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Abstract  In 2001, Enochs’s celebrated flat cover conjecture was finally proven, and the proofs (two
different proofs were presented in the same paper) have since generated a great deal of interest among
researchers. The results have been recast in a number of other categories and, in particular, for additive
categories. In 2008, Mahmoudi and Renshaw considered a similar problem for acts over monoids but used
a slightly different definition of cover. They proved that, in general, their definition was not equivalent to
that of Enochs, except in the projective case, and left open a number of questions regarding the ‘other’
definition. This ‘other’ definition is the subject of the present paper and we attempt to emulate some of
Enochs’s work for the category of acts over monoids, and concentrate, in the main, on strongly flat acts.
‘We hope to extend this work to other classes of acts, such as injective, torsion free, divisible and free, in
a future report.
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1. Introduction and preliminaries

Let S be a monoid. By a right S-act we mean a non-empty set X together with an
action X x S — X given by (x,s) — xs such that, for all z € X, s,t € S, 1 = x and
x(st) = (zs)t. If p is an equivalence on a right S-act X, then we refer to it as a (right)
S-congruence if, for all s € S, (x,y) € p, it follows that (zs,ys) € p. Left S-acts and
left S-congruences are defined dually. Throughout this paper, unless otherwise stated,
all acts will be right S-acts and all congruences right S-congruences. We refer the reader
to [8] for basic results and terminology in semigroups and monoids and to [1,11] for
those concerning acts over monoids.

Enochs’s conjecture, that all modules over a unitary ring have a flat cover, was finally
proven in 2001. In 2008, Mahmoudi and Renshaw [13] initiated a study of flat covers
of acts over monoids. Their definition of cover concerned coessential epimorphisms and,
except for the case of projective covers, proved to be different to that given by Enochs.
In the present paper we attempt to initiate the study of Enochs’s notion of cover for the
category of acts over monoids, and focus primarily on SF-covers, where SF is the class
of strongly flat S-acts.
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After giving preliminary results and definitions, we provide some key results on directed
colimits for acts over monoids. Some of these may be generally known, but there are
so few references in the literature for results on direct limits of S-acts that we felt it
necessary to include the more important ones here. Pure epimorphisms were studied by
Stenstrom in [22] and we extend these in §3. In §4 we introduce the concept of an X-
cover and an X-precover for a class of S-acts X'. This is analogous to Enochs’s definition
for covers of modules over rings and we prove that, for those classes that are closed under
isomorphisms and directed colimits, the existence of a precover implies the existence of
a cover. The inspiration for these results and their proofs is taken from the additive case
(see, for example, [4,6,23]). We also provide a necessary and sufficient condition and a
number of sufficient conditions for the existence of a precover. Finally, in §5 we apply
some of these results to the case when X is the class of strongly flat S-acts.

An S-act P is called projective if, given any S-epimorphism f: A — B, whenever there
exists an S-map g: P — B, there exists an S-map h: P — A such that hf = g. A right
S-act A is said to be flat if, given any monomorphism of left S-acts f: X — Y, the
induced map 1 ® f: A®s X - A®sY,a®z — a® f(z) is also a monomorphism.
On the other hand, an S-monomorphism g: A — B is said to be pure (see [17]) if
for all left S-acts X, the induced map A ®¢s X — B ®g X is also a monomorphism.
Note that there are in fact two distinct notions of pure monomorphism in the literature.
See [1, §7.4] for more details. In 1969, Lazard proved that flat modules are directed
colimits of finitely generated free modules [12]. In 1971, Stenstrom showed that the acts
that satisfy the same property are different from flat acts [22]. In fact they are the acts A,
where A ® g — preserves pullbacks and equalizers, or, equivalently, those that satisfy the
two interpolation conditions (P) and (E). These acts have come to be known as strongly
flat acts. A right S-act A is said to satisfy condition (P) if whenever au = a'u’ with
u,u’ € S, a,a’ € A, there exist a”’ € A, 5,5’ € S with a = d"’s, a’ = a”s’ and su = s'u/,
while A is said to satisfy condition (E) if whenever au = au’ with a € A, u,u’ € S, there
exist a” € A, s € S with a = a”s and su = su'.

Throughout this paper we denote the class of all projective S-acts by Pg, the class of
all strongly flat S-acts by SFg, the class of all S-acts that satisfy condition (P) by CPg,
the class of all S-acts that satisfy condition (E) by £s and the class of all flat acts by
Fs. We normally simply omit the subscript.

It is well known that, in general,

PCSFCCPCF.

Basic results on indecomposable acts, coproducts, pushouts and pullbacks of acts over
monoids can be found in [1,11]. From [1, Propositions 4.1.5, 5.2.17 and 5.2.5 and Corol-
lary 5.3.23] (see also [11, Lemmas I11.9.3 and II1.9.5]) we have the following.

