i,n] and yx 1, Yx,2, Y; 1, Y2 € Z°(H) such that yr = yr.1 * k2,
VI = Y1 * Yl

Yi X Tk Yip1 %k Yp—1 ¥ Tp—1 * Yp1 = a, and

(3'2) ’ ’ ’ ’ _
Yi kT kY kXY KT K Y = Q.
By swapping the roles of z and 2’ if necessary, we may, without restriction, assume k < 1. We set
A~ ~ ~/ /
Ti—1 = Tj—1 *a, Yi = Yk,2 ¥ Th * Y1 % -0 X Tj—1 * Y, Yi = Y12

and ; = t(g;) for all j € [i,] — 1] as well as g} = g; = (g;) for all j € [i + 1,1]. Then, comparing lengths in
Equation (3.2),

-1 k—1 -1
> il =yl + lyeal = Y w5 = [yial,
j=k Jj=t j=t

and thus

-1 ! ! -1
i =Y sl 4+ D lysl + kel =D vl = > Wil — [yl

j=k j=k+1 j=i j=i
Clearly |9} < |yj|- If I N [i,1] # 0, then

max{[gl, |5, 1} < D max{lyl, lyjl, 1}.
JEIN[t,l]

l
< Z|yi|'
j=i

Otherwise, y; = s(y;) = y; for all j € [i,{]. Then Equation (3.2) implies k& = [ and also yx1 = y; ;.
Modifying a by a unit if necessary, we may take yy1 = y; ; = t(a), and hence also yj 2 = y; , = t(a). Thus
9; = 4; = s(g;) is trivial.

Note that we only need to modify the representation to the right of y;_;. Thus, working our way from
left to right, we may ensure that the suffixes are left coprime.
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(3) We show d*(z  z,z x 2') = d*(z,2’), and begin by showing d*(z * z,x % z’) < d*(z,2’). Suppose
N = d*(z, 2') and take a representation of z and 2z’ asin (1). Since s(z) = s(2’), we have s(y1) = s(y}). Thus
we may multiply both representations by z from the left. Again by (1), this implies d*(x * z, 2 * 2’) < N.

We now show d*(x * z,x x 2’) > d*(z,2'). Let N = d*(z * z,2 x 2/). By (1), there exist n € N,
X1, oo, Tp_1 € Z*(H) and y1, Y1, - -+ Yn, ¥, € Z*(H) such that

THZ =YL KTy kYo% *Tp_1 %Y, and
Tk =y AT KUYy Kk Ty K Y

with >, max{|y|, [y, 1} < N where I = {i € [1,n] : y; # s(y;) or y; # s(y;) }. By (2) we may further
assume that yo * Tg * -k Ty_1 * Yy, and yh * xo * - -k 1 * y), are left coprime. If y; =y = s(y1), then
x1 = x * & with &9 € Z*(H). Cancelling  on the left, we obtain representations of z and 2z’ as in (1), and
conclude d*(z,2") < d*(z * z,z * 2').

Now suppose that y; or y{ is non-trivial. Due to the coprimality condition, we must have y; *xx1 = x *a
and Y| *x; = v x b with a, b € Z*(H). Let a = §; * &1 and b = ¢} * &1 with g1, 97, &1 € Z*(H) and
|#1| chosen to be maximal. Since y; * x; and y] * 1 have common right divisor x1, we have at least
3] > o] — (|2l — minJya], [y21}). Thus

1] = |yl + 21| = 2] = [21] < [y2] = min{|w], [y1]} < yal,
and similarly |§]| < |yi]. Therefore max{|g:|, |9;],1} < max{|y1],|v}|,1} and, applying (1) to
Z={1kTy*Yg k- *Tp_1 %Yy, and
2=y kB Yk kT * YL,

the claim follows.

(4) Let z, 2/ € Z*(H). By the general properties of the construction, (D1) to (D3), and one inequality
from (D5) hold. It remains to show that d*(z,z’) < max{|z|,|z’|,1}, and that (D4) holds. We have
2R).),]=1%", and this operation has cost max{|z|,|2|, 1}. Property (D4) follows from (3). O

If d and d’ are global distances on H with d(z,2’) < d'(z,2’) for all z, 2’ € Z*(H), we shall say that
d’ is finer than d and d is coarser than d’. If d and d’ are distances on H with d(z,2’) < d'(z,2’) for all
z, 2z € Z*(H) with 7(z) = n(2’), we shall say that d’ is finer than d and d is coarser than d’.

We note some basic properties of distances.

Lemma 3.7. Let d be a distance on H.
(1) For z1, za, 23, 24 € Z*(H) with w(z1) = 7(z3), m(22) = 7(24), t(z1) = s(22), and t(z3) = s(z4) we
have d(z1 * 29, 23 * z4) < d(21, z3) + d(22, 24).
(2) The relation ~4 on Z*(H), defined by z ~q4 2’ if and only if 7(z) = w(2') and d(z,2") =0, is a
congruence relation.
(3) Any global distance d on H is coarser than d*.

Proof. (1) From the triangle inequality (D3) we obtain d(z1 * 22, z3%24) < d(z1 %29, 23%22) +d(23% 22, 23%24).
The translation invariance (D4) implies d(z1 * 22, 23 * 22) = d(21, 23) and d(23 * 22, 23 * 24) = d(22, 24), and
therefore we have d(z1 * 29, 23 * 24) < d(21, 23) + d(22, 24).

(2) It is immediate that ~4 gives reflexive, symmetric and transitive relations on Z*(H)(e, f) for all
e, f € Hy. Let z, 2/, w, w' € Z*(S) with s(z) = s(2'), t(z) = t(z) = s(w) = s(w'), and t(w) = t(w').
Moreover assume that 7(z) = 7(2), d(z,2') = 0, n(w) = w(w’) and d(w,w’) = 0. We must show that
zxw ~yg 2 xw'. Since m(w) = w(w'), m(z) = w(z’) and 7 is a homomorphism of small categories, we also
have 7(z * w) = 7(2' x w’). Moreover, by (1), d(z xw, 2’ * w') < d(z,2') + d(w,w’) = 0.

(3) Let d be a global distance on H. Let z, 2’ € Z*(H) and let N = d*(z,2’). By the definition of d*,

there exist | € Ng, mq, n1, ..., my, ny € Ng and z = zp, ..., 2y = 2/ € Z*(H) such that z;_1R, nz for all
i € [1,l] and ¢cg,, , + - +cRr,, ., =N. By the definition of R, », and property (D4) of d, we find
d(zi-1,2) < cRr,,, ,, foralli€ [1,1]. From the triangle inequality (D3) we conclude d(z,2") < N. O

By application of Lemma 3.7(3), the rigid distance plays a special role in that it is the finest global
distance. Note that d|.(z,2") = ‘|z| — ||| also defines a global distance on H. By property (D5), we have
dj(z,2") < d(z,2’) for any other global distance d, and similarly d|.|(z,2") < d(z,2') if 7(2) = 7(2’) and d
is a distance. Thus, dj.| is the coarsest possible (global) distance. If R is a ring, then d, is finer than dgjm
(since associated elements are similar), and dgp, is finer than dgypsim (since similar elements are subsimilar),
and all three of these global distances are coarser than d* by the previous lemma.

It follows from Lemma 3.7 that every distance d gives rise to a notion of factorizations derived from d
by identifying rigid factorizations z and 2’ of an element a € H if d(z,2') = 0.
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Definition 3.8. Let d be a distance on H and let a € H.

(1) We define Z4(H) = Z*(H)/ ~q and Z4(a) to be the image of Z*(a) under the canonical homomor-
phism Z*(H) — Z4(H). An element of Z4(a) is called a d-factorization of a and Zy4(H) is the
category of d-factorizations. We say that H is d-factorial if |Z4(a)| =1 for all a € H.

(2) We set Z,(H) = Z4,(H) and call these factorizations permutable factorizations. Given z € Z*(H)
we shall write [z], for its image in Z,(H). If H is d,-factorial, we say instead that H is permutably
factorial.

Let z, 2 € Z*(H) with 7(z) = w(2’). Since d(z, z’) depends only on the classes of z and 2’ in Z4(S), we
may think of d as being defined on { (z,2’) € Z4(S) x Z4(S) : w(z) = 7(2’) } whenever this is convenient.
Since d*(z,2') = 0 if and only if z = 2/, Zg4«(H) = Z*(H) is just the category of rigid factorizations. If H
is d*-factorial, we say instead that it is rigidly factorial. Observe that H is d-factorial if and only if the
homomorphism Z4(H) — H induced by 7: Z*(H) — H is an isomorphism.

Remark 3.9. Let z, 2/ € Z*(H) with 7(z) = n(2').

(1) We have d|(z,2') = 0 if and only if [z| = [2’|. Thus H is d|.-factorial if and only if it is half-factorial.

(2) We have d,(z,2’) = 0 if and only if |z| = |2/| and there exists a permutation of the factors of z such
that they are pairwise associated to those of z/. If H is a commutative cancellative semigroup, and
a € H, then Z,(a) coincides with the usual notion Z(a) of factorizations of a (but Z,(H) 2 Z(S) if
S is not reduced).

(3) If d and d’ are distances on Z(H) with d’ finer than d and H is d’-factorial, then H is d-factorial.
In particular, we have the following: Let R be a ring. If R® is permutably factorial, then it is
dgim-factorial. If R® is dg,-factorial, then it is dgupsim-factorial. Finally, if R is commutative, then
all three notions coincide, since then d, = dgim = dsubsim-

Since we have identified A(H) with A(Z*(H)), and since representations of rigid factorizations as
products of atoms are unique up to a trivial insertion of units, it follows immediately that Z*(H) is rigidly
factorial, and thus in particular, Z*(Z*(H)) = Z*(H). Similarly, for any distance d, the sets A(H) and H*
embed into Zy4(H ), and Z4(H) is atomic with A(Z4(H)) = A(H).

The finer a distance d, the more refined the notion of factorizations that can be derived from d. While
d* turns out to be a very useful tool, it may not always be practical to study such a fine notion as rigid
factorizations. For instance, a commutative cancellative semigroup is rigidly factorial if and only if it
is factorial and possesses, up to associativity, a unique prime element (that is, it is a discrete valuation
monoid). Thus even commutative PIDs are usually not rigidly factorial. However, every path category is
rigidly factorial.

Nonetheless, rigid factorizations have been studied in the following settings: Generalizing the study of
PIDs, the study of 2-firs (see [Coh85, Chapter 3]) and, on an ideal-theoretic level, saturated subcategories
of arithmetical groupoids (see [Smel3]). The study of polynomial decompositions, that is, the study of the
factorization properties of the noncommutative semigroup (K[X]\ K, o) where K is (usually) a field, also
concerns itself with what amounts to rigid factorizations (see [ZMO8]).

The following lemma shows that (weak) transfer homomorphisms induce homomorphisms on the
categories of rigid factorizations. We omit the straightforward proof.

Lemma 3.10. Let H and T be cancellative small categories. Let ¢: H — T be a transfer homomorphism,
or let T be atomic and ¢: H — T a weak transfer homomorphism. There exists a unique homomorphism
¢*: Z*(H) — Z*(T) satisfying

¢*(u) = d(u) and ¢*(e) =¢(e) forallue A(H) ande € H*.
Moreover, ¢* induces the following commutative diagram

7+(H) 2 72(1) e 7,(7)

| b

H— T ———=T.
Let ¢: Z*(H) — Z,(T) denote the homomorphism in the top row.
(1) If ¢ is a transfer homomorphism, then
Z(T) =T*¢*(Z*(H))T* and Z,(T)=T*¢(Z*(H))T*.
H

In particular, for all a € H, the induced maps Z*(a) Z*(p(a)) and Z,(a) — Zp(¢(a)) are

surjective.
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(2) IfT is atomic and ¢ is a weak transfer homomorphism, then Z,(T) = T*¢(Z*(H))T*. In particular,
for all a € H, the induced map Z,(a) — Z,(¢p(a)) is surjective.

In either case, if ¢ is isoatomic, then the homomorphism ¢,: Z,(H) — Z,(T) induced from ¢ is injective.
4. CATENARY DEGREES

Throughout this section, let H be a cancellative small category.

Each notion of a distance d gives rise to a corresponding catenary degree, as well as a monotone catenary
degree. These invariants provide a measure of how far away H is from being d-factorial. For basic properties
of the catenary degree in the commutative setting, see [GHK06, Section 1.6].

After giving the basic definitions, in Proposition 4.6 we provide a technical result that allows the study of
catenary degrees using transfer homomorphisms. This will be applied in Section 7 to arithmetical maximal
orders in quotient semigroups. In Proposition 4.8 we prove a transfer result for distances using an isoatomic
weak transfer homomorphism. This will be applied at the end of Section 6 to the semigroup T,,(D)® of non
zero-divisors of the ring of n X n upper triangular matrices over a commutative atomic domain.

Definition 4.1. Let H be atomic, d a distance on H, and a € H.

(1) Let z, 2/ € Z*(a) and N € Ny. A finite sequence of rigid factorizations zo, ..., z, € Z*(a), where
n € Ny, is called an N-chain (in distance d) between z and 2’ if

z =2z, 2 =2,, and d(zj_1,2) <N for alli € [1,n].

It is called a monotone N-chain if either |zo| < |z1| < -+ <|zpn| o1 |20| 2> |21] = -+ > |2n]-

(2) The [monotone] catenary degree (in distance d) of a, denoted by c4(a) [Cd,mon(a)], is the minimal
N € Ng U {oo} such that for any two factorizations z, 2/ € Z*(a) there exists a [monotone] N-chain
between z and 2.

(3) The catenary degree (in distance d) of H is cq(H) = sup{c4(a) : a € H} € Ny U {oo}, and the
monotone catenary degree (in distance d) iS ¢4 mon(H) = sup{ cdmon(@) : @ € H } € Ny U {o0}.

As in the commutative setting, the monotone catenary degree is usually studied using two auxiliary
invariants, the equal catenary degree and the adjacent catenary degree. The equal catenary degree, ¢4 eq(a),
is the smallest N € Ng U {oco} such that for any two factorizations z, 2’ € Z*(a) with |z| = |2/|, there exists
a monotone N-chain between z and 2’ (since |z| = |2’|, this means one in which every factorization is of
length |z]). We set

Cdeq(H) =sup{cgeq(a) :a € H} € NgU {oo}.
For a € H and k, | € L(a) write,
dii(a) =min{d(z,2') : 2, 2/ € Z*(a), |2| =k, || =1}.
We say that k and [ are adjacent in L(a) if L(a) N [k,]] = {k,1}. The adjacent catenary degree of a € H is
defined as
Cd,adj(@) = sup{ dy(a) : k, | are adjacent in L(a) } € NgU {co},
with cq adj(H) = sup{ cq,adj(a) : a € H} € Ng U {oo}. It is immediate from the definitions that

cd(a) < Cdmon(a) = sup{cd,eq(a), cd,adj(a)},
and hence
cd(H) < cdmon(H) = sup{cd,eq(H), cd,aaj(H)}-

We denote the catenary degrees associated to d*, dp, dsim, and dsupsim by ¢* = ¢y, ¢ = €4, Csim = Cdgim »
and Ceubsim = Cd and use analogous conventions for the monotone, equal and adjacent catenary
degrees.

The following lemma parallels [GHKO06, Lemma 1.6.2]. Remark 4.3 shows that in (2) and (3) this is the
best we can do in a general noncommutative setting, despite the fact that stronger bounds are available for
the usual distance in the commutative setting.

subsim’

Lemma 4.2. Let H be atomic and let d be a distance on H. Let a € H.
(1) We have c4(a) < cgmon(a) < supL(a), and c4(a) = 0 if and only if cqmon(a) = 0 if and only if
|Z4(a)| = 1. In particular, H is d-factorial if and only if cq(H) = cd.mon(H) = 0.
(2) If z, 2 € Z*(a), then ‘|z| — || < d(z, 7).
(3) If A(L(a)) # 0, then sup A(L(a)) < c4(s). In particular, sup A(H) < cq(H).
(4) Ifcq(H) =0, then H is half-factorial. If cq4(a) < 1, then L(a) is an interval.
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Proof. (1) If a € H*, then |Z4(a)| = 1, and c4(a) = cd.mon(a) = sup L(a) = 0. Suppose that a € H is a non-
unit and let z, 2’ € Z*(a). Then d(z, ') < max{|z|,|7'|,1} < supL(a). Thus cq4(a) < ¢4 mon(a) < sup L(a).
If |Z4(a)| = 1, then clearly c4(a) = cd.mon(a) = 0. Conversely, suppose that c4(a) = 0. Then there exist
n € Ny and zq, ..., 2, € Z*(a) such that z = 2, 2’ = 2z, and d(z;_1, 2;) = 0 for all i € [1,n]. Therefore
d(z,2’) = 0 by the triangle inequality. Since z and z’ are both rigid factorizations of a, we have z ~q 2’.
Thus |Z4(a)| =1 and ¢4 mon(a) = 0.

(2) This is simply property (D5).

(3) Let d € A(L(a)). Then there exist z, 2z’ € Z*(a) such that d = |2’| —|z| and there exists no 2" € Z*(a)
with |z| < |2”| < |Z|. By definition of the catenary degree, there exists a c4(a)-chain in distance d between
z and z’. By (2), this implies d < cq4(a).

(4) This is clear by (3). O

Remark 4.3. The bounds in the previous lemma are weaker than their commutative counterparts. In
particular, for a commutative cancellative semigroup S, it is true that sup A(S) + 2 < ¢,(S) and hence
even ¢,(S) < 2 implies that S is half-factorial. We now point out that Lemma 4.2 is the best possible for
a general result in the noncommutative setting. Let T = (a,b,c | abc = ¢b). Clearly T is reduced with
A(T) = {a,b,c}, and it is easily verified that T is an Adyan semigroup and hence cancellative. Let S be a
commutative atomic cancellative semigroup.

