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ABSTRACT. We extend the classical theory of factorization in
noncommutative integral domains to the more general classes of right
saturated rings and right cyclically complete rings. Our attention is
focused, in particular, on the factorizations of right regular elements
into left irreducible elements. We study the connections among such
factorizations, right similar elements, cyclically presented modules
of Euler characteristic 0 and their series of submodules. Finally, we
consider factorizations as a product of idempotents.

1. Introduction

The study of factorizations has always given strong impulses to algebra
in its history. Modern commutative algebra was practically born in 1847,
when Gabriel Lamé announced at the Paris Académie des Sciences his
solution to Fermat’s Problem [18]. In his proof, he claimed that the ring
Z[(p) is a UFD for every prime integer p, where (, denotes a primitive
p-th root of the unity. He didn’t know that Ernst Kummer had proved
four years before that Z[(23] is not a UFD. This mistake made apparent
the necessity of a rigorous study of the subrings of C that are UFDs, that
is, the necessity of a rigorous foundation of commutative algebra.
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Richard Dedekind, Gauss’s last student, said to his collaborators
around 1855 that the goal of number theory was to do for the general ring
of integers of an algebraic number field what Kummer had done for the
particular case of Z[(,]. Dedekind completely succeeded in his programme
in 1871, and one of his main result was that each proper ideal of the ring
of integers of an algebraic number field can be factored in an essentially
unique way as the product of prime ideals.

In the classical noncommutative setting, the study of factorizations of
elements into irreducible elements in a noncommutative integral domain
and the theory of noncommutative UFDs [5], started by Asano and
Jacobson [16, pp. 33-36] for noncommutative PIDs, lead P. M. Cohn to
the discovery of the theory of free ideal rings and the study of factorization
in rings of noncommutative polynomials (see [6]).

The Auslander-Reiten theory and its almost split sequences were born
studying the factorizations of morphisms into irreducible morphisms [1, 3].
(Recall that a morphism h between indecomposable modules is irreducible
if it is not invertible and, in every factorization h = fa of h, either «
is left invertible or f3 is right invertible. Irreducible morphisms are the
arrows of the Auslander-Reiten quiver.)

It is therefore natural to wonder if Cohn’s factorization theory can be
also extended to the case of any noncommutative ring R, not necessarily
an integral domain. This is what we begin to do in this paper.

Over an arbitrary ring R, a great simplification takes place when we
limit ourselves to the study of right regular elements a € R (i.e., such
that a # 0 and a is not a left zerodivisor) and we restrict our study to the
factorizations of the right regular element a as a product of right regular
elements. In this paper we deal with this case, postponing the general
case of a not necessarily a right regular element to a further paper.

The study of factorizations of elements in noncommutative rings can
proceed in a number of different directions. Our attention is focused,
in particular, on the factorizations of right regular elements into left
irreducible elements. We study the connections among such factorizations,
right similar elements, cyclically presented modules of Euler characteristic
0 and their series of submodules. We finally consider factorizations as a
product of idempotents. Our main example is the case of factorization
of elements in the ring M, (k) of n x n matrices with entries in a ring k.
When £ is a division ring, the right regular elements of the ring M, (k)
are the invertible matrices. Thus the study of factorizations of regular
elements in the ring M, (k) is the noncommutative analogue of the study
of factorizations of invertible elements in a division ring k, for which all
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factorizations are trivial. As far as singular matrices are concerned, every
such matrix is a product of idempotent matrices [17].

In the study of factorization in a noncommutative domain R, it is
a natural step to replace an element a € R by the cyclically presented
right R-module R/aR. When R is commutative, R/aR is isomorphic to
R/bR if and only if a and b are associated. Also, when R is a domain,
the right R-modules R/aR and R/bR are isomorphic if and only if the
left R-modules R/Ra and R/Rb are isomorphic, so that the condition
is right-left symmetric. We generalize this point of view to the case of
an element a of an arbitrary ring R, considering, instead of a left factor
b € R of a, the cyclic right R-module Rb/Ra.

In the continuation of this paper, we will essentially follow Cohn’s
“lattice method" [6, Section 5]. The factorizations of an element a of a
ring R will be described by the partially ordered set of all principal right
ideals of R between aR and Rp itself.

For any subset X of a ring R, the left annihilator 1.anng(X) is the
set of all » € R such that rz = 0 for every x € X. Similarly for the right
annihilator r.anng(X). We denote by U(R) the group of all invertible
elements of a ring R, that is, all the elements ¢ € R for which there exists
d € R with ¢d = dc = 1.

2. Right regular elements, left irreducible elements

Let R be an associative ring with an identity 1 # 0. We consider
factorizations of an element a € R. If zy = 1, that is, if x € R is right
invertible and y € R is left invertible, then a has always the trivial
factorizations a = (ax)y and a = xz(ya). If a,b are elements of R, we say
that a is a left divisor of b (in R), and write a|;b, if there exists an element
x € R with ax = b. Similarly for right divisors, in which case we use the
symbol |,. Right invertible elements are left divisors of all elements of
R and left invertible elements are right divisors of all elements of R. An
element u € R is right invertible if and only if u/;1.

For any ring R, the relation |; is a preorder on R, that is, a relation
on R that is reflexive and transitive. If a,b € R, we will say that a and
b are left associates, and write a ~; b, if a|;b and b|;a. Clearly, ~; is an
equivalence relation on the set R and the preorder |; on R induces a
partial order on the quotient set R/~;. The equivalence class [1] of 1 € R
in R/~ is the least element of R/~; and consists of all right invertible
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elements of R. The equivalence class [0] of 0 € R in R/~ is the greatest
element of R/~; and consists only of 0.

One has that a|;b if and only bR C aR, that is, if and only if the
principal right ideal generated by b is contained in the principal right ideal
generated by a. Thus the quotient set R/~ is in one-to-one correspondence
with the set £,(Rpr) of all principal right ideals of R. If R/~ is partially
ordered by the partial order induced by |; as above and £,(Rg) is partially
ordered by set inclusion C, then the one-to-one correspondence R/~; —
L,(Rg) turns out to be an anti-isomorphism of partially ordered sets.
In particular, two elements of R are left associates if and only if they
generate the same principal right ideal of R.

Every element a € R always has, among its left divisors, all right
invertible elements of R and all left associates with a. These are called
the trivial left divisors of a. If these are all the left divisors of a, a # 0
and a is not right invertible, then a is said to be a left irreducible element
of R.