Lemma 1.1. Let S be a monoid and let X = UXZ» be a coproduct of S-acts. For each

of the cases X =P, X =SF, X =CP and X = F we have X € X if and only if each
X, eX.
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The following lemma will be useful in one of our main results.

Lemma 1.2. Let S be a monoid, let X be an indecomposable S-act and let f: X — Y
be an S-epimorphism. Then Y is indecomposable.

Proof. Suppose that Y is not indecomposable, so there exist non-empty S-subacts
Y1 # Y, CY withY =Y, UYs. Then let X; = f~1(Y;), i = 1,2, and note that X; are non-
empty S-subacts of X and that X = X; U X, with X; # X, giving a contradiction. 0O

Let A be an S-act. We say that a projective S-act C' together with an S-epimorphism
f: C — Ais a projective cover of A if there is no proper subact B of C such that f|p is
onto. If we replace ‘projective’ by ‘strongly flat’ in this definition, then we have a strongly
flat cover. A monoid S is called perfect if all S-acts have a projective cover.

We define A to be finitely presented if A = F/p (see [14,22]), where F is finitely
generated free and p is finitely generated.

The following remark will be useful when we come to consider precovers in § 3.

Remark 1.3. Let S be a monoid, let A be an S-act and let 6 be a congruence on A.
Let p be a congruence on A/6 and let 6/p = ker(p?0%). Then, clearly, #/p is a congruence
on A containing ¢ and A/(0/p) = (A/0)/p. Moreover, 0/p = 6 if and only if p = 15/4.

Let A be an infinite cardinal and let X’ be a class of S-acts. By a A-skeleton of S-acts
X we mean a set of pairwise non-isomorphic S-acts such that, for each act A € X with
|A| < A, there exists a (necessarily unique) act Ay € X such that A = Aj.

Remark 1.4. Let S be a monoid, let X be a class of S-acts and suppose that there
exists a cardinal A such that every indecomposable S-act X € X is such that | X| < A\. It
is then reasonably clear that the class of indecomposable S-acts forms a set and so must
contain a A-skeleton.

2. Colimits and directed colimits

In the literature there is surprisingly little on direct limits and colimits of acts and, in
addition, some inconsistencies of notation (see [11,17]). We include here a collection of
results on direct limits, some of which will be needed in later sections.

Let I be a set with a preorder (that is, a reflexive and transitive relation). A direct
system is a collection of S-acts (X;);er together with S-maps ¢, ;: X; — X; for all
1 < j € I such that

o ¢;; =1x, for all i € I and

® i 0¢;i; = ¢k whenever ¢ < j < k.
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The colimit of the system (X;,¢; ;) is an S-act X together with S-maps «;: X; — X
such that

® ajo¢;; = a; whenever 7 < j and

e if Y is an S-act and ;: X; — Y are S-maps such that 3; o ¢; ; = 8; whenever
i < j, then there exists a unique S-map ¥ : X — Y such that the diagram

X7i>X

%

Y
commutes for all 4 € I.

If the indexing set I satisfies the property that for all ¢, j € I there exists k € I such
that k > 4, j, then we say that I is directed. In this case we call the colimit a directed
colimat.

As with all universal constructions, the colimit, if it exists, is unique up to isomorphism.
That colimits of S-acts do indeed exist is easy to demonstrate. In fact, let A;: X; — U, X
be the natural inclusion and let p be the right congruence on |J,X; generated by

R={(Xi(@i),Aj(¢i(x:))) | @i € Xy, i <j eI}
Then, X = (UZXZ)/p and a;: X; — X given by «;(x;) = Ai(x;)p are such that (X, ;)
is a colimit of (X;, ¢; ;). In addition, if the index set I is directed, then
p={(Ni(z;), \j(z;)) | there exists k > i, j with ¢; p(x;) = ¢;k(z;)}.

See [16, Theorems 1.3.1 and 1.3.17] for more details. We subsequently talk of the (directed)
colimit of a direct system.

Lemma 2.1 (Renshaw [17, Lemma 3.5 and Corollary 3.6]). Let (X;, ¢; ;) be a
direct system of S-acts with directed index set, and let (X, «;) be the directed colimit.
Then, o;(xz;) = o;(x;) if and only if ¢; i (x;) = ¢;x(x;) for some k > 4, j. Consequently,
a; is a monomorphism if and only if ¢; ;, is a monomorphism for all k > i.

In fact the following is now easy to establish.
Theorem 2.2. Let S be a monoid, let (X;, ¢; ;) be a direct system of S-acts with
directed index set I, and let X be an S-act and o;: X; — X be such that

X—>X

N

commutes for all i < j in I. Then, (X, ;) is the directed colimit of (X;, ¢; ;) if and only
if

(1) for all x € X there exist i € I and x; € X; such that x = a;(z;),

(2) for alli,j €I, a;(x;) = aj(z;) if and only if ¢; p(x;) = ¢ k(x;) for some k > 1, .
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We use these two basic properties of directed colimits without further reference.