(1) For all s € S we have either c,(s) = 0 or c,(s) > 2. This fails for the semigroup T, as c,(abc =

cb) = 1.
(2) If s € S and 2, 2’ are two distinct factorizations in Z,(s), then d,(z,2) > ||z — |2/|| + 2. This
fails for T since ||abc| — |cb|| = 1 = dp(a * b * ¢, ¢ x b). Moreover, in the cancellative semigroup

(a,b | aba = b), we have d*(a * b * a,b) = 2 = |a * b % a| — ||, showing that the inequality in
Lemma 4.2(2) is also best possible for the rigid distance.

(3) If s € S and |Z,(s)| > 2, then c,(s) > sup A(s) + 2. This fails for T since L(abe = ¢b) = {2, 3} and
thus A(abc) = {1} as well as c,(abc) = 1.

Example 4.4. We illustrate the terminology of this section by means of a classical example. Consider
S = (C[X]\ C,o0), that is, decompositions of non-constant polynomials with coefficients in C. An atom
of S is called an indecomposable polynomial, and a rigid factorization of f € S is called a complete
decomposition of f. Ritt’s first theorem ([ZMO08, Theorem 2.1]) says that any complete decomposition of
f € S can be transformed into any other, by a sequence of transformations in each of which two adjacent
indecomposable factors are replaced by two new ones. In our present terminology, this can be expressed
simply as c*(S) < 2. (Note however that much more refined results on polynomial decompositions are
known.)

Let H and T be atomic cancellative small categories, and let ¢: H — T be a weak transfer homomorphism.
Let ¢*: Z*(H) — Z*(T) denote the extension of ¢ to the categories of rigid factorizations as given in
Lemma 3.10. If z, 2’ € Z*(H), then

d*(z,2") > d"(¢"(2),¢7(¢)) = dp(¢"(2), " (2")).

If ¢ is a transfer homomorphism, this together with Lemma 3.10(1) implies c*(a) > c*(¢(a)) > c,(¢(a)) for
all a € H, and c*(H) > c*(T') > ¢,(T"). Moreover,

dp(2,2") = dp(67(2), 9" (2"))-
Thus Lemma 3.10(2) implies that c*(a) > c,(a) > cy(¢(a)) for all a € H, and c*(H) > c,(H) > c,(T).
Analogous inequalities hold for the monotone and equal catenary degrees.

In the commutative setting, catenary degrees can be studied using transfer homomorphisms. If ¢: S — T
is a transfer homomorphism of commutative atomic cancellative semigroups, one finds that c,(S) <
max{c,(T),c,(S, #)}, where c,(S, ¢) is a suitably defined catenary degree in the fibers of ¢ (see [GHKO06,
Lemma 3.2.6]). The strength of this method lies in the fact that, for a commutative Krull monoid S and
its usual transfer homomorphism ¢ to a monoid of zero-sum sequences, it always holds that c, (T, ¢) < 2
(by [GHKO06, Theorem 3.2.8]). Thus the catenary degree in the image T' controls the catenary degree in S
to a very large degree: Unless S is half-factorial, it holds that c,(S) = c,(T').

Aiming for similar results, we now introduce the notion of a catenary degree in the permutable fibers.

Definition 4.5 (Catenary degree in the permutable fibers). Let H and T be atomic cancellative small
categories, and let d be a distance on H. Suppose that there exists a transfer homomorphism ¢: H — T.
Denote by ¢*: Z*(H) — Z*(T) its extension to the categories of rigid factorizations as given in Lemma 3.10,
and denote by ¢: Z*(H) — Z,(T) the composition of ¢* with the canonical homomorphism Z*(T) — Z,(T).
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Let a € H, and let z, 2’ € Z*(a) with ¢(z) = ¢(z’) (that is, d,(¢*(2),#*(2')) = 0). We say that an
N-chain z = 29, 21, ..., 2, = 2’ € Z*(a) lies in the permutable fiber of z if ¢(z;) = H(2) for all i € [0,n].

We define c4(a, ¢) to be the smallest N € NyU{co} such that, for any two z, 2’ € Z*(a) with ¢(2) = ¢(z'),
there exists an N-chain (in distance d) between z and 2/, lying in the permutable fiber of z. Moreover, we
define

cq(H, ¢) =sup{cq(a,¢):a € H} € NgU {oo}.

The first claim of the following proposition provides a weaker analogue of [GHKO06, Proposition 3.2.3.3(c)]
for the present setting, while the second statement roughly corresponds to [GHK06, Lemma 3.2.6.2]. Note
that to prove the first claim we need to make use of the catenary degree in the permutable fibers, quite
unlike the commutative variant. The restriction to T being reduced is made to simplify the proof, but is
not essential. We note that the commutative hypothesis on T is essential in the proof.

Proposition 4.6. Let T' be a commutative reduced cancellative semigroup. Let H be atomic, let d be a
distance on H, and suppose ¢: H — T is a transfer homomorphism. Denote by ¢*: Z*(H) — Z*(T) the
extension of ¢ to the categories of rigid factorizations (as in Lemma 3.10). Let a € H.

(1) Let z € Z3;(a). If y € Z%(p(a)), then there exist y, y', 2’ € Z3;(a) such that
(b* (y) =Y, (b*(zl) ~dp ¢*(Z>, ¢*(yl) ~d, Y, d(zlvyl) < dp(q5>k (2)75)7
and there exist cq(a, @)-chains between z and z' lying in the permutable fiber of z, and between y
and y' lying in the permutable fiber of y.

(2) Let z, 2’ € Z§;(a), k € No, Z1, ..., Zk € Zn(¢(a)) and set Zo = ¢*(z) and Zx41 = ¢*(2'). Then
there exist rigid factorizations z = zo, 21, ..., 2k, 2k+1 = 2’ € Z};(a) such that z; and z;41 are
connected by a monotone max{cq(a,d),d,(Zi,Ziy1)}-chain in distance d for all i € [0,k], and
¢*(z;) = z; for alli € [1,k]. In particular,

Cd(a) S max{cp(¢(a)), Cd (av d))}? Cd(H) S InaX{cp(T)’ Cd(Ha ¢)}a
Cd,mon(a) S max{cp,mon(¢(a)>7 Cd (a7 ¢)}7 Cd,mon(H) S max{cp,mon(T)7 Cd (Ha d))}?
Cd.eq(a) < max{cy eq(®(a)), ca(a, @)}, Cd,eq(H) < max{cyeq(T),ca(H, ®)}.

Proof. (1) Since T is commutative, d, is the usual distance on 7. Thus there exist T, g, Zo € Z*(T') such
that ¥ ~q, T * 7o, ¢*(2) ~a, T * Zo and max{[yyl, [Zo|} = dp(¢*(2),7). In particular, T * 7, and Z * Zo
are indeed rigid factorization of ¢(a). Since ¢ is a transfer homomorphism, this implies that there exists
a rigid factorization 2’ € Z};(a) such that ¢*(2') = T * Zg. Then ¢*(2’) ~qg, ¢*(2) and, by definition of
cd(a, @), there exists a cq(a, ¢)-chain between z and 2’ lying in the permutable fiber of z. Let y € Z*(a) be
an arbitrary preimage of § under ¢*.

Now let 2/ = euy *---*xu with [ € Ng, e € H*, uy, ..., w € A(H), and let k& = |z|. Then
¢*(euy * -+ xug) = T. Suppose Y = Uy * -+ *x Uy, with n € Ny and vy, ..., U, € A(T). Then ¢(a) =
Ple™ra) = ¢p(ur) - - p(ur) = ¢p(ur) - - - p(ug)v1 - - - Uy, and thus G(upyy - w) = G(ugy1) -~ G(wg) =y -+ Vp.
If k =1, then n = 0 and § ~g, T ~g, ¢*(2). Setting y’ = 2/, we are done. Now suppose that
k <l. Then n > 0 and, since ¢ is a transfer homomorphism, there exist v1, ..., v, € A(H) such that
Upg1 - U = 01U, and ¢(v;) =T; for all ¢ € [1,n]. We define y' = euq * -+ - * ug x vy * - - - x v, (note that
s(v1) = s(uk+1) = t(ug)). Using property (D4), it follows that d(y’,z") = d(vy * -+ % Up, Upg1 * -+ - * uy).
Thus property (D5) implies d(y/, ") < max{n,l —k,1} = d,(¢*(2),7). Now y and y’ lie in the same
permutable fiber, and hence are connected by a cq4(a, ¢)-chain in the permutable fiber of y.

(2) Set 29 = z, and zp41 = z’. We apply (1) inductively to construct z1,..., 2, € Z%;(a) with the desired
properties. Suppose that we have constructed z; for some i € [0,k — 1]. Applying (1) to z; and Z; 1,
we find 2z}, 2, zi1 € Zj(a) such that ¢*(z;) ~a, ¢*(2]), ¢*(21411) ~d, ¢ (2i41), ¢*(2it1) = Ziy1 and
d(z, zi41) < dp(Zi, Zig1). Since z; and 2 lie in the same permutable fiber, there exists a c4(a, ¢)-chain
between z; and 2, lying in the permutable fiber of z;. In particular, all the rigid factorizations in this chain
have length |z;|. Similarly, between 2, ; and z;;1 there exists a c4(a, ¢)-chain in the permutable fiber of
Ziy1. Since d(zf, zj, 1) < dp(Zs, Zi1) we can therefore construct a max{cq(a, ¢),d,(Zi, Zi11) }-chain between
z; and z;41. This chain is obviously monotone, since the only point at which the length can change is from
2 10 Zj 1.

The upper bound on cq(a) now follows immediately by lifting chains from the image. Similarly, the
upper bounds for the monotone and equal catenary degree follow by lifting monotone chains, respectively
chains of equal length. O

Remark 4.7. Let H be atomic. We have c,(a) < c*(a) for all a € H. Suppose H is a commutative
semigroup. Then the identity map id: H — H is a transfer homomorphism. Let a € H. Two rigid
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factorizations z = euy * - - - * ug, 2’ = Uy x - - x vy € Z*(a) lie in the same permutable fiber of the identity
map if and only if [2], = [2/],, that is, k = | and there exists a permutation o € &}, such that u; ~ v,
for all i € [1,k]. By writing o as a product of transpositions, it is therefore easy to construct a 2-chain in
distance d* between z and z’ (here we use the commutativity of H to ensure that permuting two atoms does
not change the product). Therefore c*(a,id) < 2. Applying the previous proposition, in the commutative
case we therefore have
cp(a) < c*(a) < max{2,¢c,(a)}.
Trivially, this remains true if we replace the rigid distance by any distance finer than the permutable
distance, but coarser than the rigid distance: While two such distances can be quite different, their catenary
degrees cannot differ by much.
However, this does not hold in general. Let n € N and let

S ={a,b|a™b" =b"a").

Then S is cancellative and reduced with A(S) = {a, b}, and it follows immediately that c,(S) = 0 while
c*(S) = 2n.

The following proposition shows that distances and catenary degrees are preserved by isoatomic weak
transfer homomorphisms.

Proposition 4.8. Let H and T be atomic cancellative small categories, and assume that there exists an
isoatomic weak transfer homomorphism ¢: H — T. Denote by ¢,: Z,(H) — Z,(T) the extension of ¢ to
permutable factorizations (as in Lemma 3.10). Then dp(z,2") = dp(¢p(2), dp(2')) for any two permutable
factorizations z and 2’ of a € H. In particular, c,(H) = c,(T).

Proof. If a € H*, the claim is trivially true. Assume from now on that a is not a unit. Without loss of
generality, write k = |z| < |2’| =1 with k£ <. Then we can write z = [uq *- - - % ug], and 2’ = [vg * -+ x ],
with w;, v; € A(H) for ¢ € [1,k] and j € [1,1]. Moreover, there exists an m € [1, k] and permutations
o € &, 7 € & such that ug(;y ~ v,(;) for all i € [1,m] and such that u,;y % v-(;) whenever i € [m + 1, k]
and j € [m + 1,1]. Note that d,(z,2") =1 —m.

We have ¢, (z) = [p(u1) * - - * @(ur)]p and ¢p(2") = [p(v1) * - - - * d(vy)], with ¢(u;) and ¢(v,) € A(T) for
i € [1,k] and j € [1,1]. There exists n € [1, k] and permutations 7 € &g, T € &; such that ¢(uz()) ~ ¢(vz())
for all 4 € [1,n] and such that ¢(ugz(;)) % @é(vs(;)) whenever i € [n+ 1,k] and j € [n + 1,1]. Note that
4yl (2), &p(=) =L — .

Since ¢ is isoatomic, n = m and therefore dy,(z,2") = d,(¢p(2), dp(2')). O
5. DIVISIBILITY

Throughout this section, let H be a cancellative small category.

Our goal is to generalize the notion of divisibility of one element by another from the commutative
setting, to use this notion to better understand the factorizations introduced in Section 3, and to give
another measure of the non-uniqueness of permutable factorizations by generalizing the tame-degree and
w-invariant from the commutative setting. To this end, we begin by defining an abstract divisibility relation.

Definition 5.1. A relation ! on H is a divisibility relation provided that the following conditions are
satisfied.

(1) If @b or alc for any elements a, b, ¢ € H with t(b) = s(c), then a ? be.

(2) For all a € H and ¢, n € H* with t(¢) = s(a) and s(n) = t(a), we have alean.
(3) Foralla € H\ H* and v € A(H), if alu, then a ~ .

(4) If are for some e € H*, then a € H*.

If H is a commutative semigroup, the usual notion of divisibility, a | b if b € aH, is a divisibility relation.
In the noncommutative setting, our focus will be on one of the following two relations, each of which clearly
satisfies the formal properties of a divisibility relation. As we are mostly interested in when an atom divides
a product, the particular choice of divisibility relation will not make a difference as long as H is atomic
(see Lemma 5.6(1)).

Definition 5.2. Let a and b be two elements of H.
(1) We say that a left-right divides b, and write a |;—, b, provided b € HaH.
(2) We say that a divides b up to permutation, and write a |, b, if there are permutable factorizations
[ur * -+ * uglp of @ and [nuy * --- x vy], of b (with k, I € Ny, e, n € H* and wq, ..., ug,
v1, ..., v € A(H)) such that
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(i) £ <!, and
(ii) there exists an injective map o: [1, k] — [1,1] with u; ~ v, for all i € [1, &].

If H is a commutative semigroup, then a left-right divides b if and only if a divides b, since HaH = aH.
If, moreover, H is atomic, then a divides b up to permutation if and only if a divides b.

If H is atomic, we can characterize left-right divisibility in terms of rigid factorizations as follows:
a |;—r b if and only if for any (equivalently all) rigid factorization z € Z*(a) there exist z, y € Z*(H)
such that z % z x y is a rigid factorization of b. Indeed, if z € Z*(a) and z, y € Z*(H) are as described,
then b = 7(x)7(2)w(y) = w(z)an(z). Conversely, if b = cad with ¢, d € H, let z € Z*(a), x € Z*(¢) and
y € 2*(d). Then xz x zxy € Z*(b).

If H is atomic and a |;—, b, then a |, b. The converse is clearly not true. However, if u € A(H), then
u |p b if and only if w |;_, b, as we shall see in Lemma 5.6(1). The notions of left, respectively right,
divisibility, do not generally give a divisibility relation due to the failure of property (1) to hold.

We now study a general divisibility relation ! on H. However, throughout we have in mind the two
specific divisibility relations given in Definition 5.2. In fact, we will return at the end of this section to a
more thorough investigation of |,.

Definition 5.3. Let ! be a divisibility relation on H. A non-unit ¢ € H is an almost prime-like element
(with respect to 1) if, whenever ¢ ab for some a, b € H with t(a) = s(b), either gl a or ¢ b.

Remark 5.4.

(1) It is clear from the definition that the notion of an almost prime-like element in H corresponds to
the usual notion of a prime element if H is a commutative semigroup and if either ! is |;_,, or H is
atomic and ? is |,.

(2) We will compare the notion of almost prime-like elements to more established concepts below in
Remark 5.11.

(3) We shall see in Lemma 5.6 that if H is atomic, the notion of almost prime-like elements is in fact
independent of the particular divisibility relation chosen.

(4) After seeing how almost prime-like elements behave like prime elements in the commutative setting
in Proposition 5.7 and Corollary 5.8 and how products of almost prime-like elements do not
necessarily give elements with unique permutable factorizations in Example 5.9, we strengthen the
definition in 5.10 to prime-like elements.

We now show that if H is atomic, then, as in the commutative setting, almost prime-like elements are
necessarily atoms of H.

Lemma 5.5. Let ! be a divisibility relation on H, and let q be an almost prime-like element of H.

(1) Ifqray - am for some m € N and elements ay, ..., an € H, then gla; for some i € [1,m].
(2) If Qruy -+ - uy, for some m € N and atoms uq, ..., u, € A(H), then q ~ u; for some i € [1,m)].
(3) If H is atomic, then q is an atom.

Proof. (1) We proceed by induction on m. By definition, if m € {1, 2}, then gla; or ¢las. Now suppose
that m > 2 and that if g2 ay - - - ay—1, then g a; for some i € [1,m — 1]. Since ¢ (a1 - - am—1)an, and q is
almost prime-like, either gl a;---apy,—1 or glay,. If ¢la,,, then we are done. Otherwise, the induction
hypothesis implies ¢ { a; for some i € [1,m — 1].

(2) Applying (1), we find g u; for some i € [1,m], and then property (3) of the divisibility relation
implies q >~ u;.