Lemma 1. The following conditions are equivalent for an element a € R:
(1) a is a left irreducible element.
(2) The right ideal aR is nonzero and is a mazimal element in the set
L,(Rr) \ {0, R} of all nonzero proper principal right ideals of R.

Recall that an element a of a ring R is a left zerodivisor if it is nonzero
and there exists b € R, b # 0 such that ab = 0, and is right reqular if it
is # 0 and is not a left zerodivisor. Thus a € R is right regular if and
only if ax = 0 implies x = 0 for every x € R. For any element a € R, left
multiplication by a is a right R-module homomorphism A\,: Rp — Rp,
which is a monomorphism if and only if a is right regular. Notice that a
right ideal I of a ring R is isomorphic to Rp if and only if it is a principal
right ideal of R generated by a right regular element of R. Similarly,
we define right zerodivisors and left regular elements. An element is a
zerodivisor if it is either a right zerodivisor or a left zerodivisor. An element
is regular if it is both right regular and left regular.

Lemma 2. A right reqular element is right invertible if and only if it is
invertible.

Proof. Let a € R be a right regular right invertible element. Then there
exists b € R such that ab = 1. Then 0 = (ab — 1)a = a(ba — 1). Now a
right regular implies ba = 1, so a is also left invertible. O

Lemma 3. Let R be a ring and S the set of all right reqular elements
of R. Then:
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(1) Ifa,b € S, thenab € S.

(2) Ifa,be R and ab e S, thenb e S.

(3) Suppose that every principal right ideal of R generated by a right
reqular element of R is essential in Rr. Then a,b € R and ab € S
imply that a € S and b € S.

(4) Ifa€ S and I C J are right ideals of R, then J/I and aJ/al are
isomorphic right R-modules.

Proof. The proofs of (1) and (2) are elementary.

For (3), assume that every principal right ideal of R generated by
a right regular element of R is essential in Rp, and that a,b € R and
ab € S. Then b € S by (2). Let us show that r.anng(a) NbR = 0. If
bxr € R and bz € r.anng(a), then abx = 0, so that x = 0. It follows that
r.annpg(a)NbR = 0. Since bR is essential in Ry, we get that r.anng(a) = 0.
Equivalently, a € S.

Part (4) follows immediately from the fact that left multiplication by
a € S is a right R-module isomorphism Rrp — aR. O

We will say that a ring R is a right saturated ring if every left divisor
of a right regular element is right regular, that is, if for every a,b € R,
ab € S implies a € S.

Examples 1. (1) Every (not necessarily commutative) integral domain
is a right saturated ring. Every commutative ring is a (right) saturated
ring.

(2) By Lemma 3(3), if R is a ring and every principal right ideal of R
generated by a right regular element of R is essential in Rp, then R is a
right saturated ring.

(3) Recall that a ring R is directly finite (or Dedekind finite) if every
right invertible element is invertible (equivalently, if every left invertible
element is invertible). Every right saturated ring is directly finite.

(4) Let R be a ring and suppose that the right R-module Rp has
finite Goldie dimension. Then every principal right ideal of R generated
by a right regular element of R is essential in R [21, Lemma I1.2.3], so
that R is a right saturated ring (Example (2)).

(5) If R is a right nonsingular ring and every principal right ideal of R
generated by a right regular element of R is essential in R, then every right
regular element of R is left regular. In fact, let R be a right nonsingular
ring and suppose that every principal right ideal of R generated by a
right regular element of R is essential in Ri. Let a € R be a right regular
element. Suppose that xa = 0 for some = € R. Then left multiplication
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Az Rrp — Rp by z induces a right R-module morphism R/aR — Rp.
Now aR is essential, so R/aR is singular [14, Proposition 1.20(b)], and
Rp is nonsingular. Thus the right R-module morphism R/aR — Rp is
the zero morphism. Hence z = 0, so that a is left regular.

The preorder |; on R induces a preorder on the set S of all right
regular elements of R. The set S contains all left invertible elements.

Lemma 4. Let a,b be two right regular elements of R. Then a ~; b if
and only if b = au for some invertible element u € R.

Proof. If a ~; b, there exist u,v € R such that au = b and bv = a. Thus
a(l —uv) = 0. Since a is right regular, we get that u is right invertible
and v is left invertible. By symmetry, since b is also right regular, we get
that v is right invertible and w is left invertible. Thus w is invertible. The
converse is clear. O

For the case where a,b are not right regular elements, we need a
further definition. Let a be an element of a ring R and I a subgroup of
the additive group R. We say that u is right invertible modulo I if there
exists v € R such that wv — 1 € I. Similarly, u is left invertible modulo I
if there exists v € R such that vu — 1 € [I.

Notice that if u is right invertible modulo I and I is a right ideal, then
all the elements of the coset u 4 I are also right invertible modulo I.

Lemma 5. Let a,b be elements of a ring R. Then a ~; b if and only if
b= au for some element uw € R right invertible modulo r.anng(a).

Proof. If a ~; b, there exist u,v € R such that au = b and bv = a. Thus
a(l —uw) = 0, so that w is right invertible modulo r. anng(a). Conversely,
suppose b = au for element v € R right invertible modulo r.anng(a).
Then bR = auR C aR and there exists v € R with a(1 — uv) = 0. Thus
aR = auwvR C auR = bR, so aR = bR and a ~; b. ]

Lemma 6. Let R be a right saturated ring. The following conditions are
equivalent for a right reqular element a € R that is not right invertible:
(1) a is left irreducible.
(2) For every factorization a = be of the element a (b,c € R), either b
is invertible or c is invertible.

Proof. (1) = (2) If a is right regular left irreducible and a = bc is a
factorization of a, then b is either right invertible or left associate with a.
Moreover, b and ¢ are right regular (Lemma 3(3)). If b is right invertible,
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then it is invertible by Lemma 2. If b is left associate with a, then there
exists an invertible element d € R such that b = ad (Lemma 4), so that
a = bc = ade, hence 1 = de. Thus c is invertible.

(2) = (1) Since a is right regular, we must have a # 0. Suppose
that (2) holds. In order to prove that a is left irreducible, we must show
that every left divisor b of «a is trivial. Now, if b is a left divisor of a, there
is a factorization a = be. By (2), either b is invertible, hence it is a trivial
divisor of a, or ¢ is invertible, in which case b and a are left associates. [

The preorder |; on the set S of all right regular elements induces a
partial order on the quotient set S/~;. The equivalence class [1g] of 1
in S/~ is the least element of S/~;. By Lemma 4, the equivalence class
[1gr] of 1p in S/~ consists of all invertible elements of R. Thus we can
consider the subset S* := S\ [1r] consisting of all right regular elements
of R that are not invertible in R.