Lemma 2.3. Let S be a monoid and let (X;, ¢; ;) be a direct system of S-acts with
directed index set I and directed colimit (X, «;). For every family y1,...,y, € X and
the relations

YiiSi = Yk, ti, 1 <i<m,

there exist some l € I and x1,...,x, € X; such that «;(x,) =y, for 1 <r < n, and
xj,8; = Tty forall 1 << m.

Proof. Given yi,...,y, € X there exist m(1),...,m(n) € I and ¥y, € X,y such
that a, ) (y,.) = yr for all 1 <7 < n. So for all 1 <7 < m we have that

m(50) (Y5,8) = Qi) (43,)81 = Qmka) (Y, )i = Qi) (Y 1),

so there exist I; = m(j;), m(k;) such that, for all 1 < i < m,

Do) ts (U5.)80 = GGy b (¥5,50) = Py s W, ti) = o) s (Y, Vi
Let I > 11,..., L. There then exist ¢p,1)1(¥1)s -+ @m(n),1(yr,) € Xi such that

(St (Yr) = iy (U7) = yr
forall 1 <r < n,and
D)1 (Y581 = QL it (B (Y5))Si = PPk, Wi Vti = i) 1 (Yie, Vi

for all 1 < i < m, and the result follows. O

The following result shows that, in a certain sense, directed colimits preserve monomor-
phisms.

Lemma 2.4. Let S be a monoid, let (X;,¢; ;) be a direct system of S-acts with
directed index set and let (X, ;) be the directed colimit. Suppose that Y is an S-act
and that 3;: X; — Y are monomorphisms such that 3; = 3;¢; ; for all 1 < j. There then
exists a unique monomorphism h: X — Y such that ha; = (; for all i.

Proof. Consider the following commutative diagram:
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where h is the unique map guaranteed by the directed colimit property. Suppose that
h(z) = h(z’). There then exist ¢, j and x; € X;, ; € X; such that © = «a;(z;) and
x' = a;(z;). Hence, there exists k > i, 7, so

Brdik(@i) = howdik(w:) = hai(xi) = haj () = hardjr(@;) = Bedjk(@;)-
Since f, is a monomorphism, ¢; i (x;) = ¢; k(x;), so x = &', as required. O

Lemma 2.5. Let S be a monoid, let X be an S-act and let {p;: i € I} be a set of
congruences on X, partially ordered by inclusion, with the property that the index set
is directed and has a minimum element 0. Let ¢, ;: X/p; — X/p; be the S-map defined
by ap; — ap; whenever p; C p;, so (X/p;, ¢; ;) is a direct system. Let p = | J;c;pi- Then,
X/p is the directed colimit of (X/p;, ¢i ;).

Proof. First note that p is transitive, since I is directed. Clearly, we can define S-
maps o;: X/p; = X/p, ap; — ap, such that o; = aj¢; ; for all i < j. Now suppose that
there exist an S-act @ and S-maps 3;: X/p; — @ such that 3, = 5;¢,; for all i < j.
Define ¢: X/p — Q by ¥(ap) = Bo(apg). To see that this is well defined, let ap = a’p in
X/p, that is, (a,a’) € p, so there must exist some k € I such that (a,a’) € pg, and we
get that

Bolapo) = Brdo,k(apo) = Br(apr) = Br(a'pr) = Brdok(a'po) = Bola po),

so P(ap) = w(a'p) and ¢ is well defined. It is easy to see that ¢ is also an S-map.
Because 0 is the minimum element, we have that Gy(apo) = Bodio(ap:) = Bi(api), so
Ya; = B; for all i € I. Finally, let ¢': X/p — @ be an S-map such that ¢'a; = §; for all
i € I; then ¥/ (ap) = ¥’ (ao(apo)) = Bo(apo) = ¥(ap), and we are done. O

Remark 2.6. In particular, this holds when we have a chain of congruences p; C p2 C

~and p = U;s pi-

Example 2.7. If S is an inverse monoid, which we consider as a right S-act, then
for any e < f € E(S) it follows that ker Ay C ker A, where A.(s) = es. Hence, there
exists a set of right congruences on S, partially ordered by inclusion, where the identity
relation ker )\ is a least element in the ordering. We can now construct a direct system of
S-acts S/ker A\f — S/ker A, sker Ay — sker A\, whose directed colimit, by the previous
lemma, is S/o, where o = UeeE(S) ker A, which is easily seen to be the minimum group
congruence on S (see [8, p. 159]).

Proposition 2.8 (Stenstrom [22, Proposition 5.2]). Let S be a monoid. Every
directed colimit of a direct system of strongly flat acts is strongly flat.