(3) Since H is atomic and ¢ is a non-unit, there exist m € N and atoms uy, ..., tu, € A(H) such that
q=uy - Unp. By property (2) of the divisibility relation, we have g uy - - - ty,, and then (2) implies ¢ ~ u;
for some ¢ € [1,m]. Hence ¢ is an atom. O

The following lemma shows that if H is atomic, the choice of divisibility relation has no bearing on
which elements are almost prime-like.

Lemma 5.6. Let H be atomic, and let ! and ¥ be divisibility relations on H.
(1) Ifue A(H) and a € H, then ula if and only if u a.
(2) An element q € H is almost prime-like with respect to U if and only if it is almost prime-like with
respect to .

Proof. (1) Suppose u?a. By property (4) of a divisibility relation, a is not a unit, and hence there exist
k € N and atoms uy, ..., ur of H such that a = u;y ---ug. Thus Lemma 5.5(2) implies u ~ u; for some
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i € [1,k]. Then property (2) of ¢ implies u (' u;, and by property (1) we have u ! a. The converse follows
by symmetry.

(2) Suppose ¢ is almost prime-like with respect to !, and note that Lemma 5.5(3) implies that ¢ is an
atom. Let a, b € H such that g ab. Then ¢glab by (1), and hence either gl a or ¢ b. Using (1) again,
qV a or gV b. The converse follows by symmetry. O

Products of prime elements in a commutative cancellative semigroup have unique factorization (cf.
[GHKO06, Proposition 1.1.8]). In fact, if p; - - - prc = ¢1 - - - ;d with each p; and ¢; prime, with no p; dividing
d, and no g; dividing ¢, then k = [ and, up to permutation, p; ~ ¢; for each i. Moreover, c ~ d. We
now provide, for almost prime-like elements in a cancellative small category, a weaker statement than its
commutative counterpart. That this result is necessarily weaker is exhibited in Example 5.9.

We first make some notational remarks. The category of rigid factorizations, Z*(H), is itself an atomic
cancellative small category, and hence |, and |;—, are defined on Z*(H). As in Section 3, we may identify
A(H) with A(Z*(H)) and H* with Z*(H)*. If z € Z*(H), we say that u € A(H) occurs in z if u |, z
(equivalently u |;—, z) in Z*(H). The same remarks apply to Z,(H) instead of Z*(H) and clearly, if
z € Z*(H), u occurs in z if and only if u occurs in (2], € Z,(H).

We now show that if an almost prime-like element ¢ occurs in some rigid factorization of an element a,
then ¢ occurs in every such factorization of a.

Proposition 5.7. Let be a divisibility relation on H and let a € H. Suppose that z = euy * - - - x ug, and
2 =mnuy x - x v are two rigid factorizations of a, where

{ur, .. ;u}y ={p1,. ..o U{ul, s up )

with p; an almost prime-like atom for all i € [1,m] and where

{vr,uy={a, .., @t U{v, 1, 0}
with q; an almost prime-like atom for all j € [1,n]. Further suppose that for all i € [1,m] and j € [n+ 1,1]
it holds that p; (v}, and for all j € [1,n] and i € [m + 1,k] it holds that q; {w}. Then there is a bijective
correspondence between the set of associativity classes of the p; and the set of associativity classes of the gq;.

Proof. Since euy - - u, = nuy -+ - vy, we have p; Loy ---v; for each ¢ € [1,m]. By Lemma 5.5, this implies
that for each i € [1,m], p; tv; for some j € [1,]. Then p; { v} for any j € [n+1,1] and thus p; ! g; for some
j €[1,n]. As p; and g; are both atoms, p; =~ g;. Therefore each almost prime-like element p; occurring in z
is associated to an almost prime-like element g; occurring in z’. A symmetrical argument shows that each
almost prime-like element g; occurring in 2’ is associated to an almost prime-like element p; occurring in z.
The result follows. O

Corollary 5.8. Let H be atomic, and let ¢ be an atom of H. The following statements are equivalent.

(a) q is an almost prime-like element.
(b) Ifa € H, z € Z*(a) and q occurs in z, then q occurs in z' for all 2" € Z*(a).
(c) Ifa€ H, z € Z,(a) and q occurs in z, then q occurs in 2’ for all 2’ € Z,(a).

Proof. The equivalence of (b) and (c) is clear by the discussion preceeding Proposition 5.7. If ¢ is an almost
prime-like element of H, then (b) holds by Proposition 5.7. Now suppose that (b) holds, and suppose that
q |p ab for some a, b € H. If ¢, a and ¢ 1, b, then ¢ cannot occur in any rigid factorization of a or b. Let
z € Z*(a) and 2’ € Z*(b). Then z * 2’ is a rigid factorization of ab in which ¢ does not occur, but this
contradicts ¢ |, ab by Proposition 5.7. O

Example 5.9. Let S = (a,b,c | aba = ba*bc). Clearly S is an Adyan semigroup and hence cancellative.
Considering the single relation defining S, we see that any word in F*(a, b, c) that contains a (respectively
b) can only be rewritten in such a way that it again contains a (respectively b). Therefore the two atoms
a and b are almost prime-like elements in S. Since aba = babc, the atom c is not an almost prime-like
element. Considering the relation aba = babc, we see that the product aba of almost prime-like elements
does not have a unique permutable factorization in S.

The phenomena exhibited in Proposition 5.7, Corollary 5.8, and Example 5.9 motivate the following
definition. In particular we associate to an almost prime-like element ¢ a multi-valued g-adic valuation,
that corresponds to the concept of a p-adic valuation of a prime p in the commutative setting (cf. [GHKOG,
Definition 1.1.9]).

Definition 5.10. Let ? be a divisibility relation on H, and let ¢ € H be an almost prime-like atom with
respect to L.



24 N. BAETH AND D. SMERTNIG

(1) Let a € H. We define V,(a) C Ny as follows: A non-negative integer n € Ny is contained in

V,(a) if and only if there exist k € Ny and wq, ..., up € A(H) such that a ~ uq---u; and
n=|{ie[1,k]:u; ~q}|. In particular V4(a) = {0} if a € H*. We call V,(a) the g-adic valuation
of a.

(2) The almost prime-like element g is prime-like (with respect to 1) provided that |V4(a)| = 1 for all
a€H.

Note that unlike in the commutative setting, V,(a) need not be a singleton. Indeed, if S is as
in Example 5.9, then V,(aba) = {2,3} and V,(aba) = {1,2}. By considering the Adyan semigroup
S = (a,b | aba = ba®b), one sees that even if each atom of an atomic cancellative semigroup S is almost
prime-like, S need not be permutably factorial. However, if ¢ is an almost prime-like atom and a € H is a
non-unit, then 0 € V,(a) if and only if V,(a) = {0} (by Proposition 5.7).

Remark 5.11. We compare the notion of (almost) prime-like elements in cancellative semigroups and
rings to more established concepts. We do so by means of left-right divisibility, but recall that the choice
of divisibility relation does not matter if the semigroup or ring is atomic (by Lemma 5.6). Let S be a
cancellative semigroup. A proper semigroup ideal P C S is called a completely prime ideal if, for all a,
besS,ab e P impliesa € Porb e P. It is immediate from the definitions that p € S is an almost
prime-like element if and only if SpS' is a completely prime ideal of S.

Now let R be a ring and consider the cancellative semigroup S = R® of non zero-divisors of R. A proper
ideal P of R is called a prime ideal if, for all a, b € R, aRb C P implies a € P or b € P, and P is called a
completely prime ideal if, for all a, b€ R, ab € P impliesa € P or b € P. If p € R is an almost prime-like
element, then in general pR and Rp need not even be ideals of R, while the ideal of R generated by p need
not even be proper. For instance, let D be a commutative PID and R = M,,(D) with n € N>o. An element
A € R*® is an atom if and only if det(A) is a prime element of D if and only if A is a prime-like element of
R* (this follows easily by means of the Smith Normal Form, see also the examples at the end of Section 6).
Thus, an (almost) prime-like element A € R® is not contained in any proper ideal of R. Conversely, if P is
a prime ideal of M,,(D) then P = Rp = pR = r(p)r with p a prime element of D. However, p is not even
an atom in R® since det(p) = p™. Thus elements that generate principal prime ideals (as left ideals, right
ideals, or two-sided ideals) need not be almost prime-like.

However, suppose that p € R® is such that Rp = pR. One verifies directly: If a € R®* and z € R with
either xp = a or pxr = a, then x € R®. In particular R°p = pR®. Thus the following statements are
equivalent for a € R®: (a) p |;—r a, (b) p |1 a, (¢) p|r a, (d) a € pR, (e) a € Rp. This implies that the ideal
Rp is a completely prime ideal if and only if p is an almost prime-like element. In [Cha84], an element p in
a Noetherian ring R is called a prime element of R if Rp = pR and Rp is a height-1 prime ideal of R and
completely prime. Thus any non zero-divisor prime element p of R is an almost prime-like element of R°®.

As the following lemma shows, the behavior of valuations for prime-like elements is quite similar to the
behavior of valuations for prime elements in the commutative setting.

Lemma 5.12. Let H be atomic, and let q be an almost prime-like element of H. Then q is prime-like if
and only if Vq(a) + V4(b) = V,(ab) for all a, b € H with t(a) = s(b).

Proof. By definition, ¢ is prime-like if and only if [V,(a)] =1 for all a € H.

Note that for all a, b € H with t(a) = s(b), we trivially have V,(a)+V4(b) C V,(ab). Indeed, if m € V,(a)
and n € V,(b), then there exist rigid factorizations z = euy % --- % u, of @ and 2/ = nvy *--- v, of b
with k, l € Ng, e, n € H*, and uy, ..., ug, v1, ..., vy € A(H) such that |{7 € [1,k] : u; ~ ¢ }| = m and
{jel,l]]:vj ~q}| =n. Since z * 2’ is a rigid factorization of ab, we have m +n € V4 (ab).

Suppose first that [Vg(a)| =1 for all a € H. Let m, n € Ny with Vg(a) = {m} and V4(b) = {n}. Since
{m+n} =V,(a) +V,(b) C V,(ab), and the latter set is a singleton, it must be the case V,(ab) = {m + n}.

We now prove the converse. Let a € H, k € Ng, ¢ € H* and uy, ..., ux € A(H) be such that
a=¢cuy---ug. Then

Va(@) = V(o) + Vo) + - + Vi m)

by hypothesis. Since e € H*, V,(¢) = {0}. Since each u; is an atom in H, for each i € [1,k] either
Vg(u;) = {0} (if u; % ¢) or Vg(u;) = {1} (if u; ~ ¢q). As V,(w;) is a singleton for all ¢ € [1,k], so is
V,(a). O

We have the following immediate corollary to Proposition 5.7 which generalizes the familiar result from
the commutative setting (cf. [GHKO06, Proposition 1.1.8]).
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Corollary 5.13. Let be a divisibility relation on H. Let a € H and suppose that z = cuy * - - - *x u, and
2/ =nuy * -+ *x v are two rigid factorizations of a, where

{ur, .. ouy ={p1, . o U{ul, s up )

with p; a prime-like atom for all i € [1,m] and where

{or,ccur={a, - @t U{v, 1,0}
with q; a prime-like atom for all j € [1,n]. Further suppose that for all i € [1,m] and j € [n+ 1,1] it holds
that p; {vj, and for all j € [1,n] and i € [m + 1, k| it holds that q; {w}. Then m = n and there exists a
permutation o € &y, such that p; ~ qu(;) for all i € [1,m].

Remark 5.14.

(1) Even products of prime-like elements need not have unique permutable factorizations as is exhibited
by the following example. Let S = (a,b | a> = bab). Then a is prime-like, yet a? does not have a
unique permutable factorization.

(2) Let H be a commutative semigroup. For the sake of completeness, we note that neither the concept
of almost prime-like elements nor that of prime-like elements coincide with that of absolutely
irreducible elements — atoms u such that 4™ has a unique permutable factorization for all n € N.
Let m € N, n € N>y and S = (a,b | ab™a = b™). Then b is almost prime-like (in fact prime-like if
m = n), but is not absolutely irreducible. Conversely, if S’ = (a,b, ¢ | ab = bc), then a is absolutely
irreducible, yet is not almost prime-like.

We now study permutable factorizations by means of divisibility relations. By Lemma 5.6 we may
consider only the divisibility relation |,. Recall, from Section 3, that H is permutably factorial if |Z,(a)| =1
for all @ € H. Explicitly, H is atomic and for all non-units a € H, whenever a = u; - - - ux = vy - - - v; with
k, 1 € N and atoms uy, ..., ug, v1, ..., vy € A(H), k = [ and there exists a permutation o € & with
u; ~ Vo for all i € [1,k].

We shall now see that for an atomic cancellative small category H, the conditions

(1) Every atom is almost prime-like and
(2) Ewvery atom is prime-like

provide a measure of how close H is to being permutably factorial.

Proposition 5.15. H is permutably factorial if and only if H is atomic and every atom of H is prime-like.

Proof. Suppose first that H is permutably factorial. Then H is atomic. If u is an atom in H and u |, ab
for some a, b € H with t(a) = s(b), then u occurs in the unique permutable factorization [z], of ab by
Lemma 5.5(2). However, [z], = [z], * [y], with [z], and [y], being the unique permutable factorization of a
and b. Thus, v must occur in either [z], or [y], implying u |, a or u |, b, and so u is almost prime-like.
Moreover, since H is permutably factorial, |V,(a)| = 1 for any element a € H and any almost prime-like
element ¢ of H.

If, conversely, H is atomic, and every atom of H is prime-like, then Corollary 5.13 implies that H is
permutably factorial. O

Applying Lemma 5.12, we immediately obtain the following corollary.

Corollary 5.16. H is permutably factorial if and only if H is atomic and the following two conditions are
satisfied.

(1) Ewvery atom in H is almost prime-like.
(2) For every almost prime-like element ¢ € H and for all a, b € H with t(a) = s(b), we have
Vy(ab) = Vy(a) + Vy(b).

We now briefly consider generalizations of the w-invariant and the tame degree, which are well-studied
invariants in the commutative setting, and measure how far away an atom is from being a prime element.
Accordingly, our invariants will give a measure of how far away an atom is from being almost prime-like.

Definition 5.17. Let H be atomic and let a, b € H.
(1) Define wy,(a,b) to be the smallest N € No U {oo} with the following property: For all n € N and
ai, ..., a, € H with a = a1 ---a,, if b |, a, then there exists k € [0, N] and an injective map
o: [1,k] — [1,n] such that the permuted subproduct a, = s(ay(1))as(1) - ao(k) is defined, and
blp ag. Set wy,(H,b) = sup{w,(a,b) :a € H} and wy,(H) = sup{w,(H,u) : u € A(H) }.
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(2) Define wy(a,b) to be the smallest N € Ny U {oo} with the following property: For all n € N and
atoms uq, ..., U, of H with a = uq -+ - uy, if b |, a, then there exists k € [0, N] and an injective
map o: [1,k] — [1,n] such that the permuted subproduct as = s(uq(1))Ug(1) " " Uo (k) is defined,
and b |, ar. Set w,(H,b) =sup{wpy(a,b):a € H} and wy(H) = sup{w,(H, u) : u e A(H) }.

Note that w;,(H,a) = w,(H,a) = 0 if and only if a € H*, and w;,(H,a) = wy(H,a) = 1 if and only if a is
an almost prime-like element. We always have w,(H,a) < w,(H,a), and if H is a commutative semigroup,
then w,(H,a) = w,(H,a) = w(H,a), where w(H, a) is the usual w-invariant as defined in the commutative
setting (see [GHKOG, Definition 2.8.14]). The following example illustrates that w,(H,a) = w,(H, a) does
not hold in general for noncommutative semigroups.

Example 5.18. Let S = {(a,b,¢,d, e | ab = cd, cede = ba). The semigroup is Adyan and hence cancellative.
Moreover, S is reduced and atomic with A(S) = {a,b,¢,d, e}. We claim w,(S,a) = 2. Clearly w,(S,a) > 2,
since a |, cd = ab, but a does not permutably divide any permuted subproduct of ¢d. Suppose k € N
and ug, ..., up € A(S) are such that a |, u1 - - - ug. By the defining relations of S, either u; = a for some
i€ [1,k], k> 2 and u;u;11 = cd for some i € [1,k — 1], or that k > 4 and w;u;1u;2u; 13 = cede for some
i € [1,k —4]. In any of these cases we can take a subproduct of at most two elements that is divided up to
permutation by a (due to cd = ab in the second and third case).

However, wy (S,a) > 3: Let a1 = ce, ag = d and ag = e. Then a |, a1azaz = ba, but clearly a {, a; for
any i € [1,3]. Moreover { a;a; :i,j € [1,3],i # j } = {ced, ce?, de,dce, ece, ed}, none of which is divided up
to permutation by a.

However, even in the noncommutative setting we have the following.

Proposition 5.19. H is permutably factorial if and only if H is atomic, wy,(H) = w,(H) <1 and every
almost prime-like element is prime-like.

Proof. We have w;,(H) = w,(H) = 0 if and only if H is a groupoid. We may from now on exclude this
trivial case, and assume that H is not a groupoid. Suppose first that H is permutably factorial. By
Proposition 5.15, H is atomic and every atom of H is prime-like. Thus, for all u € A(H), we have
wp(H,u) = w,(H,u) =1, and therefore w,(H) = w,(H) = 1.