The maximal elements in S*/~; are exactly the equivalence classes
modulo ~; of the left irreducible elements of R modulo ~;. Two elements
a,b € §* are equivalent modulo ~; if and only if a = bu for some invertible
element u € R (Lemma 4).

3. Cyclically presented modules, right similar elements

We now pass from right regular elements of a ring R to cyclically
presented right modules over R. The proof of the following lemma is
elementary.

Lemma 7. The following conditions are equivalent for a right
R-module Mp:

(1) There exists a right reqular element a € R such that Mr = Rr/aR.

(2) There exists a short exact sequence of the form 0 — Rr — R —
MR — 0.

We call the modules satisfying the equivalent conditions of Lemma 7
cyclically presented modules of Euler characteristic 0. When R is an
IBN ring, so that the Euler characteristic of a module with a finite free
resolution is well defined, the modules satisfying the conditions of Lemma 7
are exactly the cyclic modules with a finite free resolution of length 1 of
Euler characteristic x(Mg) equal to 0.

Obviously, cyclically presented modules of Euler characteristic 0 are
cyclic modules. Take any other epimorphism Rp — Mp of such a module
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Mp, that is, fix any other generator of Mp. Then the kernel of the epi-
morphism is the annihilator of the new generator of Mg, and is a right
ideal I of R.

Lemma 8. Let R be a ring, a € R a right reqular element, and I a right
ideal of R such that R/aR = R/I. Then:

(1) Rr® RR = Rrd 1.

(2) I is a projective right ideal of R that can be generated by two
elements.

(3) I is isomorphic to the kernel of an epimorphism Rr & Rr — Rpg.

(4) There exist elements b,c € R such that bR = c¢R and Iy is isomor-
phic to the submodule of Rr @ Rp consisting of all pairs (x,y) €
Rr ® Rp such that bx = cy.

(5) There exists b € R such that I = (aR :b) :={z € R|br € aR}
and aR + bR = R. Moreover, r.annr(b) C I, and the two right
R-modules I/r.anng(b) and aR N bR are isomorphic. Conversely,
if a,b € R, a is right regular and aR + bR = R, then R/(aR : b) is
a cyclically presented right R-module of Euler characteristic 0.

(Statement (5) appears in Cohn [7, Proposition 3.2.1]).

Proof. From R/aR = R/I,it follows that Rp® Rr = Rr@®1 by Schanuel’s
Lemma [1, p. 214]. This proves (1). Statements (2) and (3) follow imme-
diately from (1).

(4) By (3), I is isomorphic to the kernel of an epimorphism Rp® R —
Rp. Every such an epimorphism is of the form (z,y) — bz + cy with
bR+ cR = R. We can substitute —c for ¢, getting that every epimorphism
Rr ® Rr — Rp is of the form (x,y) — bz — cy, where b, ¢ are elements
of R and bR + ¢cR = R. The kernel of this epimorphism consists of all
pairs (z,y) € Rr @ Rp such that bx = cy.

(5) Let ¢: R/I — R/aR be an isomorphism and assume that ¢(1 +
I) = b+ aR. Surjectivity of ¢ gives aR + bR = R. Injectivity gives
that I = {z € R | bx € aR}. This proves the first part of (5). For
the second part, notice that r.anng(b) C (aR : b) = I. Finally, from
I ={x € R|bxr € aR}, it follows that the mapping I — aR N bR,
x — bx, is a well defined epimorphism with kernel r.anng(b), so that
I/r.anngr(b) = aRNDR.

For the converse, let a, b be elements of R, with a right regular and
aR + bR = R. Then left multiplication by b induces an isomorphism
R/(aR:b) — R/aR. O
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The reason why we have introduced cyclically presented R-modules
in the study of factorizations of elements of R is the following. Suppose
that a = aqas...a, is a factorization in R, where a,a1,...,a, € R.
Then aR = ajas...a,R C ajas...a,_ 1R C -+ C agR C R is a se-
ries of principal right ideals of R, so that aR/aR = ajasy...ap,R/aR C
ayay...ap—1R/aR C --- C a1R/aR C R/aR is a series of submodules
of the cyclically presented right R-module R/aR. Similarly, Ra/Ra =
Rajas...an/Ra C Rasas...an/Ra C -+ C Ra,/Ra C R/Ra is a series
of submodules of the cyclically presented left R-module R/Ra.

We would like the submodules ajas . ..a;R/aR in these series and the
factor modules

(aray...a;—1R/aR)/(aras...a;R/aR) = ajas...a;—1R/ajas...a;R

to be cyclically presented modules as well. Unluckily, the situation is the
following:

Lemma 9. Let x,y be elements of a ring R. Then the right R-module
xR/xyR is cyclically presented if and only if there exist z,w € R such
that xyR + xwR = xR and, for everyt € R, one has xwt € zyR if and
only if t € zR.

Proof. The right R-module zR/xyR is cyclically presented if and only
if there exists z € R with R/zR = xR/xyR, i.e., if and only if there
exist z,w € R such that left multiplication \;,: Rrp — zR/zyR is an
epimorphism with kernel zR. Now it is easy to conclude. 0J

In the previous lemma, the situation is much simpler when x is right
regular. In this case, it suffices to take z := y and w := 1, and zR/zyR =
R/yR always turns out to be cyclically presented.

Therefore, we will suppose that all the elements ai,as,...,a, € R
are right regular, in which case a = ajas...a, is also right regular
(Lemma 3(1)). Under this hypothesis, the right R-modules aR/aR =
ajas...apnR/aR C ajay...an—1R/aR C -+ C ayR/aR C R/aR of the
series are cyclically presented of Euler characteristic 0, and so are the
factors ajas...a;—1R/ajaz . ..a;R of the series.

Two elements a, b of an arbitrary ring R are said to be right similar if
the cyclically presented right R-modules R/aR, R/bR are isomorphic. If
two elements a,b of R are left associates, then they generate the same
principal right ideals aR, bR of R, hence they are clearly right similar.