The following easily proved result is probably well known.

Proposition 2.9. Let S be a monoid. Every directed colimit of a direct system of
acts that satisfy condition (P) satisfies condition (P).

The situation for projective acts is slightly different.

Proposition 2.10 (Fountain [7]). Let S be a monoid. Every directed colimit of a
direct system of projective acts is projective if and only if S is perfect.
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3. Purity and epimorphisms

Let ¥: X — Y be an S-epimorphism. We say that v is a pure epimorphism if for every
finitely presented S-act M and every S-map f: M — Y there exists g: M — X such

that
P
X—Y
X Tf
M
commutes.

Theorem 3.1 (Stenstrém [22, Proposition 4.3]). Let S be a monoid and let
1¥: X — Y be an S-epimorphism. The following are then equivalent:

(1) v is pure;

(2) for every family y1,...,y, € Y and the relations
there exist x1,...,x, € X such that ¥(x,) =y, for 1 <r < n, and

2;,8; = xRty forall1 <i<m.

Example 3.2. Let S be an inverse monoid and let ¢ be the minimum group congruence
on S as in Example 2.7. The right S-map S — S/c is then a pure S-epimorphism. To
see this let y1 = x10,...,Yn = z,0 € S/o and suppose that we have the relations

Vi Si = Yti (1 <i<m).

For 1 < i < m we then have (xj,s;, zk,t;) € 0, so there exist e; € E(S) (1 < ¢ < m) such
that e;xj,5; = e;xk,t;. Now let e = ey - - - e, and note that, for 1 <i < m, ex;;s; = ey, t;
and, for 1 <1 < n, o¥(ex;) = (ex;)o = x;0 = y;, as required.

It is clear that if the epimorphism % splits with splitting monomorphism ¢: Y — X,
then ¢f: M — X is such that ¥¢f = f, so ¢ is pure. The converse is not in general
true. For example, let S = N with multiplication given by

n.m = max{m,n} for all m,n € S.

Let ©g = {0} be the 1-element right S-act and note that S — Og is a pure epimorphism
by Theorem 3.1. However, as S does not contain a fixed point, it does not split.
From Lemma 2.3 we can immediately deduce the following.

Corollary 3.3. Let S be a monoid and let (X;, ¢; ;) be a direct system of S-acts with
directed index set I and directed colimit (X, «;). The natural map |JX; — X is then a
pure epimorphism.
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Suppose that (X;, ¢; ;) and (Y7, 0; ;) are direct systems of S-acts and S-maps, suppose
that for each ¢ € I there exists an S-map v;: X; — Y; and suppose that (X, 3;) and
(Y, «;), the directed colimits of these systems, are such that

Vi ®i,j

X, —— -*>Xj

ml l i% (*)
X

Oi,j
commute for all i < j € I. We then refer to ¢ as the directed colimit of the ;. It was shown
in [16] that directed colimits of (monomorphisms) epimorphisms are (monomorphisms)

=
i

pi

-
2
-~

~
~

_—
P

epimorphisms.

Corollary 3.4. Let S be a monoid. Directed colimits of pure S-epimorphisms are
pure.

Proof. Suppose that (X;, ¢; ;) and (Y}, 0; ;) are direct systems and that for each ¢ € I
there exists a pure epimorphism v;: X; — Y;, and suppose that (X, ;) and (Y, «;), the
directed colimits of these systems, are such that the diagrams in (%) commute for all
i<jel

Suppose that there exist y1,...,yn €Y, $1,...,8m,t1,...t;m € .5 and the relations

Yjisi = yrti (L<i<m).

By Lemma 2.3 there exist [ € I and z1,...,2, € Y] such that o;(z,) =y, for 1 <r < n,
and
2j;8i = 2ty forall 1 <i<m.

Since 1); is pure, there exist x1,...,z, € X; such that ¢;(x,.) = 2z, for 1 < r < n, and
xj,8; = oty forall 1 <7 <m.

Hence,
Bi(z;,)8i = Bi(zg, )t forall 1 <i<m,

and Y6 (z,) = b (z,) = ai(z.) =y, for 1 < r < n, so ¢ is pure. O
Lemma 3.5. Let S be a monoid, let

¢

HB

A
Q\L B
C——=D

¥

be a pullback diagram of S-acts, and suppose that v is a pure epimorphism. Then, ¢ is
also a pure epimorphism.
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Proof. That ¢ is onto is clear. Suppose that M is finitely presented and that
f: M — B is a morphism. There then exists g: M — C such that ¥g = Bf. Since
A is a pullback, there exists a unique h: M — A such that ¢h = f and ah = g. |

Although not every pure epimorphism splits, we can deduce the following.

Theorem 3.6. Let S be a monoid and let ): X — Y be an epimorphism. Then, v is
pure if and only if it is a directed colimit of split epimorphisms.