We now show the converse implication. If w,(H) = w,(H) = 1, then every atom in H is almost
prime-like. By hypothesis, therefore all atoms of H are prime-like, and thus H is permutably factorial by

Proposition 5.15. g

Continuing our discussion of the notion of divisibility up to permutation in Z*(H) and Z,(H) preceding
Proposition 5.7, let * = cw;y * -+ x w,, € Z*(H) with m € Ny, ¢ € H* and wy, ..., w, € A(H). We
observe that, for z € Z*(H) with z = quq % - - - * uy, where k € Ng, n € H* and uq, ..., ux € A(H), we have
x|, z if and only if there exists an injective map o: [1,m] — [1, k] such that w; ~ u,(; for all i € [1,m)].
Note that this is also equivalent to [x], |, [2], in Z,(H).

Definition 5.20. Let H be atomic and a € H. For a permutable factorization z € Z,(H), let t,(a,x)
denote the smallest N € Ny U {oo} with the following property:

If there exists any zp € Z,(a) such that = |, 29, and z € Z,(a) is an arbitrary permutable
factorization of a, then there exists some 2’ € Z,,(a) with z |, 2’ in Z,(H) and with d,(z,2") < N.

For subsets H' C H and Z C Z,(H), we define
t,(H',Z) =sup{t,(a,2) :a € H 2z € Z} € Ny U{oc}.

In particular, for u € A(H) we set t,(H,u) = t,(H, {u}), and the (permutable) tame degree of H is defined
as t,(H) =t,(H, A(H)) € Ng U {o0}.

If H is a commutative semigroup, then t,(H,u) = t(H,u), where t(H,u) denotes the usual tame degree
as defined in the commutative setting (see [GHIK06, Definition 1.6.4]).

We are now able to give a characterization of permutable factoriality in terms of the tame degree.
Compare with [GHKO0G, Theorem 1.6.6] for the commutative analogue.

Proposition 5.21. Let H be atomic. The following statements are equivalent.

(1) H is permutably factorial.
(2) tp(H) =0 and every almost prime-like element is prime-like.
(3) t,(H,Zy(H)) =0 and every almost prime-like element is prime-like.
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Proof. 1t is obvious from the definitions that (3) implies (2). If H is permutably factorial, then every atom
of H is prime-like by Proposition 5.15, and by definition of permutable factoriality, |Z,(a)| = 1 for all
a € H. Then t,(H,Z,(H)) = 0 follows trivially and thus (1) implies (3).

We now show that (2) implies (1). If t,(H) = 0, then if v € A(H) and u |, a for some a € H, u |, z for
all z € Z,(a) by definition of the tame degree. Therefore u is almost prime-like by Corollary 5.8. Since w is
prime-like by hypothesis, Proposition 5.15 implies that H is permutably factorial. g

The following example illustrates that, despite providing some insight into factorizations in the noncom-
mutative setting, this noncommutative tame degree does not carry nearly as much information as in the
commutative case.

Example 5.22. Let S = (a,b | aba = bab). Then t,(S,a) = t,(S,b) = 0 and hence t,(S) = 0. However, S
is not permutably factorial and thus the additional hypotheses given in (2) and (3) of Proposition 5.21
cannot be removed.

We now show that any isoatomic weak transfer homomorphism preserves the values of t(—) and, under
some additional restrictions, of w,(—), w,(—). We will see specific applications of this in Proposition 6.14
and Proposition 6.16.

Proposition 5.23. Let T be an atomic cancellative small category and let ¢: H — T be an isoatomic weak
transfer homomorphism. Let ¢, Z,(H) — Z,(T) denote the extension of ¢ to permutable factorizations as
in Lemma 3.10.
(1) For z, 2/ € Z,(H) we have z |, 2’ if and only if ¢p(2) |, (/).
(2) Fora, b€ H we have a |, b if and only if ¢(a) |, ¢(b).
(3) Suppose H and T are semigroups. For a € H we have wy(H,a) < wy(T, ¢(a)) and in particular
wp(H) <w,(T). If T is commutative, then wy(H,a) = wy(T, ¢(a)) and wy(H) = w,(T).
(4) Suppose H and T are semigroups. For a € H we have w,(H,a) < w,(T,¢(a)) and in particular
w,(H) <w,(T). If T is commutative, then wy(H,a) = w,(T, ¢(a)) and w,(H) = w,(T).
(5) Fora e H and x € Z,(H) we have t,(a,z) = ty(¢(a), ¢p(x)) and in particular t,(H) = t,(T).

Proof. (1) Let k, I € Ng, uq, ..., U, v1, ..., v € A(H), and &, n € H* be such that z = [gug * - - - % ug],
and 2/ = [nu1 % --- x v;],. Suppose first that z |, 2/. Then k < | and there exists an injective map
o: [1,k] — [1,1] such that u; >~ v, for all i € [1,k]. Then it is clear that ¢(u;) =~ ¢(ve(;)) for all i € [1,k].
Since dp(2) = [B(E)d(u1) * -+ (k)] and Gp(') = [H()H(1) * -+ 5 3(u)]p we have () |y Bp(2):

Now suppose that ¢(z) |, ¢(z'). Again k < [ and there exists an injective map o: [1,k] — [1,!] such
that ¢(u;) ~ ¢(ve(;y) in T'. Since ¢ is isoatomic, u; >~ v,(;) and hence z |, 2’

(2) Note that a |, b if and only if there exist z € Z,(a) and 2’ € Z,(b) such that z |, z’. Since ¢,
restricted to Z,(a) = Z,(¢(a)), respectively Z,(b) = Z,(¢(b)), is surjective by Lemma 3.10(2), the claim
follows from (1).

(3) Let H and T be semigroups. Suppose first that a |, uq - - - u,, for n € Ny and atoms uq, ..., u, of H.
Then ¢(a) |, ¢(u1) - - - d(uy,) by (2). Thus there exists k € [0,n] and an injective map o: [1, k] — [1,n] such
that

o(a) |p d(ugr)) - O(uo(r)) = d(Uo(1) -+ Uo(r)),
where the product u,(1) - ug (k) is defined since H is a semigroup. Again by (2), a |p Ue(1) " Ug(k)
showing w(H, a) < w(T, ¢(a)).

Let T be commutative. Now suppose that ¢(a) |, v1---v, for n € Ny and atoms vy, ..., v, of T.
Since ¢ is a weak transfer homomorphism, there exist atoms us, ..., u, of H such that ¢(u;) ~ v; for all
i € [1,n]. Since H is a semigroup, the product u; - - - uy, is defined and, since T is a commutative semigroup,
@d(ug -+ up) > v1 - - - vy. Therefore ¢(a) |, d(uq - - - uy), and we have a |, uq - - - up, by (2). Thus, there exists
k € [0,n] and an injective map o: [1,k] — [1,n] with a |, ug1) - Usk). Then ¢(a) |, ¢(ug)) - - P(Uor))
by (2) again, and hence ¢(a) |, vo1) - Vok) (for this we use the commutativity of 7' again). Thus
wp(T, ¢(a)) < wp(H,a). Since T = T*¢(H)T™, it follows that wy,(H) = wy(T).

(4) The proof of (4) is analogous to that of (3).

(5) We first show tp(a,z) < ty(¢(a), ¢p(x)). Let z € Z,(a) and suppose there exists zy € Z,(a) such
that |, 20. Then ¢,(z) |, ¢p(20) by (1), and ¢,(20) € Z,(¢(a)). Thus there exists z’ € Z,(¢p(a))
with ¢,(z) |, 2’ and d,(Z', ¢p(2)) < tp(d(a), ¢p(x)). Since the restriction of ¢, to Z,(a) = Z,(¢(a)) is
surjective, there exists 2z’ € Z,(a) such that ¢,(z’) = Z’. Since ¢ is isoatomic, Proposition 4.8 implies
dp(#',2) = dp(dp(2'), dp(2)) < tp(@(a), pp(x)). Moreover, (1) implies x |, 2’ and thus we have t,(a,z) <
ty(6(a), ¢p(2)).
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We now show t,(¢(a), dp(x)) < tp(a,x). Suppose that Z € Z,(¢(a)) and there exists Zy € Z,(¢(a)) such
that ¢, (x) |, Zo. Again, there exist z, zg € Z,(a) such that ¢, (z) = Z and ¢, (20) = Zo. Then z |, 2o and thus
there exists 2z’ € Z,,(a) such that d, (%, z) < t,(a,z) and z |, 2’. Hence d,(¢(2'), #(2)) = dp(2', 2) < t,(a,z)
and ¢, () |, ¢p(2'), proving the claim. Since T' = T*¢(H)T*, it follows that t,(H) = t,(T). O

Corollary 5.24. Let H be a cancellative semigroup possessing an isoatomic weak transfer homomorphism
to a commutative atomic cancellative semigroup. Then

(1) p(b) <supl(b) <w,(H,b) forallbe H,

(2) wp(H,u) <t,(H,u) if u e A(H) is not an almost prime-like element,

(3) p(H) <wp(H) <t,(H) unless t,(H) =0, and

(4) ¢(H) < t,(H).

Proof. These inequalities hold whenever H is a commutative semigroup, and hence, by the previous
proposition, they also hold if H possesses an isoatomic weak transfer homomorphism to a commutative
atomic cancellative semigroup. O

The next examples show that the inequalities in the previous corollary fail to hold in general.

Example 5.25.
(1) Let S = (a,b,c|ba""! = a""1c) for some n € N>y. Since a is almost prime-like, we have t,(a) = 0.
Moreover, t,(b) = t,(c) = 1 and thus t,(S) = 1. However, w,(S,a) = 1, w,(S,b) = wy(S, c) = n,
and hence w,(S) = n.
(2) Let S = (a,b | ab = ba™" '), where n € N>5. Since a and b are almost prime-like, t,(S,a) =
tp(S,b) = 0, whence t,(S) = 0. Similarly w, (S5, a) = w,(5,0) =1 and w(S) = 1.
However, it is clear that p(S) = n/2. Moreover,

Z*(a™b) = {a™ xb, a™ L xbxa "t L bxa™ MY},

and hence L(a™b) = {m + 1+ k(n —2) : k € [0,m]}. Thus supL(a™b) = m(n — 1) + 1 and

p(a™b) = m(%ﬁﬂ, while w, (S, a™b) = m + 1. Finally, c,(a™b) = n — 2, and hence c,(S) > n — 2.

6. THE ABELIANIZATION OF A NONCOMMUTATIVE SEMIGROUP

In this section we study when the natural homomorphism 7: S — S;.p from a cancellative semigroup to
its reduced abelianization is a weak transfer homomorphism. A necessary and sufficient condition is given in
Proposition 6.7 where we also see that whenever 7 is a weak transfer homomorphism it must be isoatomic.
In Proposition 6.12 we show that in this case 7 satisfies a universal property with regards to weak transfer
homomorphisms into commutative reduced cancellative semigroups. Finally, we give applications to the
semigroup of non zero-divisors of the ring of n x n upper triangular matrices over a commutative atomic
domain, and the semigroup of non zero-divisors of the ring of n x n matrices over a PID.

Definition 6.1. Let S be a semigroup and let =,;, be the smallest congruence relation on S such that
ab =,1, ba for all a, b € S.
(1) The abelianization of S is the pair (Sap, 7) consisting of S,, = S/=.p together with the canonical
homomorphism 7: S — Spp.
(2) The reduced abelianization of S is the pair (Syap, m) consisting of Siab, = (Sab),oq together with the
canonical homomorphism 7: .S — S;,,. We denote the corresponding congruence on S by =..}.-
Remark 6.2.

(1) Explicitly, the congruence =, is given as follows: Let a, b € S. Then a =, b if and only if there
exist m € N and, for each ¢ € [1,m], k; € Nand ¢; ; € S for j € [1,k;] as well as a permutation
0; € Sy, such that:

@=C11"" " Clk,

Clioi(1) """ Clioi(kr) = C2,1° " C2ka»
(6.1)

Crn—1,0m-1(1) """ Cm—1,0m_1(km—-1) — Cm,1 """ Cm k>
Cm,om (1) """ Cmyom (k) — b.
(2) The abelianization (S,p, ) satisfies the following universal property: Let T be any commutative

semigroup, and let ¢: S — T be a semigroup homomorphism. Then there exists a unique
homomorphism ¢: Su, — T such that ¢ = ¢ o .
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(3) The reduced abelianization (Syab, ) satisfies the following universal property: Let T' be any
commutative reduced semigroup, and let ¢: S — T be a semigroup homomorphism. Then there
exists a unique homomorphism ¢: Sy, — T such that ¢ = ¢ o 7.

If associativity is a congruence relation on S, then (Siea),, together with a canonical homo-
morphism 7': S = (Sied),;, is defined. Again we see that every homomorphism S — T to a
commutative reduced semigroup factors through 7’ in a unique way. Therefore ((Sred),,, ') satis-
fies the same universal property as (Syap,7) and hence the two semigroups must be canonically
isomorphic. We identify S;ap, and (Sied),;, by means of this isomorphism.

Lemma 6.3. Let S be a cancellative semigroup, S,y its abelianization, and denote by w: S — S, the
canonical homomorphism. Suppose that S,y is also cancellative.

(1) We have 7=1(Sap*) = S*.

(2) Leta € S. Then a € A(S) if and only if n(a) € A(Sab)-

(3) If u € A(S), then [u]~ = 7= 1([r(u)]~).

Proof. (1) Clearly S* C n=1(S2). Now let a € S be such that m(a) € S5 . Then there exists b € S such
that m(a)m(b) = 1, and hence ab =, 1. Using notation as in Equation (6.1), with a replaced by ab and
b replaced by 1, we see that ¢, 5. (1) Cm,op (k) = 1 for some ¢; ; in S. Hence, for all j € [1, k], we
have ¢, o,,(;) € S*. Continuing inductively, ¢; ; € S* for all 4 € [I,m] and j € [1, k;], and hence ab € S*.
Therefore a € S*.

(2) Suppose a € S\ S* is not an atom. Then a = bec with b, c € S\ S* and (1) implies w(b), 7(c) €
Sab \ Sap . Hence 7(a) = 7(b)m(c) is not an atom. Conversely, suppose 7(a) € S\ A(S). If 7(a) € Sap ™,
then a € S, and hence we may assume that 7(a) is not a unit. Since 7(a) is not an atom, there exist
b,C € Sap \ Sap ™ such that m(a) = be. Since 7 is surjective, there exist b, ¢ € S\ S* such that 7(b) = b
and 7(c) =¢. Thus a =, be. Using the notation of Equation (6.1) to write out this relation, it follows
inductively that for all ¢ € [1,m], ¢;1 -+ ¢k, is not an atom. Therefore a is not an atom.

(3) If @ € S with u ~ a, then 7(u) ~ m(a). For the converse direction suppose m(u) ~ 7(a). It suffices to
show u ~a. Let m € N, and k; € N, ¢; ; € S for all ¢ € [1,m], j € [1,k;] be as in Equation (6.1). Since u
is an atom and w = ¢11 - - - ¢1,5,, there exists some j; € [1, k1] such that ¢; ;, is an atom, and ¢; ; € S*
for all j € [1,k1]\ {j1}. In particular, u >~ ¢; j,. Inductively it follows that for all ¢ € [2,m], there exists
Ji € [1,k;] such that ¢; j, € A(S) and ¢; ; € S* for all j € [1,k;] \ {Ji}, and therefore ¢;_1 j, , ~ ¢ ,. It
follows that u ~ ¢, 5, ~ a. O

Remark 6.4.

(1) Replacing Sap by Spap in Lemma 6.3, and assuming that S,.p is cancellative, we obtain the
corresponding statements of the lemma for S;ap.

(2) Suppose S is in fact a group. Then, by Lemma 6.3(1), Sap, is a group. Using the universal property
of the abelianization it follows that S,p, satisfies the universal property of the abelianization of S
as a group. Thus, in this case, S,p is the just the usual abelianization of a group.

Definition 6.5. Let S be a semigroup. We define a relation =, on S as follows: For a, b € S weset a =, b
if and only if there exist m € Ny and aq, ..., am, b1, ..., by, € S such that a ~ a1 -+ am, b ~ by -+ - by, and
there exists a permutation o € &, such that a; >~ b, ;) for all i € [1,m].

If S is atomic, the ay, ..., ay, and by, ..., by, in the definition of =, can equivalently be taken to
be atoms. In this case, the definition may equivalently be stated as: a =, b if and only if there exist
rigid factorizations z of a and 2’ of b such that d,(z,2’) = 0. The relation =, is obviously reflexive and
symmetric, but may not be transitive. If @ ~ b, then clearly a =, b.

Lemma 6.6. Let S be a semigroup. The following statements are equivalent.
(1) =, is transitive.
(2) =p is a congruence relation.

3)

Proof. (1) = (2): The relation is symmetric and reflexive, and since we assume transitivity it is therefore an
equivalence relation. Thus we must show that for all a, a’, b, ¥’ € S, if a =, ¢’ and b =, V/, then ab =, a'V'.

p = =rab-

Since a =, @', there exist m € Ny, a permutation ¢ € &,,, and elements a1, ... am, af, ..., a,, € S
such that @ ~ a; -+ ap, o’ ~a}---a), and a; ~ a;(i) for all ¢ € [1,m]. Similarly, there exist n € Ny, a
permutation 7 € &, and elements by, ... by, b}, ..., b, € S such that b ~ by ---b,, b’ ~ b ---b), and

b; ~ b’T(i) for all i € [1,n].
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If m =0, then a, o’ € §* and thus ab ~ b and a'b’ ~ b’. Therefore ab =, a'b’. We argue analogously if
n = 0, and may now assume m, n > 0.

Without loss of generality, we replace ai, am, af, a,,, b1, b,, by, and b, by associates such that
a = ai Gy, d =ay---al,, b=>by- by, and ¥ = b} ---b,. Then ab = (a1 am)(b1---b,) and
a'b = (ay---al,)(0) b)), each written as a product of m + n atoms of S. Moreover, applying the
permutation (o, 7), interpreted accordingly as a permutation on [1,m + n], we see that ab =, o'’ and
hence =, is a congruence relation on S.