218 FACTORIZATION OF ELEMENTS IN NONCOMMUTATIVE RINGS

4. Factorizations of right regular elements and right cycli-
cally complete rings

Let R be a ring and U(R) its group of units, that is, the group of all
elements with a (two-sided) inverse. The direct product U(R)" ! of n — 1
copies of U(R) acts on the set of factorizations F),(a) of length n > 1 of
an element a into right regular elements. Here a is an element of R, the
set of factorizations of length n of @ into right regular elements is the set
of all n-tuples F,(a) := {(a1,a2,...,a,) | a; € S, a1az...a, = a}. In
particular, Fj,(a) is empty if a is not right regular. The direct product
U(R)" ! acts on the set F,(a) via (u1,u2,...,up_1) - (a1,a2,...,a,) =
(ajuq, uflagug, u;lagug, . ,u,ﬁlan). We say that two factorizations of
a of length n, m respectively, are equivalent if n = m and the two factor-
izations are in the same orbit under the action of U(R)"!.

In Section 3, we have associated with every factorization (a1, ..., ay,)
of length n of an element a € R into right regular elements, the series

aR/aR=aj...apR/aR Cay...apn_1R/aRC---Ca1R/aR C R/aR

of cyclically presented submodules of Euler characteristic 0 of the cyclically
presented right R-module R/aR. In this series, the factors of the series
are cyclically presented modules of Euler characteristic 0 as well.

Proposition 1. Let a be a right reqgular element of a ring R. Two fac-
torizations
(a1,a9,...,a,) and (bi,bay ..., by)

of a into right reqular elements aq, ... an,b1,..., by, are equivalent if and
only if their associated series of submodules of the cyclically presented
right R-module R/aR are equal.

(Two series 0 = Ag < A1 < Ap < --- <A, =R/aR,0= By < B; <

By < -+ < By, = R/aR of R/aR are equal if n = m and A; = B; for
every i =0,1,2,...,n.)

Proof. The two series
aR/aR=a;j...apR/aR Cay...apn_1R/aRC---Ca1R/aR C R/aR
and

CLR/CLR: blme/CLRg blbn,lR/aRg e C blR/aRQ R/CLR
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are equal if and only if n = m and ajas...a; R = biby ... b; R for every

1=1,2,...,n— 1, that is, if and only if ajas...a; ~; b1ba...b; for every
i=1,2,...,n—1.

Suppose ajas...a; ~; biby...b; for every ¢ = 1,2,...,n — 1. Then
there exist invertible elements uy, uo, ..., u,—1 € R such that b1bsy...b; =
ayasy . ..a;u; (Lemma 4). Set up = w, = 1. Let us prove by induction
on ¢ that b; = ui__llaiui for every ¢ = 1,2,...,n. The case i = 1 is
obvious. Suppose that (*) b; = ui__llaiui for every ¢ = 1,2,...,j with

J < n. Let us show that b; 41 = uj_laj+1uj+1. Replacing in b1by...bj41 =

aijas...aj11uj41 the equalities (*), which we assume to hold, we get that
ualaluluflagm . uj__llajUjij =a1a2...0j41Uj11,
so that u;bj 11 = aj11u;41. It follows that by = u;lajJrlujH, as desired.
This concludes the proof by induction. It is now clear that the two
factorizations (a1, a9, ...,ay), (b1,be,...,b,) are in the same orbit.
Conversely, suppose that the factorizations (ai, ..., ay), (b1,...,by,) are
equivalent. Then there exist invertible elements uy, us, ..., u,—1 € R such
that b; = ui__llaiui for every i = 1,2,...,n, where ug = u,, = 1. It follows
that b1by ..., R = uglalulul_lagug .. .ui__llaiu,-R =ajas...a; R, and the
two series of cyclically presented submodules of R/aR coincide. [

Remark 1. We have defined two factorizations of a into right regular
elements to be equivalent if one differs from the other by insertion of units.
Now suppose that the ring R is not directly finite, that is, there exist
noninvertible elements ¢, d € R with ed = 1. Suppose that (a1, as,...,a,)
is a factorization of an element a € R into right regular elements. Then
a = ayay...a, = (aic)(dag)as...a,, but in this second factorization
the element a;c is not right regular, otherwise ¢ would be right regular
(Lemma 3(2)). But c¢ is right invertible, hence it would be invertible by
Lemma 2, contradiction. Thus, it is natural to define two factorizations
of a into right regular elements to be equivalent if one differs from the
other by insertion of units, because insertion by elements invertible only
on one side is not sufficient.

In the following, it will be often convenient to restrict our attention to
the rings for which the projective right ideals I of R, studied in Lemma 8,
are all necessarily principal right ideals generated by a right regular
element. We will call them right cyclically complete rings. Thus a ring R
is right cyclically complete if for every a,b € R with a right regular and
aR+bR = R, the right ideal (aR : b) is a principal right ideal generated by
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a right regular element. Equivalently, a ring R is right cyclically complete
if and only if, for every right regular element a € R, the right annihilator
of any generator of R/aR is a principal right ideal generated by a right
regular element.

Examples 2. (1) If R is a projective free (that is, a ring for which every
projective ideal is free) IBN ring, then R is right cyclically complete. In
fact, if a,b € R, a is right regular and aR 4+ bR = R, then R/(aR : b) is a
cyclically presented right R-module of Euler characteristic 0 (Lemma 8),
so that R/(aR : b) = R/rR for some right regular element r € R. By
Schanuel’s Lemma, R & (aR : b) & R & rR = R%, so that (aR : b)
is a finitely generated projective right ideal. But R is projective free,
hence (aR : b) = R} for some nonnegative integer n. The isomorphism
R ® (aR : b) 2 R% and R IBN imply that (aR : b) & Rpg. Therefore
(aR :b) is a principal right ideal generated by a right regular element.

(2) Assume that Rp cancels from direct sums, that is, if Ar, Br are
arbitrary right R-modules and Rr & Ar = Rr @ Bpg, then Ap = Bgp.
Then R is right cyclically complete. In fact, we can argue as in Example
(1), as follows. If a,b € R, a is right regular and aR + bR = R, then
R/(aR : b) = R/rR for some right regular element r € R, so that
R®(aR : b) & R%. But Ry cancels from direct sums, so that (aR : b) = Rp
is a principal right ideal generated by a right regular element.

(3) If R is any ring of stable range 1, then R is right cyclically complete.
In fact, if R is a ring of stable range 1, then Rg cancels from direct sums
([10, Theorem 2] or [11, Theorem 4.5]), and we conclude by Example (2).

(4) If R is any semilocal ring, then R is right cyclically complete. In
fact, semilocal rings are of stable range 1 ([4] or [11, Theorem 4.4]). Thus
this Example (4) is a special case of Example (3). In particular, local
rings are right cyclically complete.