Proof. Suppose that ¢ is pure. We know (see [22, Proposition 4.1]) that Y is a
directed colimit of finitely presented acts (Y;, ¢; ), so let a;: ¥; — Y be the canonical
maps. For each Y; let
X, Pi

=

K2

Bi

673

-

X ——

¥

h.<

be a pullback diagram, so by Lemma 3.5 9; is pure. Hence, since Y; is finitely presented,
it easily follows that ; splits. Note that X; = {(yi,z) € Vi x X | as(ys) = ¢(2)},
¥;(yi, ) = y; and B;(y;, ¢) = z, and that, since 1 is onto, X; # 0.

For i < j define 0; ;: X; — X, by 6, ;(vi,x) = (¢:,;(y:), ) and note that §;6; ; = f;
and that 1;0; ; = ¢; j4;. Suppose now that there exist Z and v;: X; — Z with v;0; ; = v
for all ¢ < j. Define v: X — Z by v(z) = (s, ), where ¢ and y; are chosen such that
a;(y;) = (). Then, 7 is well defined since if ¢(z) = o;(y;), then there exists k > 4, j
with ¢; k(yi) = ¢;,k(y;) and

Vi (Y ) = Ybik (Yir ) = Y(Dik (Vi) )
= V(5,6 (Y5), ®) = b5k (y;s, )
=7;(Y;, @)
Then, v is an S-map and, clearly, v3; = 7;. Finally, if v/: X — Z is such that v'3; = v;
for all ¢, then v'(z) = v'B;(yi, ) = vi(yi,x) = y(x), so ~ is unique. We therefore have

that (X, ;) is the directed colimit of (X;,6; ;), as required.
Conversely, since split epimorphisms are pure, then v is pure by Corollary 3.4. O

Example 3.7. Let S be as in Example 2.7. Note that, for all e € E(S), S — S/ker A,
splits with splitting map sker A\, — es. Moreover,

§—= S/ker A

1

§——>S5/o

o

commutes for all e € F(S) and ¢f is a directed colimit of split epimorphisms.

https://doi.org/10.1017/50013091513000618 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091513000618

598 A. Bailey and J. H. Renshaw

Theorem 3.8 (Stenstréom [22, Theorem 5.3]). Let S be a monoid. An S-act Y is
then strongly flat if and only if every epimorphism X — Y is pure.

In [15], Normak defines an epimorphism ¢: X — Y to be 1-pure if for every element
y € Y and the relations ys; = yt;, i = 1,...,n, there exists an element x € X such that
¢(z) =y and zs; = xt; for all i. He proves the following.

Proposition 3.9 (Normak [15, Proposition 1.17]). Let S be a monoid. An epi-
morphism ¢: X — Y is 1-pure if and only if for all cyclic finitely presented S-acts C' and
every morphism f: C' — Y there exists g: C' — X with f = ¢g.

Proposition 3.10 (Normak [15, Proposition 2.2]). Let S be a monoid. Y satisfies
condition (E) if and only if every epimorphism X — Y is 1-pure.

As a generalization, we say that an epimorphism g: B — A of S-acts is n-pure if for
every family of n elements ay, . .., a, € A and every finite family of relations aq,; s; = ag,t;,
i=1,...,m, there exist b1,...,b, € B such that g(b;) = a; and by, s; = bg,t; for all 7.

We are interested in the cases n = 1 and n = 2. Clearly, pure = 2-pure = 1-pure.

Proposition 3.11. Let S be a monoid and let ¢v: X — Y be an S-epimorphism in
which X satisfies condition (E). Then, Y satisfies condition (E) if and only if ¢ is 1-pure.

Proof. Suppose that ¢ is 1-pure and that y € Y, s,t € S are such that ys = yt
in Y. Hence, there exists + € X such that ¢¥(z) = y and xs = xt. Since X satisfies
condition (E) there exist 2’ € X, u € S such that © = 2’u, us = ut and so y = ¢¥(a')u,
us = ut and Y satisfies condition (E).

The converse holds by Proposition 3.10. a

Proposition 3.12. Let S be a monoid and let ¢v: X — Y be an S-epimorphism in
which X satisfies condition (P). If 1 is 2-pure, then Y satisfies condition (P).

Proof. Suppose that v is 2-pure and suppose that y1,y2 € Y, s1,52 € S are such
that y181 = y2s2 in Y. Hence, there exist z1,z9 € X with ¢(z;) = y; and x181 = 2282 in
X. Since X satisfies condition (P), there exist x3 € X, uy,us € S such that 1 = zguq,
o = x3ug and w181 = ussy. Consequently, y; = ¥(x3)u1, yo = Y(x3)us and u1s; = usss,
so Y satisfies condition (P). O

The converse of this last result is false. For example, let S = (N U {0},+) and let
Og = {6} be the 1-element S-act. Let z = y = 6 € Og; then 0 = y0 and 0 = y1 but
there cannot exist z’,y’ € S such that 2’ +0=9y' +0and 2’ +0=9y + 1,80 S — Og is
not 2-pure, but it is easy to check that ©g does satisfy condition (P).