(2) = (3): Let a, be S. If a =, b, then a =41 b. From the definition of =, it follows that ab =, ba.
Thus =,, C =, C =,ap and moreover, S/ =, is reduced. Since =, is the minimal congruence containing
=,}, with respect to being reduced, and by assumption =, is indeed a congruence, it follows that =,= =,a1,.

(3) = (1): Clear, since =4, is transitive. O

Proposition 6.7. Let S be a cancellative semigroup and suppose that Sya, is also cancellative. The
following statements are equivalent.

(1) Ifa, be S are such that a =, b and a ~ uy - - - uy, with m € Ny and uq, ..., uy € A(S), then there
exist vy, ..., Um € A(S) and a permutation o € &, such that b~ vy -+ v, and u; ~ V(i) for all
i€[l,m].

(2) The canonical homomorphism w: S — Syap, is a weak transfer homomorphism.
(3) The canonical homomorphism w: S — Syap is an isoatomic weak transfer homomorphism.

Moreover, each of (1) to (3) imply the equivalent conditions given in Lemma 6.6.

Proof. We first show that (1) implies Lemma 6.6(1). Let a, b, ¢ € S be such that a =, b and b =, ¢. By

the definition of =, there exist m € Ny, w1, ..., Um, V1, ..., Uy € A(S) and a permutation o € &,,, such
that @ >~ uy -+ Up, b > vy -+ vy, and u; ~ v, for all 4 € [1,m]. By (1) and since b =, ¢, there exist
wi, ..., Wy € A(S) and a permutation 7 € &,, such that ¢ ~ w; - - - wp, and v; ~ w, ;) for all 7 € [1,m].

Then u; >~ v,y >~ Wr(ox;y) for all @ € [1,m], and hence a =, c.

(1) = (2): Property (T1) of Definition 2.1(2) holds since = is surjective and by applying Lemma 6.3(1).
It remains to verify property (WT2) of a weak transfer homomorphism. Let a € S, let m € N, and let
U1y« .y Uy € A(Srap) such that w(a) = vy - - - v,,. By the surjectivity of 7, there exist u}, ..., u), € S such
that 7(u}) = v; for all ¢ € [1,m], and by Lemma 6.3(2) u} € A(S) for all i € [1,m]. We thus have 7(a) =
w(u) -+ -ul,), whence a =pap v} -+ ul,. Since we have already established that (1) implies the equivalent
conditions of Lemma 6.6, =1, ==,. Hence a =, v -- - u/,, and thus there exist u1, ..., u, € A(S) and a
permutation o € &,,, such that a ~ u; - - - u,, with u; ~ u;(i) for all ¢ € [1,m]. Then m(a) = w(uy) - 7(tm)
and 7(u;) = m(ug ;) = Vo(s)-

(2) = (3): By Lemma 6.3(3), m: S — Spap is isoatomic.

(3) = (1): Let a, b € S with a =, b, m € Ny, and uq, ..., up € A(S) with a ~ uq -+ - uy,. By the
definition of =, there exist n € Ny and u}, ..., uj,, v1, ..., v), € A(S) as well as a permutation 7 € &,
such that @ ~ uj---u), b ~ vj---v), and uj ~ v ;) for all i € [1,n]. Since a =, b implies a =ap b,
w(uy) - - 7(um) = w(a) = w(b), and, by Lemma 6.3(2), m(u;) € A(Srab) for all ¢ € [1,m]. Since 7 is a weak
transfer homomorphism, there exist v1,..., v, € A(S) and a permutation o € &,, such that b ~ vy - v,
and 7(v,(;)) ~ 7(u;) for all i € [1,m]. By Lemma 6.3(3), vy (;y ~ u; for each i € [1,m)]. O

We now illustrate that the equivalent statements of Proposition 6.7 can fail to hold for a semigroup S
even if there is a transfer homomorphism from S to a commutative reduced cancellative semigroup 7.

Example 6.8. Let S = (a,b,c,d | ab = cd). Clearly S is reduced and is an Adyan semigroup, whence S is
cancellative. Then Sy, is the free abelian monoid F({a, 3,7, d}) modulo the congruence relation generated
by a8 = ~J, with the canonical homomorphism 7: S — S, being defined by 7 (a) = a, w(b) = 8, w(c) =,
m(d) = 0. We have m(ab) = aff = v = dy = w(dc), but the two possible permutable factorizations of ab in
S are [a * b, and [c* d],, while dc only has the factorization [d * ¢],. Therefore the factorization [a * 3], of
7(dc) does not lift, and thus 7 is not a weak transfer homomorphism.

However, from the relation imposed, it is clear that there exists a length function ¢: S — Ny mapping
each of a, b, c and d to 1. The map ¢ is a transfer homomorphism from .S to the commutative semigroup
(No, +). Thus a noncommutative semigroup may possess a (weak) transfer homomorphism to a commu-
tative semigroup even when the canonical map to the reduced abelianization is not a (weak) transfer
homomorphism.

The following proposition shows that, if S is a cancellative semigroup with S, cancellative, the existence
of an isoatomic weak transfer homomorphism from S to a commutative cancellative semigroup however
does imply that the canonical homomorphism S — Sy, is a weak transfer homomorphism, and thus that
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the equivalent conditions of Proposition 6.7 are satisfied. We note that the transfer homomorphism ¢ from
Example 6.8 is not isoatomic.

Proposition 6.9. Let S be a cancellative semigroup. Assume that T is a commutative atomic cancellative
semigroup and that there exists an isoatomic weak transfer homomorphism ¢: S — T. Then Sy is
cancellative, the canonical homomorphism mw: S — Spap is an isoatomic weak transfer homomorphism, and
¢ induces an isomorphism Srap = Tred-

Proof. Tt suffices to show that ¢ induces an isomorphism ¢rap,: Srap — Tred. Then S,.p is cancellative,
and since ¢ is an isoatomic weak transfer homomorphism and ¢,,p, is an isomorphism, ™ = (br_at o ¢ is an
isoatomic weak transfer homomorphism.

We may, without loss of generality, assume that T is reduced. Since T' is commutative, ¢ factors through
7, that is, there exists ¢rap: Srap — T such that ¢pan o m = ¢ Since T = T*¢(S)T* = ¢(5), the induced
map ¢pap i surjective.

It remains to show that ¢y, is injective. Let @, b € Syap, be such that ¢rap (@) = ¢rap(b), and let a, b € S
be such that 7(a) = @ and 7(b) = b. We may assume @ # 1, and hence a ¢ S*. We have ¢(a) = ¢(b) and,
by (T1), ¢(a) # 1. Thus there exist m € N and atoms wy, ..., w, € A(T) such that ¢(a) = w1 -+ Wy
By (WT2), there exist u1, ..., um € A(S), vi, ..., vy € A(S) and permutations o, 7 € &, such that
a=uj- - Unp, b=v1-- vy and w; = ¢(ug(;)) = ¢(vr(;y) for all i € [1,m]. Since ¢ is isoatomic, uq(;) =~ V(i)
for all 4 € [1,m]. Since Syap is commutative and reduced, we have

m(a) = m(u1) - 7(um) = T(Ug(1)) - T(Uom)) = T (V1)) - T(Vr(m)) = T(v1) - T(Vm) = (D),

that is, @ = b. O

Remark 6.10. Let S be an atomic cancellative semigroup and let R be a set of representatives for the
associativity classes of A(S). Suppose that the equivalent conditions of Proposition 6.7 are satisfied. In
this case we can give a construction of Sy,p in terms of the free abelian monoid F(R). We define a relation
=g on F(R) as follows: We set 1 =g 1 and, for a, b € F(R) \ {1}, we set a =g b if and only if there exist
k,l e Nand uy, ..., ug, v1, ..., vy € R such that a = uy ---ug, b = vy ---v; and, for all ¢ € [1,k] and
J € [1,1], there exist associated atoms u} ~ u; and v;- ~ v, in S, and permutations o € & and 7 € &; such
that “:7(1) . -u;(k) ~ U’T(l) e v’T(l) in S. Since we are assuming that the canonical homomorphism to Sya
is a weak transfer homomorphism, it is easy to check that =g is transitive. Trivially, =g is reflexive and
symmetric and thus also a congruence relation. For any « € F(R), we write [z] for its image in F(R)/=s.

Let a € S and let k, I € Ng and uf, ..., u}, v{, ..., v] € A(S) be such that a >~ ] - - - uj, >~ v} ---v], and,
for all i € [1,k] and j € [1,1], let u; € R and v; € R be such that u; >~ u; and v; ~ v}. From the definition
of =g it is then clear that u - - - ux =g vy - - - v;, and thus we can define a map

m: S — F(R)/=s, a+> [ug---ug] (with units mapping to [1]).

It is now straightforward to check that 7 is a homomorphism and that (F(R)/ =g, ) satisfies the universal
property of the reduced abelianization. Therefore F(R)/ =g = Siab.

The following example illustrates that not every atomic cancellative semigroup possesses a weak transfer
homomorphism into a commutative semigroup.

Example 6.11. Let S = (a,b,c,d, e | abc = de). Then L(abc) = {2,3}, while L(bac) = {3}. Hence S does

not admit a weak transfer homomorphism into any commutative semigroup.

The next proposition shows that if Sy, is cancellative, then every weak transfer homomorphism to a
commutative reduced cancellative semigroup factors through the canonical homomorphism 7: S — Siap.
If, moreover, 7 is a weak transfer homomorphism, then we obtain as an immediate corollary a universal
property that characterizes the weak transfer homomorphism 7.

Proposition 6.12. Let S be a cancellative semigroup with S, cancellative and let w: S — Siap denote
the canonical homomorphism. Suppose that there exists a weak transfer homomorphism ¢: S — T to a
commutative atomic cancellative semigroup T. Let meq: T — Treq denote the canonical homomorphism.
Then there exists a unique transfer homomorphism ¢rap: Srab — Tred Such that Treq © @ = ¢rap © 7.

In particular, if ™ is a weak transfer homomorphism, it satisfies the following universal property: If
¢: S — T is a weak transfer homomorphism from S to a commutative reduced cancellative semigroup T,
then there exists a unique transfer homomorphism ¢ran: Srap — 1 such that ¢pap o ™ = ¢, that is, the
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following diagram commutes.
¢

S —T

™ /,7
L 3 ran

Srab

Proof. Replacing ¢ by meq © ¢ if necessary, we may without loss of generality assume that T is reduced.
Since T' is commutative and reduced, ¢ factors through 7: S — Siap, that is, there exists a homomorphism
Orab: Srab — T such that ¢ = ¢ o 7. Clearly, ¢rap, is uniquely determined by this relation, and it remains
to show that it is a transfer homomorphism. Since T is atomic, and Sp., is commutative, it suffices to
show that ¢, is a weak transfer homomorphism.

Since ¢ is a weak transfer homomorphism, we have T' = ¢(S)T* = ¢(S) and ¢~ 1(T*) = S*, with
T = {1}. The first property immediately implies 7 = ¢yap, (Sra). We now show ¢1 ({1}) = {1}. Trivially
¢rab(1) = 1. For the other inclusion, suppose that @ € S;ap, is such that ¢pan(a@) = 1. There exists a € S
such that m(a) = @, and hence ¢(a) = ¢rap(@) = 1. Thus a € S* and therefore @ = w(a) = 1 in Syap. Hence
¢rap satisfies (T1).

We now check (WT?2). Let @ € Syap and suppose ¢ran (@) = wy « - - Wy, with m € Ny wy, ..., Wiy € A(Tred)-
Let a € m~1({@}). Since ¢ is a weak transfer homomorphism, there exist atoms w1, ..., U, € A(S) and a
permutation o € &,, such that a = uy - - - up, and ¢(u;) = w,(;) for each i € [1,m]. Now 7(u;) € A(Sran)
and ¢rap © T(u;) = ¢(u;) = we(;) for each i € [1,m]. Therefore ¢, is a weak transfer homomorphism. [

Examples. We now highlight some examples in which the canonical homomorphism to the reduced
abelianization is a weak transfer homomorphism.

Rings of Triangular Matrices. Let D be a commutative atomic domain, let n € N, and let R = T,,(D)
denote the ring of all n x n upper triangular matrices with entries in D. We study S = T,(D)®, the
multiplicative subsemigroup of non zero-divisors of R consisting of those upper triangular matrices having
nonzero determinant. Sets of lengths in this semigroup were studied extensively in [BBG14] where the
homomorphism

5. {an)' = (D*ea)"
[@ijlijenn = (@iiD™)ien s
mapping a matrix to the vector of associativity classes of its diagonal entries, was shown to be a weak
transfer homomorphism.

We now give a lemma which illustrates that ¢ is, in fact, isoatomic. Moreover we show that associativity,
similarity and subsimilarity coincide for atoms of S.

Lemma 6.13. Let D be a commutative atomic domain and let A(D) denote a set of representatives for
the associativity classes of atoms of D. Let n € N and R = T, (D).

(1) An element A = [a; ;] € T,,(D)*® is an atom if and only if there exists m € [1,n] such that a; ; € D*
for alli € [1,n] with i #m and am,.m € A(D).

(2) If A is an atom of T,,(D)® with det(A) associated to a € A(D), then A is associated to the matric
B = [b; ;| € T,,(D)* where

1 ifi =7 and (i,7) # (m,m),
bi,j: a ZfZ:]:m,
0 ifi# 7,

and @ is the representative of a in A(D).
(3) If A is an atom of T,,(D)®, and m € [1,n] is such that the m-th diagonal entry of A is a € A(D),
then

(6.2) anng(R/RA) = {[bi ;] € To(D) : bij € aD for alli, j € [1,m] }.

(4) For A, B € A(T,(D)®), the following statements are equivalent.
(a) A is associated to B.
(b) A is similar to B.
(¢) A is subsimilar to B.
(d) anng(R/RA) = anng(R/RB).
In particular, dp = dsubsim = dsim on Ty, (D)*.
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Proof. Let S =T,(D)*. The claim in (1) follows from the fact that ¢ is a weak transfer homomorphism.

(2) We denote by I,, the n x n identity matrix and, for all ¢, j € [1,n], by E; ; the n x n matrix with 1
in the (¢, j) position, and 0 in all other positions. By (1) there exists an m € [1,n] such that a;; is a unit
of D for all i € [1,n] with ¢ # m, while ap, m € A(S). Let @ be the element of A(S) that is associated to
Gm,m. Consider the diagonal matrix

U =aa, , Emm + Z a;ilEi,i € T(D)*.
Then, A" = UA = [a} ;] € To(D)®, with aj,, ,, = @, and all other diagonal entries equal to 1. Since A is

associated to U A and associativity is transitive, we may assume for the remainder of this proof that A = A,
that is, all but one of the diagonal entries of A are 1 and that the non-unit diagonal entry a,, ., is already

in the pre chosen set A(D).
We now define a sequence of associates of A inductively, successively eliminating rows and columns of A.
Set A(®) = A. For all i € [1,m — 1], assuming that AG—1D = [a,(ﬁizl)], let

i—1
Ci = In — Z ag’j )EiJ.

j=i+1
Clearly C; € T,(D)*, and we set A®) = AG=D(;, that is, A® is obtained from A~ by eliminating
the i-th row (except for the diagonal entry). Setting now A(™) = A(™~1 we inductively define, for all
j € [m+1,n], a matrix AU) € S: Assuming that AU—1) = [a;{l_l)], let

j—1
Cj = In — Qa
=1

g

TV E;.
Again C; € T,,(D)*, and we set AU = C; AU=Y that is, AY) is obtained from AU~V by eliminating the
j-th column (except for the diagonal entry). The final matrix A(™) = [by ] is therefore diagonal, with
bi,m = Qm.m, and b; ; = 1 for all ¢ € [1,n]\ {m}. Therefore A is associated to a diagonal matrix as desired.

(3) We first recall a description of the ideals of T}, (D). For all ¢ € [1,n] and j € [i,n] let I; ; be an ideal
of D, and suppose that I; ; C I;_y ; for all j € [1,n] and ¢ € [2,j], and that I, ; C I; j41 for all j € [1,n—1]
and ¢ € [1,7]. An elementary calculation shows that

I={[a;;] € T,(D) :a;; € I ; for all i € [1,n], j € [i,n] }

is an ideal of R, and it is easy to check that in fact every ideal of R is of this form.

Let A € A(S). We will show that Equation (6.2) holds. Since R/RA = R/RA’ for all A’ € R with
A’ ~ A, we may assume without restriction (by (2)), that all off-diagonal entries of A are zero, and
that there exist m € [1,n] and a € A(D) such that the m-th diagonal entry of A is equal to a, while all
other diagonal entries are equal to 1. It is then easy to check that RA consists of all those n x n upper
triangular matrices for which the entries of the m-th column are contained in aD. Therefore all elements
of the right-hand side of Equation (6.2) annihilate R/RA. Recall that anng(R/RA) is a two-sided ideal
of R necessarily contained in RA. By our description of ideals of R, the set on the right hand side of
Equation (6.2) is an ideal of R, and moreover the maximal two-sided ideal of R contained in RA. Thus it
must be the annihilator of R/RA and we have established the claim.

(4) The implications (a) = (b) = (¢) = (d) are immediate from the definitions.