(5) Commutative Dedekind rings are right cyclically complete rings.
To see this, we can argue as in Examples (1) and (2). Let R be a Dedekind
ring and let a, b be elements of R, with a right regular and aR + bR = R.
Then R® (aR : b) = R%. By [20, Lemma 6.18], we get that (aR : b) = Rp
is a principal right ideal generated by a right regular element.

(6) Right Bézout domains, that is, the (not necessarily commutative)
integral domains in which every finitely generated right ideal is principal,
are right cyclically complete rings. To prove this, let R be a right Bézout
domain and a, b be elements of R, with a right regular and aR 4+ bR = R.
Then, as in the previous examples, R & (aR : b) & R%, so that (aR : b) is
a finitely generated right ideal. But R is right Bézout, so that (aR : b)
is a principal right ideal of R. If (aR : b) = 0, then Rr = R%, so that
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R has a nontrivial idempotent. But R is an integral domain, and this is
a contradiction, which proves that (aR : b) is a nonzero principal right
ideal of R. As R is an integral domain, the nonzero principal right ideal
(aR : D) of R is generated by a right regular element.

(7) Unit-regular rings are of stable range 1, and are therefore right
cyclically complete (Example (3)).

(8) Every commutative ring is right cyclically complete. In fact, if
a,b € R, a is right regular and aR+ bR = R, then R/(aR : b) = R/aR, so
that R/(aR : b) and R/aR have the same annihilators, that is, (aR : b) =
aR. The same proof shows that every right duo ring is right cyclically
complete.

(9) We will now give an example of a ring R that is not right cyclically
complete. Let V. be a vector space of countable dimension over a field
k, and let vy, v1,v2,... be a basis of Vi. Set R := End(V}). Notice that
an element a € R is a right regular element of R if and only if it is
an injective endomorphism of Vj. For instance, the element a € R such
that a: v; — vg; for every i > 0 is a right regular element of R. Apply
the exact functor Hom(zVy, —): Mod-k — Mod-R to the split exact
sequence 0 — Vi, — Vi — Vi — 0, getting a split exact sequence

0= Rp 2% Rp — Rp — 0. Then R/aR = Rp. To show that R is not
right cyclically complete, it suffices to prove that Rr has a generator
whose right annihilator is not a principal right ideal generated by a right
regular element. As a generator of Rp, consider the element x € R such
that x: v; — v;_1 for every ¢ > 1 and x: vy — 0. The endomorphism = of
Vi is surjective, hence split surjective, i.e., right invertible, so that it is a
generator of Rp. Its right annihilator is r.anng(z) = {y € R |2y =0} =
{y € R | im(y) C ker(z) = vok } = Hom(Vj, vok). This is a projective
cyclic right ideal of R, which contains no right regular elements of R,
because no element of Hom(Vj, vok) is an injective mapping. This proves
that R is not a right cyclically complete ring.

Lemma 10. A ring R is right cyclically complete if and only if, for
every right ideal I of R with R/I a cyclically presented module of Euler
characteristic 0, I is a principal right ideal generated by a right reqular
element.

Lemma 11. Let0 — A — B — C' — 0 be a short exact sequence of right
modules over a right cyclically complete ring R. If A and C are cyclically
presented modules of Euler characteristic 0 and B is cyclic, then B is a
cyclically presented module of Fuler characteristic 0.
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Proof. Since B is cyclic, we have that B = R/I for some right ideal
I of R. Then there exists a right ideal J of R with I C J, C = R/J
and A= J/I. Now C' = R/J is a cyclically presented module of Euler
characteristic 0 and R is cyclically complete, so that J = rR is the
principal right ideal generated by a right regular element r of R. Thus
left multiplication \,: R — Rpr by r is a monomorphism, which induces
an isomorphism \.: Rgr — rR = J. If K is the inverse image of I C J
via this isomorphism, then K is a right ideal of R and rK = I. Then
A=J/I =rR/rK = R/K. But A is a cyclically presented module of
Euler characteristic 0 and R is cyclically complete, so K = sR is the
principal right ideal generated by a right regular element s of R. Then
I = rK = rsR, so that B 2 R/I = R/rsR is a cyclically presented
module of Euler characteristic 0. U

The following Proposition is motivated by [7, Proposition 0.6.1].

Proposition 2. Let R be a right cyclically complete ring. Let
0=MyC M C.--- C M, = Mpg (1)

be a finite series of submodules of a right R-module Mp. Assume that all
the factors M/M; (i =0,1,2,...,n) are cyclically presented R-modules
of Euler characteristic 0. Let a € R be any right reqular element such
that M = Rr/aR. Then there exists a factorization a = ajasy...a, of
a with ay,as,...,a, € R right reqular elements, such that M;/M; =
R/an—jt10n—j12 ... an—j—10n—i—2R for every 0 < i < j < n. In partic-
ular, all the modules M;/M; (0 < i < j < n) are cyclically presented
R-module Mg of Euler characteristic 0.

Proof. Let a € R be a right regular element such that M = Rp/aR, so
that there exists an epimorphism ¢: Rp — Mp with kerp = aR. By
the Correspondence Theorem applied to the epimorphism ¢, there is
a one-to-one correspondence between the set £ of all right ideals of R
containing aR and the set L of all submodules of M. The correspondence
is given by Ir — @(Igr) for every Ir € L and its inverse is given by
Ng +— o 1(Ng) for every Np € L. Thus if K; := ¢ }(M;), then the
finite series of right ideals of R corresponding to the series (1) is the series
aR = kergp = Kg - Kl c.... C Kn = RR. If(pz = g0|Ki: Kl — Ml
denotes the restriction of ¢, then ¢; is an epimorphism with kernel aR,
so that M; = K;/aR for every i = 0,1,2,....,n. If 0 < i < j < n,
the composite mapping of ¢;: K; — M; and the canonical projection
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M; — M;/M; is an epimorphism K; — M;/M; with kernel Kj, so that
K;/K; = M;/M;. (2)