From Theorem 3.8 and Propositions 3.11 and 3.12 we deduce the following.

Corollary 3.13. Let S be a monoid and let ¢: X — Y be an S-epimorphism with X
strongly flat. The following are equivalent:

(1) Y is strongly flat;
(2) o is pure;
(3) v is 2-pure.
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Let X be an S-act and let 6 be a congruence on X. Say that 6 is pure if X — X/6 is
pure. As a corollary to Theorem 3.1 we have the following.

Corollary 3.14. Let S be a monoid, let X be an S-act and let § be a congruence on
X. Then, 0 is pure if and only if for every family x1,...,x, € X and the relations

xjisiea:kiti (1 < ) < m)
on X there exists y,...,y, € X such that y;0x; and
Yj,8i = Yk, ti  for all 1 <i<m.

Corollary 3.15. Let p be a right S-congruence on a monoid S. Then, p is pure if and

only if S/p is strongly flat.

Example 3.16. It now follows easily from Example 3.2 that if S is an inverse monoid
with minimum group congruence o, then S/ is a strongly flat right S-act.

Let f: X — Y be an S-monomorphism. Renshaw [20] defined f to be P-unitary if
(Vy,y' € Y \im(f), Vs,t € S) ys,y't €im(f) = ys =y't.

This is obviously equivalent to saying that whenever y,3’ € Y, s,t € S are such that
ys # y't but ys,y't € im(f), either y € im(f) or y’ € im(f).
In the same way, Renshaw defined f to be E-unitary if

(Vy € Y \im(f), Vs,t €S) ys,yt €im(f) = ys = yt,

which is obviously equivalent to saying that whenever y € Y, s,t € S are such that
ys # yt but ys, yt € im(f), then y € im(f).
Theorem 3.17. Let S be a monoid, let f: X — Y be a monomorphism and suppose

that Y — Y/X is a 2-pure epimorphism. Then, f is P-unitary. Moreover, for all s,t € S
there exists x,z’ € X with xs = x't.

Proof. Let p = im(f) xim(f)Uly,so Y/X =Y/p. Let y, v’ € Y \im(f) and suppose
that ys,y't € im(f). Then ys p y't, and so, by assumption, it easily follows that ys = y't,
as required.

Let z € X so that f(z)s p f(z)t. There then exists x1,29 € X with

f(@) p f(x) p f(z2) and  f(zr)s = f(w2)t.

Hence, 215 = xst, as required. O

It then follows from [20, Theorems 4.1 and 4.3] that if Y — Y/ X is a pure epimorphism,
then f: X — Y is a pure monomorphism. In fact, following the remark after the proof
of [20, Theorem 4.1], we see that f splits. In addition, we see from [20, Theorem 4.22]
that if every epimorphism is pure, then S is a group. Actually, from Theorem 3.8 we see
that all S-acts are strongly flat, so S is the trivial group.
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Theorem 3.18. Let S be a monoid, let f: X — Y be a monomorphism and suppose
that Y — Y/X is a 1-pure epimorphism. Then, f is E-unitary. Moreover, for all s,t € S
there exists x € X with xs = xt.

Proof. Let p = im(f) x im(f) U ly, so Y/X = Y/p. Let y € Y \ im(f), s,t € S
and suppose that ys,yt € im(f). Then (yp)s = (yp)t, so there exist z € Y, u € S with
yp = (zp)u and us = ut. Hence, y = zu, so ys = yt, as required.

Let 2 € X so that f(z)ps = f(x)pt. There then exists y € Y with yp = f(x)p and
ys = yt. Hence, y = x1 for some z; € X, so x1s = x1t, as required. ([

Theorem 3.19. Let S be a monoid, let f: X — Y be a monomorphism and suppose
that Y — Y/X is a split epimorphism. Then f is P-unitary. Moreover, for all s,t € S
there exists x € X with xs = xt.

Proof. Let p =im(f) xim(f)Uly,s0Y/X =Y /p. Let g: Y/X — Y be the splitting
map. Note that if y & im(f), then g(yp) =y. Let y,y' € Y \ im(f), s,t € S and suppose
that ys,y’'t € im(f). Then (yp)s = (y'p)t, so g(yp)s = g(y'p)t. Consequently, ys = y't,
as required.