(d) = (a): Let A, B € A(S) be such that anng(R/RA) = anng(R/RB). There exist k, I € [1,n] and
a, b € A(D) such that the k-th diagonal entry of A is u, the I-th diagonal entry of B is v and all other
diagonal entries of A and B are units. To show A ~ B, we need to show that k = and @ ~ b in D (using
(2)). From the description of annihilator ideals in (3), we must have k = [. Comparing the entries in the
upper left corner, aD = bD, that is, a ~ b. O

Since § is isoatomic, it follows from Proposition 6.9 and Lemma 6.13(2) that Siap = (D®eq)™-

Proposition 6.14. Let D be a commutative atomic domain, n € N, and S = T,,(D)®. Then
cp(S) = csim(S) = Caubsim () = c,(D*)
and
Cp,mon(S) = Csim,mon(S) = Csubsim,mon(s) = Cp,mon(D.)-

In particular, T,,(D)* is permutably (dsim-, dsubsim-) factorial if only if D is factorial. Moreover, t,(S) =
t(D*®) and wy(S) = wp(D*).
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Proof. From Proposition 4.8 it follows that ¢, (T,,(D)*) = ¢,((D*wea)”), and [GHK06, Proposition 1.6.8.1]
implies ¢, ((D®%ed)”) = ¢p(D*rea), the latter of which is trivially equal to c,(D®). Since Lemma 6.13(4)
implies that d, = dgim = dsubsim o0 T, (D)®, the remaining equalities for the catenary degrees follow. The
claims for the monotone catenary degrees are shown in the same way. The equality t,(S) = t(D*®) follows
from Proposition 5.23 together with [GHIK06, Proposition 1.6.8.4], and w,(S) = w(D*®) follows similarly.
Since D is factorial if and only if ¢,(D*®) = 0 and S is permutably factorial if and only if ¢, (S) = 0, the
final statement follows. O

Matriz Rings. We now provide an even more straightforward example which illustrates how simple the
abelianization of a somewhat complicated-looking noncommutative semigroup .S can be.

Let D be a commutative principal ideal domain, let n € N, and let S = M,,(D)*® denote the multiplicative
semigroup of all n x n matrices with entries in D having nonzero determinant. Factorization invariants
of this semigroup were studied in [BPAT11]. Every A € S can be put into Smith Normal Form, that is,
there exist U, V € M, (D)* and a diagonal matrix C = [¢; ;| € My, (D)® with ¢;11,41 dividing ¢; ; for all
i € [1,n — 1] and such that A = UCV. From this it follows immediately that det: M, (D)®* — D*® is a
transfer homomorphism (cf. [BPAT11, Lemma 2.2]). Therefore A is an atom if and only if ¢1 1 € A(D)
and ¢; ; € D* for all ¢ € [2,n]. Hence the transfer homomorphism is isoatomic, and thus Siap = D®req by
Proposition 6.9.

As in T,,(D), in R = M,,(D) the notions of associativity, similarity and subsimilarity coincide (if A € S
is an atom with Smith Normal Form C as above, then anng(R/RA) = anng(R/RC) = Rc;y 1, implying as
for the ring of n x n upper triangular matrices, that two atoms with the same annihilator are associated),
and thus results analogous to Proposition 6.14 hold.

Almost Commutative Semigroups. Recall that if S is a cancellative semigroup on which associativity is a
congruence relation and for which S,.q is cancellative, the canonical homomorphism 7: S — Sieq is always
an isoatomic transfer homomorphism. However, this is only useful to us if Sieq is a semigroup that we
understand better than S itself. In this example we consider the case where S..q is commutative. We say
that a semigroup S is almost commutative if ab ~ ba for all a, b € S.

Proposition 6.15. Let S be a semigroup on which ~ is a congruence relation.

(1) The following statements are equivalent:
(a) S is almost commutative.
(b) Siea is commutative.

(2) Suppose S is almost commutative, and that S and Syeq are cancellative. Then Syeq = Syab, and the
canonical homomorphism w: S — Sieq is an isoatomic transfer homomorphism to a commutative
reduced cancellative semigroup.

Proof. (1) (a) = (b): Let g, b € Sea and let a, b € S be such that m(a) = @ and 7(b) = b. Then
ab = w(ab) = w(ba) = ba, where the middle equality holds since ab ~ ba.

(b) = (a): Let a, b € S. Then 7w(ab) = w(a)m(b) = w(b)7(a) = w(ba), and hence ab ~ ba.

(2) The homomorphism 7 is always an isoatomic transfer homomorphism, and hence it suffices to
show that Sreqa = Srab. By (1), Sied is commutative, whence Sied = (Sred),,, but we have identified

(Sred)ab = Srab- O

Let S be a normalizing Krull monoid. Then S,.q embeds into a free abelian monoid (as a consequence
of [Gerl3, Lemma 4.6 and Theorem 4.13]), and hence is itself commutative, and in fact a commutative
Krull monoid. Thus normalizing Krull monoids are almost commutative, with their associated reduced
monoids being commutative Krull monoids that have been well-investigated. We can expect factorization
theoretic results about S..q to immediately carry over to S. For instance, we have the following.

Proposition 6.16. Let S be a normalizing Krull monoid. Then, for all a € S, wy(S,a) < oo and
w,,(S,a) < oco.

Proof. Since Syeq is a commutative Krull monoid, we have wy,(Sred, @) = wp(Sred; a) < 0o for all a € Sreq

by [GHO08, Theorem 4.2]. The canonical homomorphism 7: S — Speq = Spap from S to its reduced
abelianization is an isoatomic transfer homomorphism, and thus the same holds true for S by Proposition 5.23.
O

We conclude this section by giving a construction of another family of semigroups which are almost
commutative.
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Example 6.17. Let T be a commutative reduced cancellative semigroup and let G be a group. Further
suppose that there is an action

2 TxGE—=G
of T' on G such that the following two additional conditions hold:

(1) for each ¢t € T and all pairs g1, g2 € G, t-(g192) = (t- g1)(t- g2), and

(2) for each t € T and all pairs g1, g2 € G, t-g1 =t - go implies g = go.
(Equivalently, there is a homomorphism T"— Mono(G) given by t — (g — ¢t - g), with Mono(G) denoting
the semigroup of monomorphisms of G.) The semidirect product S = G x T is the semigroup defined on
the cartesian product G x T' by the operation

(91,t1)(92,t2) = (g1(t1 - g2), tata).

The identity element of this semigroup is (1g, 17) and, since T is reduced, S* ={(g,17) € S: g€ G }.
S is cancellative: Suppose that g1, go, g3 € G and t1, to, t3 € T are such that

(91,t1)(92: t2) = (91, t1)(g3, t3)-

Then t1ty = t1t3, and due to the cancellativity of T, to = t3. Moreover g;(t1 - g2) = g1(t1 - g3) implies
t1 - go = t1 - g3 and hence, by (2), g2 = gs.
Suppose that g1, g2, g3 € G and t1, ts, t3 € T are such that

(92,t2)(g1,t1) = (g3, t3)(91, 1)

Cancellativity of T again implies to = t3. Then ga(t2 - g1) = g3(ts - g1) = g3(t2 - g1), and hence go = g3.
S is normalizing: Let (g,t) € S. Let (g1,t1) € (g,1)S, with (gz,t2) € S such that (g1,t1) = (g,t)(g2, t2).
Then

(g(t-g2)(ta-9) " t2) (g,t) = (g(t - g2)(t2 - 9) " (t2 - g), tat) = (g(t - g2), tt2) = (9, 1) (g2, t2) = (91, t1),

showing that also (g1,t1) € S(g,t). (We used the commutativity of T to conclude tot = tt3.) A symmetrical
argument gives the reverse containment and hence S is normalizing.

S is almost commutative: Since S is normalizing, associativity is a congruence relation on S. We claim
Sred 2 T, and indeed, this follows because, for all g € G and t € T,

S5*(g,t)8* = 8*(g,t) ={(¢,t) : g’ € G},

where the first equality holds because S is normalizing. Since Sy.q = T is commutative, S is almost
commutative.

7. MAXIMAL ORDERS

In this final section we study arithmetical maximal orders and right-saturated subcategories of the
integral elements of an arithmetical groupoid. We refer the reader to the corresponding subsection of
Section 2 on page 7 for the definition of arithmetical maximal orders (Definition 2.8) and a discussion as to
how they relate to Krull monoids and classical maximal orders in central simple algebras over global fields.

We show that certain conditions imply the existence of a transfer homomorphism from an arithmetical
maximal order to a monoid of zero-sum sequences and that this transfer homomorphism has catenary
degree in the permutable fibers at most 2. Thus we obtain Theorem 7.8 and Corollary 7.11 which generalize
the corresponding result for commutative Krull monoids. We then apply these results to classical maximal
orders R in central simple algebras over global fields satisfying the condition that every stable free left
R-ideal is free. Thereby we obtain Theorem 7.12 which gives a description of permutable, dgi,- and
dsubsim-catenary degrees of R® in terms of the well-studied catenary degree of a monoid of zero-sum
sequences over a finite abelian group. Finally we note several immediate corollaries to this theorem.

We start by recalling the notion of an arithmetical groupoid, which is useful in describing the divisorial
one-sided ideal theory of an arithmetical maximal order (see [Smel3, Section 4] for more details and proofs).

Definition 7.1. A lattice-ordered groupoid (G, <) is a groupoid G together with a relation < on G such
that for all e, f € Gy
(1) (G(e;), <la(e,)) is a lattice (we write A, and Vi, for the meet and join),
(2) (G( 1)s <la(.p) 1s a lattice (we write Af and V7 for the meet and join),
(3) (G(e, f), <la(e,p)) is a sublattice of both G(e,-) and G(-, f). Explicitly: For all a,b € G(e, f) it
holds that a A\p b=a Nfb € Gle, f) and aV,b=aVibe G(e, f).
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If a, b € G and s(a) = s(b) we write a Ab = a N, band aVb=aV, b Ift(a) =1t(0) we write
aAb=aNi,band aVb=aVf, b By (3) this is unambiguous if both s(a) = s(b) and t(a) = ¢(b). The
restriction of < to any of G(e, ), G(-, f) or G(e, f) will simply be denoted by < again.

An element a of a lattice-ordered groupoid is called integral if a < s(a) and a < t(a), and we write G
for the subset of all integral elements of G.

Definition 7.2. A lattice-ordered groupoid G is called an arithmetical groupoid if it has the following
properties for all e, f € Gy:
(P1) For a € G, a < s(a) if and only if a < #(a).
(P2) G(e,-) and G(-, f) are modular lattices.
(P3) Ifa <bfora,be G(e,-) and ¢ € G(-,e), then ca < ¢b. Analogously, if a, b € G(-, f) and ¢ € G(f,-),
then ac < be.
(P4) For every non-empty subset M C G(e, )NG4, the supremum sup(M) € G(e, ) exists, and similarly
for M C G(-, f) N G4. If moreover M C G(e, f) then supg,, . (M) = supg. p)(M).
(P5) G(e, f) contains an integral element.
(P6) G(e,-) and G(-, f) satisfy the ACC on integral elements.

Let G be an arithmetical groupoid. The set of integral elements G is a reduced subcategory. An
element a € G is an atom if and only if it is mazimal integral, that is, it is maximal in G4 (s(a),)\ {s(a)}
(equivalently, in Go (-, t(a)) \ {t(a)}) with respect to <. The category G is atomic. The groupoid G is a
group if and only if it is free abelian with basis A(G4) and, in this case, G is the free abelian monoid
with basis A(G4).

For all e € Gy, the group G(e) is a free abelian group and, if f € Gg, then every a € G(e, f) induces an
order-preserving group isomorphism G(e) — G(f) defined by x — a~'xa that is independent of the choice
of a. For e € Gy and x € G(e) we define () = {a"'za:a € G(e,-)}, and we set

G={(z):z€G(e),eec Gy}

For all e € Gg, the map G(e) — G defined by = — (z) is a bijection, and therefore induces the structure of
a free abelian group on G. We note that this structure is independent of the choice of e and we call G the
universal vertex group. Moreover, with the order induced from any G(e), G is an arithmetical groupoid.
The subsemigroup of integral elements, G, is the free abelian monoid on A(G. ), the maximal integral
elements of G. In particular, G, is factorial with set of prime elements A(G,.). For X € G we denote its
unique preimage in G(e) by X..

Let u € A(G4) and let x = sup{z’ € G(s(u)) : 2’ <u} € G(s(u)). We define n(u) € G as n(u) = (z) and
note that n(u) € A(G4+). Let a € G4 and s(a)ui*- - -xuy € Z§;, (a). A key result on the factorization theory
of G is the following: For all s(a)vy*---*v; € Zg (a) we have [ = k and there exists a permutation o € &y,
such that n(u;) = n(ve()) for all i € [1,k] (see [Smel3, Proposition 4.12], noting that ®(u) = n(u) for
u € A(G4)). Thus we can extend 7 to a homomorphism G — G and further to a surjective homomorphism
1n: G — G, which we call the abstract norm. We also recall that, given any permutation 7 € Sy, there exist
wy, ..., wy € A(G4) such that s(a)wy * -+ x wy € Zg, (a) and n(u;) = n(w.(;)) for all i € [1, k).

We now fix the following notation which we will tacitly assume up to and including Theorem 7.8. Let G
be an arithmetical groupoid and let H C G, be a right-saturated subcategory (that is, HH ' NG, = H).
Let n: G — G be the abstract norm. By q(n(H)) we denote the quotient group of n(H), where we
may assume q(n(H)) C G. We set C = G/q(n(H)) and, for G € G, we set [G] = Gq(n(H)) € C. The
abelian group C' is a kind of class group and we shall use additive notation for it. Finally, we define
Cy ={[n(u)] € C:ue A(G,)} and note the following lemma. The second statement of the lemma was
stated as an assumption in [Smel3, Theorem 4.15], but in fact always holds.

Lemma 7.3. We have Cpy = {[P]: P € A(Gy) }. Let e € Gy and g € Car. Then there exists an element
u € A(G4) such that s(u) = e and [n(u)] = g.

Proof. If u € A(G4), then n(u) € A(G,), and therefore C) is contained in { [P] : P € A(G4) }. We prove
the other inclusion. Let P € A(G4) and e € Gy. Since G4 (e, -) satisfies the ACC by (P6), the set

{u' €G(e,") :Pe<u <e}

possesses a maximal element u € G4 (e,-). Then u is maximal integral, that is, u € A(Gy). Since P, is
maximal integral in G(e), it is necessarily the case that n(u) = P. Hence [n(u)] = [P]. Thus Cys has the
claimed form. The second statement follows similarly, by taking P a representative of g. O
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We write F(Cyy) for the free abelian monoid on Cjpy, and B(Chy) for the monoid of zero-sum sequences
over Cjy (see Section 2, page 8). Since Gy is a free abelian monoid, there exists a homomorphism
wo: G4 — F(Cu) such that ¢o(P) = [P] for all P € A(Gy). We denote by ¢: n(H) — B(Ch) the
restriction of ¢ to n(H). Explicitly, if X € n(H), then there exist uniquely determined k € Ny and Py,
..oy Pr € A(G4) such that X = Py - - - Py, and we have ¢(X) = [P1]-- - [Px] € B(Cpr).

We define 6: H — B(Cis) as 6§ = ¢ on. Thus 0 is a homomorphism from H to the monoid of zero-sum
sequences over Cyy given as follows: If a € H and s(a)uy -+~ * ux € Z¢;, (a), then 0(a) = [n(u1)] - - [n(uw)]
(note that the factorization is into maximal integral elements of G, and not into atoms of H). We call 0
the block homomorphism of H C G4.

We will also require the following additional hypothesis:

(N) for a € G with s(a) € Hy, we have a € HH ! if and only if (a) € q(n(H)).

In (N) we may equivalently require ¢(a) € Hy instead of s(a) € Hy (the equivalence of the two statements
follows by considering a=1). By [Smel3, Theorem 4.15], §: H — B(Cyy) is a transfer homomorphism if
(N) holds, and it is this transfer homomorphism that we ultimately investigate.

We now provide two easy combinatorial lemmas that will later be useful to obtain lower bounds on the
catenary degree.

Lemma 7.4. Suppose that Chy = —C)py and that every class in Cyy contains at least two distinct prime
elements of Go. Then c*(H) > 2.

Proof. Let e € Hy and let P, Q € G be two distinct prime elements. By assumption we can choose them
such that [P] = [Q]. Let u; € A(G,) with s(u;) = e and P, < uq, so that n(uy) = P. Since Cpy = —C)y,
Lemma 7.3 implies that there exists an atom ug € A(G) such that s(uz) = t(u1) and [n(u2)] = —[P]. By
hypothesis on Cp, we may further assume n(uz) # Q. Our assumption (IN) together with [n(ujuz)] =0 € C
implies ujus € HH 1. Moreover, ujus € G4 and H is right-saturated in G, thus ujuy € H. Similarly,
we construct vy, va € A(G4) such that s(vi) = t(uz), s(ve) = t(v1), n(v1) = Q, and [n(v2)] = —[Q]. As
before, we have vivy € H. By [Smel3, Proposition 4.12.4], there exist uf, u}, v}, v5 € A(G4) such that
n(u)) =P, n(uy) = n(uz), n(vy) = Q, n(vh) = n(vz) and a = uyugvivy = vivhuiuh € H. Again vjv} and
uwjub lie in H. This gives rise to two rigid factorizations of a in H, namely

uyug * v1vy  and VUL x ulul if [P] # 0 and [Q] # 0, and
up xug kv kvg  and V) ok vh * uf * ub if [P]=[Q] =0.

That the stated elements are indeed atoms follows since §: H — B(C)y) is a transfer homomorphism. In
each case, the two factorizations are distinct as rigid factorizations with distance at least two, because the
factors have different abstract norms. O

Lemma 7.5. Suppose that C' = Cy; and that C is non-trivial. If C' % Cy a cyclic group with two elements,
then H is not half-factorial. If C = Cs and the non-trivial class contains at least two distinct prime elements
P and Q of G4, then there exist atoms a, b, ¢, d € A(H) such that ab = cd, n(a) = P?, n(b) = Q% and
n(e) =n(d) = PQ.