For j = n, we get in particular that Rp/K; = M/M; for every i =
0,1,...,n. Thus, the modules Rr/K; are cyclically presented of Euler
characteristic 0, so that the right ideals K; are of our type, so that they
are isomorphic to Rr because R is right cyclically complete. Thus we
have right regular elements ¢y := a,c1,¢9...,¢—1,¢, := 1 of R such
that K; = ¢ R for every : = 0,1,...,n. Now K C K; C.--- C K,, =
Rp, so that ¢; = ¢j41b;+1 for suitable elements by,bs...,b, € R. These
elements b; are right regular by Lemma 3(2). Then, for 0 < i < j < n,
we get that ¢; = cip10i41 = cipobigabiyr = cip3biysbiiobiyy = -+ =
cjbjbj_1...biyobir1. In particular, for ¢« = 0 and j = n, we have that
a = Cy — Cnbnbn_l e b2b1 = bnbn—l e bgbl.
Finally, from (2), we get that

Mj/Mi = Kj/Ki = CjR/CiR = CjR/Cjbjb];l . b@'+2bi+1R
= R/bjbj_l .. bi+gbi+1R

by Lemma 3(4). Now change the notation, orderly substituting the se-
quence ai,as,...,a, for the sequence b,,b,_1,...,b. ]

5. Correspondence between factorizations and series of
submodules

Let R be a ring and S be the set of all right regular elements of R.
Let § := Un>15" be the disjoint union of the sets S™ of all n-tuples of
elements of 5, i.e., the cartesian product of n copies of S. The set S can
be seen as the set of all factorizations of finite length into right regular
elements. Let Mp be the class of all series of finite length of cyclically
presented right R-modules of Euler characteristic 0:

MR = {(Ml,MQ,...,Mn) ‘ n = 1, 0= M() < M1 < M2 <o < Mn,
and the modules M; and M; /M;_; are cyclically presented right R-modules
of Euler characteristic 0 for every i =1,2,...,n}.

Two series (My, Mo, ..., M), (M{, M}, ..., M/ ) € Mg of finite length
are isomorphic if n = m and there is a right R-module isomorphism
@: M, — M), such that ¢(M;) = M/ for every i = 1,2,...,n — 1. In
this case, we will write (My, Mo, ..., M,) = (M{, My, ..., M] ), so that =
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turns out to be an equivalence relation on the class Mg, and the quotient
class M /= has a set of representatives modulo 2.

In the first paragraph of Section 4, we have considered, for any a € R,
the set F,,(a) :={(a1,az2,...,a,) | a; € S, a1as...a, = a} of factoriza-
tions of length n of a into right regular elements. For every fixed right
regular element a € R, let S(a) be the disjoint union of the sets Fj,(a),
n > 1, so that S(a) is a subset of S. Similarly, we can consider the set

Mp(R/aR) = { (M, Ms,...,M,) € Mr | M, =R/aR}.
It is the set of all finite series of submodules of R/aR. There is a mapping
f:8(a) - Mg(R/aR)
defined by
flar,azg,...,ay) = (a1a2...an_1R/aR,...,a1R/aR, R/aR)
for every (ay,as,...,a,) € S(a).

Proposition 3. Let a be a right reqular element of a ring R.
(1) If R is right cyclically complete, then the mapping f: S(a) —
Mg(R/aR) is surjective.
(2) Two factorizations in S(a) are mapped to the same element of
Mg(R/aR) via f if and only if they are equivalent factorizations
of a.

Proof. (1) Let (M, Ms, ..., M,) be an element of Mpz(R/aR). Then
M := M, = R/aR, and all the modules M /M; are cyclically presented
modules of Euler characteristic 0 by Lemma 11. Thus we can apply Propo-
sition 2. Following its proof, we can take as ¢: Rp — M the canonical

projection, so that M; = K;/aR, K; = ¢;R for suitable right regular
elements c¢;, with ¢; = ¢;41ay,—;, where a = aqyas ... a, and ay,...,a, € R
are right regular elements of R. Thus f(ai,...,a,) = (M,..., M,).

(2) is Proposition 1. O

If a and b are right similar right regular elements of a right cyclically
complete ring R, there is an isomorphism f: R/aR — R/bR, which is
defined by left multiplication by an element ¢ € R. This bijection f = A.
induces a bijection Mgr(R/aR) — Mg(R/bR), in which every series of
submodules of R/aR is mapped to an isomorphic series of submodules of
R/bR. Since R is right cyclically complete, this bijection Mpz(R/aR) —
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Mp(R/bR) induces a bijection S(a)/~ — S(b)/= (Proposition 3), where,
for two factorizations (a1, as, ..., a,) and (a},d), ... al) in S(a), we write
(a1,a,...,a,) = (ay,d, ... al) if the two factorizations are equivalent
according to the definition given in the first paragraph of Section 4. Fix
(ar,a2,...,a,) € S(a). The factorization a = ajas . ..a, of a corresponds
to the series of submodules

aR<a1...an,1R<a1...an,2R< <a1R< R

0= RS R R STUSUR SuR

of R/aR, which is mapped isomorphically by A. to the series

caR + bR < cay...an_ 1R+ bR < cay...an_oR+ bR <.
bR bR bR
- ca1R + bR - cR+bR R

"SR bR bR

0:

of submodules of R/bR. As far as the factors are concerned, it follows
that R/(cay ...a;R 4+ bR) = R/ay ...a;R. Set dy := 1 and d,, := b. For
t=1,...n—1, let d; be a right regular element such that ca;...a; R +
bR = d; R. Such a d; exists because R is right cyclically complete. Then
ai...a;R Cay...a; 1R, so that 0 # d; R C d;_1R. Hence there exists
b; € R with d; = d;_1b;, and b; is right regular, i = 1,2,...,n. Then b =
dn = dn—lbn = dn—an—lbn = dn—Sbn—an—lbn = = d0b1b2 . bn =
biby ...b, is the factorization of b corresponding to the factorization
a = aias...a, of a, up to equivalence of factorizations.

The set S(a) can obviously be partially ordered by the refinement
relation <. The partially ordered set (S(a), <) has no maximal elements,
because

((11,(12, cee ,(Zn) g (a17a27 ey A, 17ai+17 o 7an)'

If we want to relate maximal elements of S(a) with respect to the refine-
ment relation < and factorizations of a as a product of left irreducible
right invertible elements, we must exclude from the factorizations into
right regular elements left invertible factors (recall that left invertible
elements are always right regular). Thus, let T be the set of all elements
of R that are right regular but not left invertible, so that 7" C S. Set
T(a) :={(a1,a2,...,a,) |n =21, a; €T, ajay...a, =a} C S(a). The
set 7 (a) is also partially ordered by the refinement relation <. We leave
to the reader the proof of the following easy lemma.
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Lemma 12. Let a be an element of a right saturated ring. An element
(a1,az2,...,a,) € T(a) is a maximal element of T (a) with respect to
the refinement relation < if and only if a; is left irreducible for every
i=1,2,....n.