Let © € X such that f(x)ps = f(x)pt. Then g(f(z)p)s = g(f(x)p)t, so there exists
x1 € X with g(f(x)p) = f(x1), so 15 = x1t, as required. O

4. Covers and precovers

Let S be a monoid, and let A be an S-act. Unless otherwise stated, in the rest of this
section, X is a class of S-acts closed under isomorphisms. By an X-precover of A we
mean an S-map g: P — A for some P € X such that, for every S-map ¢': P’ — A, for
P’ € X, there exists an S-map f: P/ — P with ¢’ = gf.

pP—Ls4

N

Pl

If, in addition, the precover satisfies the condition that each S-map f: P — P with
gf = g is an isomorphism, then we call it an X'-cover. We, of course, frequently identify
the (pre)cover with its domain. Obviously, an S-act A is an X-cover of itself if and only
if A € X. Note that this definition of cover is different from that given in [13].

Theorem 4.1 (Mahmoudi and Renshaw [13, Theorem 5.8]). Let S be a monoid.
If g1: X1 — A and go: Xo — A are both X-covers of an S-act A, then there exists an
isomorphism h: X1 — X5 such that goh = ¢;.

Theorem 4.2 (Mahmoudi and Renshaw [13, Theorem 5.7]). Let S be a monoid.
An S-map g: P — A, with P € P, is a P-cover of A if and only if it is a projective cover.
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It was demonstrated in [13] that the previous result is not true for condition (P). We
show in §5 that it is also false for strongly flat acts.

Recall from [11, Theorem II1.3.16] that an S-act G is called a generator if there exists
an S-epimorphism G — S.

Proposition 4.3. Let S be a monoid and let X be a class of S-acts that contains a
generator G. If g: C — A is an X-precover of A, then g is an epimorphism.

Proof. Let h: G — S be an S-epimorphism. There then exists an z € G such that
h(z) = 1. For all a € A define the S-map A,: S — A by A\,(s) = as. By the X-precover
property, there exists an S-map f: G — C such that gf = A\ h. Hence, g(f(z)) = a, so
im(g) = A and g is epimorphic. 0

Obviously, if every S-act has an epimorphic X-precover, then S has an epimorphic
X-precover, which by definition is then a generator in X', so we have the following
corollary.

Corollary 4.4. Let S be a monoid and let X be a class of S-acts such that every
S-act has an X-precover. Every S-act then has an epimorphic X-precover if and only if
X contains a generator.

Note that, for any class of S-acts containing S, S is a generator in X', so X-precovers
are always epimorphic. In particular, this is true for the classes P, SF, CP and F.

Lemma 4.5. Let S be a monoid and let h: X — A be a homomorphism of S-acts
where A = UieIAi is a coproduct of non-empty subacts A; C A. There then exist J C I
and X; C X for each j € J such that X = J,c;X; and im(h|x;) C A; for each j € J.

Moreover, if h is an epimorphism, then J = 1.

Proof. Foreach i € I let X; = {x € X: h(z) € A;} and define J = {i € I: X; # 0}.
For all z; € X; and s € S, h(x;s) = h(z;)s € Aj, so x;s € X; and X; is a subact of X.
Since A; are disjoint and h is a well-defined S-map, X; are also disjoint and X = [J,. ;X
Clearly, im(h|x,;) C A; for each j € J. If h is an epimorphism, then none of the X; are
empty, so J = 1. O

Proposition 4.6. Let S be a monoid and let X satisfy the property that, for each
i €1, UieIXi € X & X; € X. Each A; then has an X-precover if and only if | J;.;A;
has an X -precover.

Proof. For each i € I, let g;: C; — A; be an X-precover of A;. Define g: U
Uie 7Ai to be the obvious induced map where g|c;, = g; for each i € I. We claim that
this is an A'-precover of J;c;4;. Let X € X and let h: X — UicrAi- By Lemma 4.5,
there exists a subset J C I such that X = (J;.;X; and im(h[x;) C A; for each j € J.
Now, by the hypothesis, X; € X, so, since C; is an X-precover of Aj;, there exists
[; € Homg(X},C;) such that hlx, = g;f;. So define f: UjeJXj — U;;Cs to be the
obvious induced map with f|x, = f; for each j € J, and clearly gf = h.

Conversely, let g: C — U@]Ai = A be an X-precover of A. Let ¢ € I and define

C; ={ce C:glc) € A}, and let g; = g|c,. Suppose that X is an S-act and suppose

ie1Ci =

iel
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that h € Homg(X, A;). Then, clearly h € Homg (X, A), so by the X-precover property
there exists an f € Homg(X, C) such that h = gf. In fact g(f(X)) = h(X) C A;, so
f € Homg(X,C;) and h; = g;f. By the hypothesis, C; € X, and hence g;: C; — A; is an
X-precover of A;. O

By Lemma 1.1, the classes P, SF, CP and F all satisfy this property, so, for any of
these classes, to show that all S-acts have X-precovers it is enough to show that the
indecomposable S-acts have X'-precovers.