Proof. If C' % Cy, then B(C) is not half-factorial, and the existence of the transfer homomorphism from
H to B(C) implies that neither is H. If C 2 Cy, let e € Hy. Let uy, us, v1, va € A(G4) with s(u;) = e,
s(ug) = t(uy), s(v1) = t(uz), s(va) = t(v1), n(u1) = n(uz) = P, and n(v1) = n(ve) = Q. Assumption (N)
implies @ = ujus € HH~' and b = vivy € HH~!. Since moreover a, b € G and H is right-saturated
in G4, we find a, b € H. Because n(uy), n(usz), n(v1), and n(ve) all lie in the non-trivial class of C, we
have that 6(a) and 6(b) are atoms of B(Cys). Since 0: H — B(C)y) is a transfer homomorphism, and
therefore also a € A(H) and b € A(H). By [Smel3, Proposition 4.12.4], there exist uj, v] € A(G4) such
that ugvy = vjuh and n(vy) = Q, n(uy) = P. As before, ¢ = uyv] € A(H) and further d = uhvy; € A(H).
By construction the elements a, b, ¢ and d have the claimed properties. O

To better leverage results on the transfer of the catenary degree for commutative Krull monoids, we
will show that 7 is, in fact, a transfer homomorphism to a commutative Krull monoid. This will allow us
to view 6 as a composite of two transfer homomorphisms. The proof is very similar to that of [Smel3,
Theorem 4.15], but for the reader’s convenience we shall state it in full.

Theorem 7.6. Let G be an arithmetical groupoid, let H be a right-saturated subcategory of G, and suppose
that assumption (N) holds. Then n(H) C G4 is saturated, n(H) is a commutative Krull monoid, and
n: H — n(H) is a transfer homomorphism.
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Proof. We first show: If a € H and n(a) = XY with X, Y € G4, then there exists z, y € G4 such that
a=zy, n(z) =X, and n(y) = Y. Moreover, if X € n(H), then z € H, and if Y € n(H), then y € H.

Let a € H with n(a) = XY for some X, Y € G;. Let k, I € Ny and Py, ..., P, € A(G;) be such
that X = Py -+ P and Y = Pry1--- P By [Smel3, Proposition 4.12], there exists a rigid factorization
s(a)uy * ---xu € Zg, (a) such that n(u;) = P; for all @ € [1,]]. Now set = s(a)u;---up € G4 and
y = t(ug)ukt1 - u € G4. Then a = zy, n(z) = X, and n(y) = Y.

Now suppose that X € n(H). Since s(z) € Ho and n(z) = X € n(H), assumption (N) implies
r € HH' N G,4. Because H is right-saturated in G, this implies z € H. Now assume that J € n(H).
Then t(y) € Hy, and n(y) = Y € n(H). Applying (N) to y~?, it again follows that y € HH !N G. Hence
y € H, and the claim is established.

We now show that 7 is a transfer homomorphism. Since H as well as G4 are reduced and n: H — n(H)
is surjective by definition, (T1) holds. We have to verify (T2). Let a € H and n(a) = BC with B, C € n(H).
We need to show that there exist b, ¢ € H such that a = be, n(b) = B and n(c) = C. This follows immediately
from the claim we just proved.

It remains to show that n(H) C G is saturated. Then, since n(H) is a subsemigroup of the free abelian
monoid G4, n(H) is a commutative Krull monoid. Let A, B € n(H) and X € G be such that XYB = A.
We need to show X € n(H).

Let a € H with n(a) = A = XB. Again by the claim, there exist b € H and « € G4 such that a = zb,
n(b) = B and n(z) = X. Then z = ab~! € HH~' N G,. Since H is right-saturated in G, this implies
x € H and hence X = n(zx) € n(H). O

Let d be a distance on H. The following is the key result on the catenary degree in the permutable fibers
of . It will ultimately allow us to transfer results on the permutable catenary degree in n(H) (respectively
B(Chr)) to results on the catenary degree in distance d on H.

Proposition 7.7. Let d be a distance on H.

(1) Leta € H, z=s(a)ar*---*ay, € Zj(a) withm € Ny and a1, ..., am € A(H), and let 0 € &, be a
permutation. Then there exist ay, ..., a,, € A(H) such that a = s(a)a) ---a.,, n(al) =n(a U(Z )) for
all i € [1,m], and such that there exists a 2-chain in distance d between z and 2’ = s(a)al *---*al,
Furthermore, every rigid factorization in the chain has length m, and the sequence of abstract norms
of its atoms is the same as the sequence of abstract norms of the atoms in z, up to permutation.

(2) co(H.m) < 2.

Proof. (1) We may assume m > 2, as the claim is trivially true otherwise. Since &,, is generated by
transpositions of the form (¢,7 + 1) for ¢ € [1,m — 1], it suffices to prove the claim where o is such a
transposition. Moreover, by property (D4) of a distance, we may even assume that m = 2 and 0 = (12).
Therefore it suffices to prove: If a, b € A(H) with ¢(a) = s(b), then there exist o', b’ € A(H) such that
ab="bd, n(a) =n(a'), and n(b) = n(d’). Then (D5) implies d(a * b,b’ * a’) < 2.

Let a = uy---up and b = vy ---v; with k, 1 € N and uq, ..., ug, v1, ..., vy € A(G4). By [Smel3,
Proposition 4.12.4], there exist uf, ..., u}, v}, ..., v] € A(G4) such that

ul...ukfvl...vl:U/l...ful/ull...u;c

with n(u}) = n(u;) for all i € [1,k] and n(v]) = n(v;) for all i € [1,1]. Set ¥/ =v]---v; and @’ = u} ---uj,.
Then n(a) = n(a’) and n(b) = n(b'). Using assumption (N), we find ' € HH~' N G4 = H. Similarly,
¥ € HH ' NG, = H. Using that 7 is a transfer homomorphism, n(a) = n(a’), and n(b) = n(¥'), it follows
that o/, b’ € A(H) and hence the claim is shown.

(2) Let a € H and let z, 2’ € Z};(a) with d,(n(z),n(2’)) = 0. We must show that there exists a 2-chain
of rigid factorizations of a between z and 2’ lying in the permutable fiber of z. Since d,(n(z),n(2")) =0,
z=ay % -*ay and 2/ =by *---x b, with m € Ng, a1, ..., am, b1, ..., by, € A(H) and such that there
exists a permutation o € &,, with n(a,)) = n(b:). Applying (1), we may assume without loss of generality
that o = id, and hence n(a;) = n(b;) for all ¢ € [1,m].

Let n € N and let uq, ..., Uy, v1, ..., v, € A(G4) be such that a,, = uy - - - u, and b,, = vy - - - v, with
1(u;) = n(v;) for each ¢ € [1,n]. (This choice is always possible due to [Smel3, Proposition 4.12.4] and since
7(bm) = n(am).) Let k € [0,n] be minimal such that u; = v; for all [ € [k + 1,n]. We proceed by induction
on (m, k) using lexicographic order, i.e., (m', k") < (m, k) if and only if m’ <m or m’ =m and k' < k.

If m < 2, then the claim is trivially true. If m > 2 but k£ = 0, then a,, = b,,. By the induction hypothesis
applied to (m — 1, k') for some k' € Ny, there exists a 2-chain from aq * - - - * ap—1 to by * -+ x by,,_1 with
the corresponding properties. Appending a factor a,, to each of these rigid factorizations gives a 2-chain
from z to 2’ (using property (D4)).
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We therefore need only consider the case m > 2 and k > 1. Let e = t(ug) = t(vg) and ¢ = up A vy, €
G4 (-, e). By the choice of k, uj # vy, and thus up V vp = e in G(-,e). Modularity of the lattice G(-,e)
therefore implies that the element ¢ has length two in G1. Consequently ¢ = v}, u, = uj,_, vy for some
V)1, u_; € A(G4). By [Smel3, Proposition 4.12.1] together with [Smel3, Lemma 4.11.4], we find that
n(v,_;) = n(vg) and n(uj,_;) = n(ug), so the abstract norms of all these four elements are the same.

Since a < ugtgt1 - Up and a < vgugrr - un, € G(+,t(a)), we have a < cugqr -+ u, as well. Hence
there exists d € G4 with a = dcugy1 -+ u,. Noting that n(c) | n(a(ugsr - -u,)™') and using (1) to
rewrite aj * - - % a1 and by % -+ x by, _1 as necessary, we may assume without restriction that n(c) |
N(Am—1am (U1 -+ uy) L), while still preserving n(a;) = n(b;) for each i € [1,m)].

As in the proof of Theorem 7.6 we can write d = dyds with dy, dy € G4, n(dy) = n(ay - - am—2) and
n(dacugi1 - up) = N(am_1am). (Here we have used that n(c) | 7(@m_1am(ups1 - -u,)~t.) Note that
dy € H,by (N)and HH-'NG, = H. Similarly, docusy1 ---u, € H. Since 7 is a transfer homomorphism,
we can take bj % .- % b _5 to be a rigid factorization of dy in H with b; € A(H) and n(b;) = n(a;) for
all i € [1,m — 2]. Arguing as we just have, we find a rigid factorization b/, _; * b/, of dacup41 -+ up in H
satisfying b, < upugt1 - un in G(+,t(a)) and n(b;) = n(a;) for i € {m — 1,m}.

By the induction hypothesis, there exists a 2-chain from z to 2" = b} *--- * b/, lying in the permutable
fiber of z. Since v;%luk = uﬁcflfuk, and since the abstract norms of all these elements are the same, we
have b, bl =0 b with b!_,, b € A(H) and b)) < vgugs1---uy in G(-,t(a)). By the induction

m—1»
hypothesis, there exists a 2-chain from z’ to 2"/ = b} % ---*x bl _5* b/ _; b and by property (D4) of
distances, we have d(z”, 2"”") < 2. Hence the claim is shown. O

Theorem 7.8. Let G be an arithmetical groupoid, n: G — G its abstract norm, H C G a right-saturated
subcategory, C = G/q(n(H)) and Cpr = {[n(w)] € C : uw € A(Gy)}. Let 8: H — B(Chr) be the block
homomorphism of H C G4 (see page 37) and let d be a distance on H. Assume that (N) holds, that is, for
a € G with s(a) € Hy, we have a € HH ™' if and only if n(a) € q(n(H)).

Then 0 is a transfer homomorphism and

Cd(H, 9) <2.
Therefore, for all a € H,
ca(a) < max{c,(6(a)), 2}, ca(H) < max{c,(B(Cwm)),2},
Cd,mon (@) < max{c, mon(6(a)), 2}, Cd,mon (H) < max{cy mon(B(Cwm)), 2},
Cd.eq(a) < max{cy cq(0(a)), 2}, Cd.eq(H) < max{cp eq(B(Cnr)), 2}-

Proof. We need only show that € is a transfer homomorphism with cq(H,6) < 2. The remaining claims
then follow from Proposition 4.6(2). By Proposition 7.7, n: H — n(H) is a transfer homomorphism
with cq(H,n) < 2 and n(H) is a commutative Krull monoid. Now, by [GHKO06, Proposition 3.4.8], the
homomorphism ¢: n(H) — B(Cys) is a transfer homomorphism with ¢, (n(H), ¢) < 2. Since 6 = ¢ o, the
map 6 is a transfer homomorphism with cy4(H, 6) < 2. O

We now derive, from the previous abstract result, a result for arithmetical maximal orders by means of
their divisorial one-sided ideal theory. (See Section 2, page 7 for the definition of an arithmetical maximal
order and a short summary of the necessary notions of their divisorial one-sided ideal theory. More details
can be found in [Smel3, Section 5].) Let @ be a quotient semigroup and S an order in Q. We set

Hs ={q *(Sa)g:q€ Q% ac S}

to be the category of principal one-sided S’-ideals with S’ conjugate to S and having a cancellative
generator. Recall that Hg forms a cancellative small category with (Hg)o = {¢ 'S¢ : ¢ € Q*} such
that s(¢~1(Sa)q) = ¢~ 1Sq and t(¢~1(Sa)q) = (aq)~'Saq for each ¢ € Q* and a € S*, and such that the
multiplication of ideals is induced by the multiplication of elements in Q°:

¢ '(Sa)q - (ag)~"(Sb)ag = ¢~ (Sba)g.
Despite not having a homomorphism S® — Hg, we have, for all a € S® and ¢ € @Q°, a bijection
Gaq: ZE(a) — Z3,. (¢1(Sa)q) given by

1 1

euy * -k up = ¢ (Hug)g * g uy ' (Hug—1)ugg * -+ ¢ gt oug H(Hug )ug - - ugg.

(See [Smel3, Proposition 5.20], where this is stated in a more restrictive setting, but with a proof that
generalizes verbatim.) Observe that if ¢ = 1, the right hand side is essentially a multiplicative way of
writing the chain of left H-ideals H 2 Huy 2 Hug_1ug 2 -+ 2 Huy - - - ui. In this way, questions about
factorization in S*® translate into questions about factorization in Hg.
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To extend distances from S® to Hg we need to impose one additional mild restriction on the distance.
If n € Q® normalizes S, that is n='Sn = 9, it induces an automorphism on S*® given by a — n~'an for
a € S§°. This automorphism in turn induces an automorphism

U Z5(S) — Z7(S), euy *---xup = (n"ten)n tugn k- x nlugn,

which induces bijections Z¥(a) — Z%(n~'an) for alla € S°®. We say that a distance d on S*® is invariant under
congugation by normalizing elements if d(z, 2’) = d(,(2), ¥, (")) for all z, 2/ € Z*(S) with n(z) = n(z’)
and for all n € Q°® that normalize S.

Similarly, the elements of Q® normalizing S act on Hg by mapping

¢ Y(Sa)g — ntq  (Sa)gn = n"tqg n(Sn " an)n " tgn.
This in turn induces an action of the normalizing elements on Z*(Hg), where n acts by
U, : Z*(Hs) = Z*(Hs), STy % x I, — (n 'S'n)n ' Iinx - xn " Iin,

and by restriction we obtain bijections Z;‘{S(q_l(Sa)q) — Z;‘{S(n‘lq_ln(Sn_lan)n_lqn) for all ¢ € Q°
and a € S°. Again, we say that a distance d on Hg is invariant under conjugation by normalizing elements
if d(z,2") = d(¥,(2), ¥, (7)) for all z, 2’ € Z*(Hg) with 7(z) = w(z’) and for all n € Q* that normalize S.

Observe that each distance introduced (d*, dp, dsim, and dgupsim) is in fact invariant under any automor-
phism of S, and that it seems quite reasonable to expect any natural distance to have this property.

We now observe how the family of bijections ¢a,q: Z5(a) = Z5, (¢~ (Sa)q) behaves with respect to
conjugation by normalizing elements. Let z, 2’ € Z*(S) and ¢ € Q°®. Set a = 7(z) and b = 7(2’). Then
Pab,q(z % 2') = ¢pq(2") * Gapg(2) and Gp-1anm-1gn(¥n(2)) = Yn(da,q(2)) = ¢agn(z) for each n € Q°
that normalizes S. Now let z, 2’ € Z*(Hg) with t(2) = s(2’). We may suppose 7(z) = ¢ '(Sa)q
and 7(2') = (aq)™1(S9b)(aq) with ¢ € Q°® and a, b € S°*. Then ¢ga17q(z x 7)) = ¢;;q(z’) * ¢, t(z) and

L (U,(2)) = ¢;L(2) for each n € Q* that normalizes S.

a,gn a,q
The proof of the following proposition is now relatively straightforward, but somewhat cumbersome.

Proposition 7.9. Let Q be a quotient semigroup and let S be an order in Q.
Let dg be a distance on S® that is invariant under conjugation by normalizing elements. Then there
exists a unique distance on Hg, denoted by dy, such that

di(2,2') = ds(64,4(2), bag(2))
for all z, 2’ € Z*(Hs) and for all ¢ € Q* and a € S* with w(z) = n(z') = ¢~ *(Sa)q.

Conversely, if dy is a distance on Hg that is invariant under conjugation by normalizing elements, then
there exists a unique distance dg on S® such that

ds(2,2") = d(ba.q(2), baq())
for all z, 2/ € Z*(S) with a = w(z) = 7(%') and q € Q°.
In particular, there is a bijection between distances on S® which are invariant under conjugation by
normalizing elements and distances on Hg which are invariant under conjugation by normalizing elements.

Proof. First let dg be a distance on S® that is invariant under conjugation by elements of @® that normalize
S. Let z, 2’ € Z*(Hg) with m(z) = 7(2’). Let ¢ € Q* and a € S* be such that 7(z) = m(2') = ¢~ (Sa)q.
Note that, after fixing ¢, the element a is uniquely determined up to left associativity. We wish to define
dy by dy(z,2) = dg(qﬁ;}l(z), ¢;}1(Z/)) and need to show that the expression on the right hand side is
independent of the choice of ¢ and a.