In particular, if R is a right saturated ring and a € R, then 7 (a) has a
maximal element if and only if a has a factorization as a product of finitely
many right regular left irreducible elements that are not left invertible.
Such a factorization is very rarely unique up to equivalence, that is,
T (a) modulo equivalence has very rarely a unique maximal element. For
instance, if R is a commutative ring, (ay,...,a,) is a maximal element of
T(a) and o € S, is a permutation, then (a,(1), - -, a(y)) i a maximal
element of 7 (a) as well.

Recall that a nonzero element a of an integral domain R is rigid
[8, p. 43] if a = bec = V¢ implies b € V'R or b’ € bR. More generally,
this definition can be extended to any element a of any ring R. Thus
we say that an element a of a ring R is right rigid if the principal right
ideals between aR and R form a chain under inclusion. When the ring
R is a right cyclically complete ring and a € R is right regular, then
the principal right ideals between aRR and R form a finite chain under
inclusion if and only if ¢ has a unique factorization into right regular left
irreducible elements up to equivalence of factorizations.

6. Idempotents

Particularly interesting, in study of factorizations in rings with zero-
divisors and the uniqueness of such factorizations, is the case of idempo-
tents. In fact, consider the example of matrices. In [9], J. A. Erdos showed
that singular matrices over commutative fields factorize as a product of
idempotent matrices. This result was later extended to matrices over
euclidean rings and division rings [17]. Fountain [13] considered the case
of commutative Hermite rings, using techniques of semigroup theory. In-
spired by this paper, Ruitenburg [19] studied the case of noncommutative
Hermite rings. Fountain and Ruitenberg determined a clear connection
between product decompositions of singular matrices into idempotents
and product decompositions of invertible matrices into elementary ones.

If an element x € R is a product © = €7 ...e¢, of idempotents e¢; € R,
then x is annihilated both by left multiplication by 1 — e; and by right
multiplication by 1 — e, [12, Section 2], so that, whenever z € R is a
product of finitely many idempotents, we must necessarily have that either
x =1, or both l.ann(z) # 0 and r.ann(x) # 0.
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If e € R is an idempotent and we consider the factorizations e = xy
of e as a product of two elements z,y € R, then e always has the trivial
factorizations e = u(ve), e = (eu)v and e = (eu)(e), where u,v € R
are any two elements with uwv = 1. The composition factors of these
factorizations e = xy, i.e., the composition factors R/xR and xR/xyR of
the series eR = zyR C R C R are 0 and R/eR in all these three types
of factorizations. We will say that e is an irreducible idempotent if these
are the only factorizations of e as a product of two elements = and y in
R and e # 1. For example:

Proposition 4. Let k be a division ring, Vi, a right vector space over k of
finite dimension n > 2, R := End(V}) its endomorphism ring and ¢ € R
an idempotent endomorphism. Then ¢ is is an irreducible idempotent of
R if and only if dim(ker ¢) = 1.

Proof. If dim(ker p) = 0, then ¢ is the identity, so that it is not an
irreducible idempotent.

If dim(ker ) > 2, then there is a nontrivial direct-sum decomposition
kero = A® B, so that V;, = A® B @ im(y). Then ¢ is the composite
mapping ¢ = Yw of the endomorphism w of Vj that is zero on A and the
identity on B @ im(p) and the endomorphism ¢ that is zero on B and
the identity on A @ im(¢p).

Now suppose dim(ker ¢) = 1 and that ¢ decomposes as ¢ = 1w. Then
kerw C ker ¢ and im ¢ C im ), so that dim(kerw) < 1 and dim(im) >
n— 1. If dim(kerw) = 0, then w is an automorphism and the factorization
¢ = Yw is trivial. If dim(im) = n, then 1 is an automorphism and
the factorization ¢ = 1w is also trivial. Hence it remains to consider
the factorizations ¢ = Yw with dim(kerw) = 1 and dim(imv¢) = n — 1.
Now dim(ker w) = dim(ker ¢) = 1 implies that kerw = ker(y)w), so that
keryy Nimw = 0. As dim(imw) = n — 1 and dim(kery) = 1, we get
that Vi, = kervy @ imw. In matrix notation, it follows that w: V) =
kero @ imp — Vi = kerty @ imw is of the form w = (8 ?c), where
frime — imw is an isomorphism, and ¢: Vi = ker¢ & imw — Vi =
ker ¢ @ im ¢ is of the form ¢ = (0 0), where g is the inverse of f. Let

0g
u: Vi =kerp @ imy — Vi, = ker¢) @ imw be the isomorphism u = (g ?),

where h is any isomorphism between the one-dimensional vector spaces
ker o and ker ). Then w = ug and 1) = pu~', so that the factorization
¢ = Yw is also trivial in this case. O

Laffey proved that every singular n x n matrix with entries in a di-
vision ring k can be expressed as a product of idempotents over k [17].
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Clearly, every idempotent € in R := End(V}) is a product of ¢ irreducible
idempotents, where ¢ = dim(ker ). It follows that every noninvertible ele-
ment of R is a product of finitely many irreducible idempotents. As far as
uniqueness of such a decomposition is concerned, assume that ¢ € R can
be written as ¢ = €1...&,, = €1...¢e;, where the €; and the e; are all irre-
ducible idempotents. To determine the factors 1 ...g,_1R/e1...g;R and
e1...ej—1R/ei...e;R of the series of principal right ideals corresponding
to the two factorizations of ¢, we need the following lemma.

Lemma 13. Let k be a division ring, Vi a right vector space over k
of finite dimension n, R := End(V}) its endomorphism ring, g € R an
endomorphism of Vi, and e € R an irreducible idempotent. Then exactly
one of the following two cases occurs:

(a) dim(ker(ge)) = dim(ker g) and gR/geR = 0; or

(b) dim(ker(ge)) = dim(kerg) + 1 and gR/geR is a simple right
R-module.

Notice that R is a simple artinian ring, so that all its simple right
R-modules are isomorphic.

Proof. We have that dim(im(ge)) = dim(g(eV')) = dim(g(eV + kerg)).
Now eV +ker g contains eV, which has dimension n— 1 and is contained in
V, that has dimension n. Hence either eV +ker g has dimension n — 1, and
in this case eV +ker g = eV and ker g C eV, or eV + ker g has dimension
n, in which case eV +kerg =V and ker g Z eV. Let us distinguish these
two cases:

(a) Case eV + kerg =V and ker g € eV. In this case, dim(im(ge)) =
dim(g(eV +kerg)) = dim(g(V)) = dim(im(g)), so that dim(ker(ge))
dim(ker g).

(b) Case kerg C eV. Since g induces a lattice isomorphism be-
tween the lattice of all subspaces of V; that contain ker g and the lat-
tice of all subspaces of im(g) and for every subspace W of Vi with
W D kerg we have dim g(W) = dim(W) — dim(ker g), it follows that
dim(im(ge)) = dim(g(eV)) = dim(eV) — dim(ker g) = n — 1 — dim(ker g),
so that dim(ker(ge)) = dim(ker g) + 1.

Now in both cases, left multiplication by ¢ is a right R-module epi-
morphism Rp — ¢R, which induces a right R-module epimorphism
R/eR — gR/geR. But R/eR is a simple right R-module, so that ei-
ther gR/geR = 0 or gR/geR is simple. Hence, in order to conclude the
proof of the lemma, it suffices to show that gR/geR = 0 if and only if
dim(ker(ge)) = dim(ker g).
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Now if gR/geR = 0, then gR = geR, so that g € geR. Hence
there exists h € R with g = geh. Then im(g) = im(geh) C im(ge) C
im(g). Thus im(ge) = im(g), from which dim(im(ge)) = dim(im(g)), and
dim(ker(ge)) = dim(ker g).

Conversely, suppose dim(ker(ge)) = dim(ker g). Then dim(im(ge)) =
dim(im(g)) and im(ge) C im(g), so im(ge) = im(g). It follows that eV +
ker g = V. Let x be an element in ker g not in eV, so that eV @& xk = V.
With respect to this direct-sum decomposition the matrices of e and g
are, respectively,

gin 0 1 e
= and = .
g (921 0) g (0 622)

Let h € R be the endomorphism of V' with matrix

o 1 —e€12
h_(o 1).

It is easily seen that g = geh, so that gR = geR, and gR/geR=0. [

Proposition 5. Let k be a division ring, Vi, a right vector space over k of
finite dimensionn, R := End(V}) its endomorphism ring and f = ey ...em
a product decomposition of an endomorphism f € R into irreducible
idempotents eq,...,e, of R. Lett be the dimension of the kernel of f.
Then t of the factors ey ...e;—1R/e1...e;R are simple R-modules, and
the other m —t are zero.

Proof. Induction of m. If m = 1, then the kernel of f = ey is 1, so that
t =m =1, and the unique factor R/e; R is a simple right R-module.

Suppose m > 1 and that the proposition is true for endomorphisms
that are products of m — 1 irreducible idempotents. Suppose that the
dimension of the kernel of f = e1...¢,, ist. Set g := e1...€,_1, SO
that the m factors e; ...e;—1R/e1 ...¢e;R relative to the factorization f =
e1...en are the m— 1 factors relative to the factorization g :=ey...e,-1
plus the module gR/ge,, R. By the previous lemma, we have one of the
following two cases:

(a) dim(ker(ge)) = dim(kerg) and gR/geR = 0. In this case, t =
dim(ker g), so that, by the inductive hypothesis, ¢ factors relative to the
factorization g := ey ...e,_1 are simple, and all the other m — t factors
relative to factorization f =ej...e,, are zero.

(b) dim(ker(ge)) = dim(kerg) + 1 and gR/geR is a simple right
R-module. In this case, dim(kerg) = ¢t — 1, so that by the inductive
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hypothesis t — 1 factors relative to the factorization g := ej...empm_1
are simple and the other m — t are zero. The other factor relative to
factorization f = e ...ey,, is the simple module gR/geR. 0J

Thus if o =€1...6 = €71 ...¢ are two factorizations with the idem-
potents ; and e; irreducible idempotents, then the series of principal
right ideals associated to the two factorizations have the same number of
simple factors and all the other factors are zero. This remark justifies the
following definitions.

Let R be any ring and @ = a...a, a factorization in R, where
a,ai,...,a, € R. We call

aR=a1...a,RCa;...ap,_1RC---Ca1RCR
the series of principal right ideals of R associated to the factorization and
R/a1R, a1R/ajasR, ..., ajas...an—1R/ajas...apnR

the factors of the series. We call right length of the factorization the
number of nonzero factors. Similarly, we can consider the series

Ra = Raias...a, € Rasas...a, € --- C Ra, C R

of principal left ideals of R associated to the factorization, and define its
factors Ra;...a,/Ra;—1 ...a, and the left length of the factorization. In
our last example of this first paper, we show that the right length and
the left length of a factorization can be different.

Example 1. Let R be the ring (% H%). For every element r = (g g), the
principal right ideal generated by r is

= (25)( o) (2 3) 6 )
a0 R g)ernte s)

so that rR is the improper right ideal R if and only if g8 # 0, and rR
is maximal among the proper principal right ideals if and only if either
B #0and g =0, or § =0 and ¢ # 0. Thus the elements r with ¢5 # 0
are right invertible, and those with ¢ = 0 or § = 0 but not both ¢ and
[ equal to zero are the left irreducible elements of R. For the elements
r with ¢ = 8 = 0 and o # 0, the series TR C (2 2) C R is a series of
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principal right ideals that cannot be properly refined, so that the proper
left divisors of r are exactly the generators of the principal right ideal
(2 2), that is, the elements s = (a 6/> with 8’ # 0. The factorizations
of r in this case are

00y (0 0)\{fa 0
(o) )6 ) ®

where @ € Q and b € R are any two numbers with o’a + 3'b = a. The
factorization (3) has right length 2 and its right factors are the simple

module R/ (§ 2) and the nonsimple module (2 2) / (a(@ 8)
Let us compute the left length of the factorization (3). It is easily seen
that, for r = ( o ﬂ> the principal left ideal generated by r is

erq(% 8>+R<g g)

The series of left principal ideals associated to the factorization (3) of
r=(a0)is
a 0
- CR.
RrCR ( b 0) CR

Now fir = R(2) = (2) snd R(3}) =

%S)JrR(gg),sothatwe
a;«éO
0) =

have two cases according to when a = 0 or
(a) If @ = 0, then b # 0, sothatR(
factorization (3) of r has left length 1.
(b) Ifa#0, then R (¢§) = (Q 0) O Rr, so that the factorization (3)
of r has left length 2.

(20) = Rr, and the

In our next paper, we will treat the factorizations of arbitrary elements
of a ring, including the case of zerodivisors.
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