Suppose ¢’ € Q® and a’ € S* are such that (¢')~(Sa’)¢’ = ¢~ 1(Sa)q. Let z = (¢~ 1Sq) I} * - - * I and
2 =(q7'Sq)Jyx---*Jy with k, I € Ngand I, ..., Iy, J1, ..., Jy € Hg. If k =0, then, since 7(z) = 7(2'),
I = 0. Similarly, [ = 0 implies k = 0. In that case ds(¢, 1 (2), ¢, 4(2')) = d5(¢;,fq, (2), ¢;,fq, (') = 0. From
now on we may assume k, [ > 0. Following the construction in [Smel3, Proposition 5.20], there exist uy,

ey Uk, Uy ooy U, V1,0, Uy Ve ., U] € A(S®) such that
(7.1) Ii=gq tuy o (Swiuig - upg = ()7 ug) ™ (i) T (Suf) g - uid
for all ¢ € [1, k],
(7.2) Jip=q ot U;-l}l(svj)ijrl cevg = () o)t (U§+1)_1(SU})U§+1 g
for all j € [1,1], and

d);}](z) = Uy k- ok U,

1
¢;é(z/):vl*..~*vl7 ‘b;&q/(zl)zvi*u'*vl.
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We must show dg(ug*- - -xug, v - *v;) = dg(u)*- - -xu), v *- - -xv)). Note that n = ¢(¢’)~" € Q® normalizes
S. From Equations (7.1) and (7.2) applied with i = k and j = [, we deduce that Suj, = Sn~luyn and
Sv] = Sn~tyn. Hence there exist i, 7 € S* such that u}, = exn~'ugn and v] = yn~tyn. Inductively, we
find that there exist €1, ..., ex—1 and 71, ..., m—1 such that u; = Ei(n’lum)af_&l and v;- = nj(n’lvjn)njjl
for all i € [1,k — 1] and j € [1,I — 1]. Thus
uh ok oxul, =en tugnok - xn tupn and vl k--ox v =T lon ok - x0T lyn,

Since @’ = en"luy - - upn = eyn"lan and similarly o’ = mn~'an, we have ; = n;. First using property
(D4) of a distance and then the invariance under normalizing elements, we find that

dg(slnfluln soxn tugn, en T togn g - x nflvm)

=ds(n tugn * -k n " upn, nT o k- x0T tyn)

=dg(ug * - xug, vy * - xUp).
Hence we may define dy(z,2') = ds(¢,;(2), ¢, 5(2)), and it is clear that in this way dy is uniquely
determined.

We now check that dy is indeed a distance on H. Properties (D1) to (D3) and (D5) are immediate
from the definition and the fact that dg satisfies each of these properties. We now check (D4). Let z,
y, z, 2/ € Z*(Hg) be such that z x z * y and z * 2’ x y are defined and 7(z) = 7(z’). We may assume
7(z) = ¢ 1(Se)q, m(2) = w(2') = (cq) "1 (Sb)cq and 7(y) = (beq) =1 (Sa)(beq) with ¢ € Q® and a, b, c € S°.
Observe that

1 -1 1 _
¢abc q(m * 2k y) ¢a bcq(y> * ¢b ,cq (Z) * ¢C,;(‘CE)’ a‘nd
¢abc,q(1’ * Z * y) = d)a bcq(y) ¢b cq( /) * ¢;(} ('T)'

Therefore, using property (D4) of dg,

du(z 25y, w5 2 5 y) = ds(By oy (1) * Gy s (2) * Ges (), Gy bog () * By oa(2)) % Dt (7))
= ds (. eq(2): pag(2)
=dy(z, 7).

It remains to check that dy is invariant under conjugation by normalizing elements. Suppose again that
z and 2 are in Z*(Hg) with 7(z) = 7(2’), and let ¢ € Q* and a € S*® be such that 7(z) = 7(2') = ¢~ 1(Sa)q.
Let n € @Q°® be such that it normalizes S. Then

A3 (Un(2), Wn(2") = ds (040 (¥ (2)); Pugn(Wa(2)) = ds(0a4(2), 6ag(2) = du(2, 2).

We now prove the converse. Suppose that dy is a distance on Hg that is invariant under conjugation
by normalizing elements. Let z, 2/ € Z*(S) with a = 7(z) = 7(2’) and let ¢, ¢ € Q®. Noting that ¢~ ¢/
normalizes S and that ¢q ¢ (2) = W14 (Pa,q(2)) and ¢a,q(2") = W14 (Pa,q(2)), dp(Parg(2), Paq(2))) =
Ay (@a,q (2), Pa,q (7')) follows immediately from the invariance of dy; under normalizing elements. Thus a
unique dg as claimed exists, and we must check that it is a distance on S®. Again, properties (D1) to (D3)
and (D5) follow immediately from the corresponding properties of d3. Let us verify (D4), and to this end
let x, y, z, 2’ € Z*(S) with 7(z) = n(2’). Let a = n(x), b = w(y), and ¢ = w(z) = 7(2’). Then

dS(I *THY, T * 2 x y) = d’H(¢acb 1(517 * Zox y) ¢acb,1(x * 2! % y))
= d’;.[((,bb’ ( ) * ¢C,b(z) * ¢a,cb(x)v ¢b,1(y) * ¢c,b(zl) * (rba,cb(x))
= dy(¢e(2), Pe(2))
=dg(z,2).

Finally, we verify that dg is invariant under conjugation by normalizing elements. Let n € Q® be such that
it normalizes S, and let z, 2’ € Z*(S) with a = 7(2) = w(2’). Then

dS(wn(z)ﬂ/}n(Z/)) = d?—l(gbn*lan,l(wn(z))a ¢n*1an,1(¢n(2/)))
= d3(Vn(da,1(2)), Tn(Pa,1(2')))
=ds(z,2"). O

Remark 7.10. Note that the extension of the rigid distance from S® to Hg is, in general, not the rigid
distance on Hg. Indeed, let R = M5(Z) so that S = M(Z)*, let p € N be prime, and set

(0 p (0 1
a(l 0) and 5<1 0>.
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Viewing scalar matrices as elements in Z, a®> = p and €2 = 1. In S, we have rigid factorizations
z=a*xa*xaxa and 2 =ca*a*axac

of a* = p?. Since ea # an and as # na for all n € S*, these are distinct rigid factorizations with
d*(z,2') = 2 and dy(z,2") = 0. We have

ba1(2) = Saxa ' (Sa)ax a=*(Sa)a® x a=*(Sa)a® and
ba1(2") = Sae * ca™ (Sa)ae x ca?(Sa)a’e x ea?(Sea)a’e.

Now Sae # Sa since there exists no n € S* with na = as. Moreover, Sae is not equal to any of the
other atoms in ¢, 1(z) since their left orders differ. Continuing this argument, one finds that the atoms
in z are pairwise distinct from those in 2. Recalling that Hg is reduced, we have d,(¢q,1(2), ¢a,1(2)) =

d*(¢a,1(2), ¢a,1(2")) = 4.

Let @ be a quotient semigroup, and let S be an arithmetical maximal order in Q. If @ denotes the set
of maximal orders of ) that are equivalent to S and F,(«) denotes the divisorial fractional left S’-ideals
with S’ € «, then, by [Smel3, Proposition 5.16], F,(a) is, with a partial operation given by the v-ideal
multiplication, an arithmetical groupoid. Then the subcategory Z,(«) of F,(a) consisting of divisorial
left S’-ideals with S” € « is just the subcategory of integral elements of F,(«). The category Hg is a left-
and right-saturated subcategory of Z,(«) (in particular, the usual multiplication on Hg coincides with the
v-ideal multiplication).

We denote by 7 the abstract norm on F,(a) and define Pse = {n(Sq) : ¢ € Q*} C G, C = G/Pso,
and Cy = {[n(I)] € C : I € Z,(«) is maximal integral }. If we also assume that a divisorial fractional
left S-ideal I is principal if and only if n(I) € Pgs, then (N) holds for Hg. The block homomorphism
0: Hs — B(Cyr) induces a transfer homomorphism S® — B(C)s), again denoted by 6, by means of
0(a) = 6(Sa) for all a € S* (see [Smel3, Theorem 5.23.2]). Thus we have the following corollary to
Theorem 7.8. Recall that this also covers the case of normalizing Krull monoids as investigated in [Gerl13]
(see Section 2 and [Smel3, Remarks 5.17.2 and 5.24.1]).

Corollary 7.11. Let S be an arithmetical mazximal order in a quotient semigroup @ and let o denote
the set of maximal orders of Q equivalent to S. Let n: F,(a) — G be the abstract norm of F,(«), let
C = G/Pge, and set Cpy = {[n(I)] € C : I € T,(«) mazimal integral}. Assume that a divisorial fractional
left S-ideal I is principal if and only if n(I) € Pge. Let 0: S* — B(Chy) be the transfer homomorphism
induced by the block homomorphism of Hs C Z,(«). Let d be a distance on S® that is invariant under
congugation by normalizing elements. Then

cq(S°®,0) < 2.
Moreover, for all a € S°®,
cd(a) < max{c,(0(a)), 2}, ca(5®) < max{c,(B(Cwn)), 2},
Cd,mon (@) < max{cp mon(f(a)), 2}, Cd,mon (S*) < max{cy mon(B(Cn)), 2},
Cd,eq(@) < max{c, cq(0(a)), 2}, Cd,eq(S*) < max{cy,eq(B(Cnr)), 2}

Proof. By setting G = F,(«), G+ = Z,(«) and H = Hg, we are in our previous setting. The additional
condition (N) is satisfied by our assumptions on S.

By Proposition 7.9, the distance d on S® gives rise to a distance dyy on Hg. Using the bijections between
Z(a) and Z3, (¢~ ' (Sa)q), it is now clear that cq(a) = cq,, (¢~ (Sa)q) for all ¢ € Q*, and the claim therefore
follows from Theorem 7.8. g

We now apply this abstract machinery to classical maximal orders in central simple algebras over global
fields. Let K be a global field, O a holomorphy ring in K, A a central simple algebra over K, and let R be
a classical maximal O-order. Then we may identify 7 with the reduced norm on left and right R-ideals (see
[Smel3, Lemma 5.32]). Let 7> (O) denote the group of nonzero fractional ideals of O, let

Pa(0O)={a0 : a € K*, a, > 0 for all archimedean places v of K where A is ramified },

and C4(0) = F*(0)/Pa(O). The ray class group C4(O) is a finite abelian group, and under the
identification of the abstract norm with the reduced norm, we find C' = Cpy = C4(O) (see [Smel3, Theorem
5.28 and Section 6] for details).

We immediately obtain the following result, which is a direct analogue to the corresponding abstract
result for commutative Krull monoids ([GHEK06, Corollary 3.4.12]) applied to holomorphy rings in global
fields.
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Theorem 7.12. Let K be a global field, O a holomorphy ring in K, and R a classical mazximal O-order
in a central simple algebra A over K. Let d be a distance on R® that is invariant under conjugation by
normalizing elements. Suppose that every stably free left R-ideal is free, and let 0: R®* — B(C4(O)) be the
transfer homomorphism induced by the block homomorphism. Then

ci(R®) < max{2,¢c,(B(C4(0)))}.
In particular, c*(R®) = max{2,c,(B(Ca(0)))}. Moreover, if C4(O) is non-trivial, then
p(R*) = Coubsim (R®) = csim (R®) = max{2, ¢,(B(Ca(0)))},
Cp,mon (12*) = Csubsim,mon (R*) = Csim,mon (R*) = max{2, ¢p mon(B(CA(0)))},
Cp,eq(R*) = Coubsim,eq(RR*) = Csim,eq(RR*) = max{2, ¢;.q(B(C4(0)))},
and if CA(O) is trivial, then R® is dsim-factorial and dgypsim-factorial.

Proof. We first show that, in R®, subsimilarity already implies similarity, so that dgiy, and dgypsim coincide.
Indeed, let @ and @’ be subsimilar elements of R®. Then there exists a nonzero two-sided R-ideal I contained
in Ra N Ra’, and the quotient ring R/I is Artinian and Noetherian. The ideal I is contained in both
anng(R/Ra) and anng(R/Ra’). As finitely generated R/I-modules, the modules R/Ra and R/Ra’ have
finite length. Since each of R/Ra and R/Ra’ embeds into the other, R/Ra and R/Ra’ must be isomorphic
as R/I-modules and therefore also as R-modules.

The upper bound for c4(R*) follows from Corollary 7.11. The corollary applies because the assumption
that every stably free left R-ideal is free implies the corresponding assumption in Corollary 7.11 (see [Smel3,
Lemma 6.2]). Lemma 7.4 implies ¢*(R®) > 2, and hence c*(R*) = max{2,¢c,(B(C4(0)))}. We now show
Csim (R®) = Csubsim (R*) > ¢,(B(C4(0))), and for this it suffices to show that two similar atoms u, v € A(R®)
are mapped to the same element by 6. Since in this context 7 corresponds to the usual reduced norm (see
[Smel3, Lemma 5.32]), it suffices to show that nr(Ru) = nr(Rv). Since nr(Ru) and nr(Rv) depend only on
the isomorphism class of R/Ru = R/Rv by [Rei75, Corollary 24.14], nr(Ru) = nr(Rv).

Therefore

¢p(B(Ca(0))) < Coubsim (R*) = csim (R*) < ¢p(R®) < max{2,¢,(B(Ca(0)))}-

If |CA(O)] > 2, then ¢, (B(Ca(0))) > 2, which establishes the full claim in this case. If C4(O) is trivial,
then R is a PID, and hence dg,-factorial (and thus also dsupsim-factorial).

It remains to consider the case where C4(O) = Cy. Let p, q € spec(O) be two distinct prime ideals
representing the non-trivial class of C 4(O). Using Lemma 7.5, we can find atoms u, v, w, w’ € A(R®) such
that uv = ww’, nr(u) = p?, nr(v) = ¢2, and nr(w) = nr(w’) = pq. Then u and v are similar to neither w
nor w', as similar elements have the same reduced norm. Thus ¢,(R®) = Csim(R®) = Coubsim (R*) = 2.

The statements about the monotone and equal catenary degrees are obtained analogously. O

Suppose that K is a number field, O = Ok is its ring of algebraic integers and, contrary to the
assumptions of the previous corollary, there exist stably free left R-ideals that are non-free. Then, by
[Smel3, Theorem 1.2], it holds that A(R®) = N, and by Lemma 4.2(3) we have c4(R*) = oo for any distance
d.

Observe that even for H = G4 we only have ¢*(G4) < 2 in general. Thus not even for PIDs that are
bounded orders in quotient rings can we expect c*(R®) = 0 but instead only have c*(R*) < 2. We now give
a more concrete example to illustrate this fact.

Example 7.13. Let K be a field, let D be a quaternion division ring with center K, and denote by
~: D — D the anti-involution given by conjugation. Let D[X] be the polynomial ring over K. Then
D[X] is a PID and S = D[X]* satisfies the conditions of Corollary 7.11. We have C' = C); = 0, whence
cp(B(C)) = 0. However, if a € D\ K, then, for all b € D°,

(X —a)(X —a) =X?—(a+a)X +aaX = (X —bab™ ) (X — bab~ 1) € K[X],

and so clearly c*(S) = 2 and also ¢,(S) = 2. Recall however that this ring, being a PID, is dgupsim-factorial
and dgi,-factorial, and hence we have cgupsim (S) = Csim(S) = 0.

Corollary 7.14. Let K be a global field, O a holomorphy ring in K, and R a classical mazimal O-order
in a central simple algebra A over K. Suppose that every stably free left R-ideal is free. Then the following
statements are equivalent.

(a) Ewery left [right] R-ideal is principal.

(b) The ray class group C4(O) is trivial.

(¢) R® is dgim-factorial.
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(d) R® is dsupsim-factorial.

Proof. The set of isomorphism classes of fractional left R-ideals is in bijection with C 4(O) via the reduced
norm, and hence the equivalence of (a) and (b) holds. The equivalence of (b), (¢) and (d) is an immediate
consequence of Theorem 7.12 and the fact that d-factoriality is characterized by cq(R®) = 0. g

Remark 7.15.

(1) If C4(O) is trivial, then c,(R®) € [0,2]. There are examples where c,(R®) = 0 as well as examples
where c,(R*) = 2. For the first, take R = M,,(O) with O a PID and n € N. For an example with
cp(R®) = 2, let K be a number field, O its ring of algebraic integers, and R a classical maximal
order in a totally definite quaternion algebra over K such that R is a PID. (Note that, amongst the
totally definite quaternion algebras over all number fields, there indeed exist, up to isomorphism,
finitely many such classical maximal orders, see, for instance, [KV10, Table 8.1]. For instance, take
R to be the ring of Hurwitz quaternions.) Then [R* : O*] < oo, while every totally positive prime
element p € O that does not divide the discriminant has N /q(p) + 1 rigid factorizations, with all
atoms being similar. Thus c,(p) = 2, for N /q(p) + 1 sufficiently large. The previous corollary can
therefore not be extended to permutable factoriality.

(2) The investigation of the w,-invariant is, in the present setting, left open as it does not necessarily
transfer via a non-isoatomic transfer homomorphism (i.e., if nr(u) ~ nr(v) does not imply v ~ v
for atoms u, v € R®). A further investigation will require dealing with additional difficulties similar
to the ones in the example just given.

To demonstrate the usefulness of our transfer result, we state the following corollary, which is now an
immediate consequence of known results about monoids of zero sum sequences.

Corollary 7.16 ([GGS11]). Let R and C = Ca(O) be as in Theorem 7.12, and let d be any of the distances
d*, dsim, dsubsim, or d, on R®. Then
(1) ca(R*) <2 if and only if |C] < 2.
(2) cq(R®) =3 if and only if C is isomorphic to one of the following groups: C3, Co & Cy, or C3 & Cs.
(3) cg(R®) =4 if and only if C is isomorphic to one of the following groups: Cq, Co®Cy, or Co®Co®Cy,
or Cg S7] C3 7] Cg.

Suppose that |C] >3, C=C,, &---®C,, withr eNand1l <ny|ng|---|n., and that the following
mild assumption on the Davenport constant of C holds:

20(0) +1] < max . 1@ ER
Then -
(1) c4(R*) = max A(R®*) +2 and
(2) ca(R*) < max {n L(2D(C) + trn, + 2r)},

Proof. The claims follow from Theorem 7.12 and the corresponding results for commutative Krull monoids
(cf. Theorem 5.4 and Corollaries 4.3 and 5.6 in [GGS11]). O
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