Lemma 4.7. Let S be a monoid. The one element S-act ©g has an X'-precover if and
only if there exists an S-act A € X such that Homg (X, A) # 0 for all X € X.

Proof. Let ©g = {0}, let A € X and let g: A — Og be given by g(a) = 0. Given any
S-act X € X with S-map h: X — Og, clearly gf = h for every f € Homg(X, A). O

We now show that the colimits of X'-precovers are X-precovers. To be more precise,
we have the following.

Lemma 4.8. Let S be a monoid, let X be a class of S-acts closed under colimits and
let A be an S-act. Suppose that (X;, ¢; ;) is a direct system of S-acts with X; € X for
each i € I and with colimit (X, ;). Suppose also that, for eachi € I, f;: X; — A is an
X-precover of A such that, for all © < j, fj¢i; = fi. There then exists an X-precover
f: X — A such that fo; = f; for all i € I.

Proof. We have a commutative diagram

¢i,j
_— >
fi

a;
i\ X

X; X;

A

so there exists a unique S-map f: X — A such that fa; = f; foralli e I. If F € X and
if g: F — A, then for each 7 € I there exists h;: F' — X, such that f;h; = g. Choose any
i €1 and let h: F — X be given by h = a;h;. Then fh = g, as required. O

The motivation for the next few results comes mainly from [23].

Lemma 4.9. Let S be a monoid and let X be a class of S-acts closed under directed
colimits. Let A be an S-act and suppose that k: C — A is an X-precover of A. There
then exists an X-precover k: C — A and an S-map g: C — C with kg = k such that
for any X-precover k*: C* — A and any S-map h: C — C* with k*h = k, hlim(g) is a
monomorphism.
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Proof. Suppose, by way of contradiction, that for all X-precovers k: C — A and
S-maps g: C — C with kg = k there exist an X-precover k*: C* — A and an S-map
h: C — C* with k*h = k and such that h|im(g) is not a monomorphism. So, in particular,
when C' = C, k =k and g = 1¢, there exists an X-precover k;: C; — A and an S-map
g1,0: C — C} with ki1g1,0 = k and such that gl,o\imuc) is not a monomorphism.

Now let k£ > 2 be an ordinal and suppose that for all ordinals a@ < x there exist an
X-precover kq: Co — A and S-maps go,g: Cg — Cq for § < « such that for any triple
7 <0<, Ja,y = Ja,595,, and

ker(g1,0) € -+ C ker (ga,0) € --- CC x C.

We proceed by transfinite induction. First, if # is not a limit ordinal, then on setting C' =
Cu_1, k=k.1and g = gr—1,0 we deduce that there exist an X-precover k,: C\, — A
and an S-map ¢x x—1: Cr—1 — Cx With k.gx k-1 = gx—1,0 such that g,i,,i,1|im(gm_1)0) is
not a monomorphism. For 8 < k — 1 let gx 8 = gr n—19x—1,3, S0 ker(g._1.0) C ker(gx,0)
and, for v < 0 < K, gx,y = gr,695.~, as required.

Now, if k is a limit ordinal, then let (Cy, gu,o: Co — Cix) be the directed colimit of
the system (Cy, ga,3) and consider the diagram

where k,: C,, — A is the unique S-map that makes the diagram commutative. By
Lemma 4.8 we then deduce that k,: C; — A is an X-precover for A. In addition, we
see that, for v < § < K, gry = 9r,695,, and that ker(gso) C ker(g.,0). But ker(gso) C
ker(gs+1,0) C ker(gs,0), so ker(gso) € ker(g.,0), as required.

It then follows that |C' x C] is greater than the cardinality of every ordinal, which is a
clear contradiction. O

Lemma 4.10. Let S be a monoid and let X be a class of S-acts closed under directed
colimits. Let A be an S-act and suppose that k: C — A is an X-precover of A. There
then exists an X-precover k: C — A such that, for any X-precover k*: C* — A and any
S-map h: C — C* with k*h =k, h is a monomorphism.

Proof. By Lemma 4.9 there exist an X-precover ki: C; — A and an S-map
g1,0: C = Cy with ki1g1 9 = k such that, for any X-precover £*: C* — A and any
S-map h: C; — C* with k*h = ki, hlim(g, ,) 15 @ monomorphism. Now, let n > 1
and suppose by way of induction that there exist an X-precover k,_1: C,_1 — A
and a map gn—1,n-2: Ch—2 = Cp—1 With k,_19n—1,n—2 = kn—2 and such that, for any
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X-precover k*: C* — A and any S-map h: C,,_1 — C* with k*h = ky_1, hlim(
is a monomorphism (here, we obviously assume that Cy = C and kg = k):

gnfl,n72)

Cn72 In—1,n—2 Cn71 kn—1 A
\ Tk*
C

By Lemma 4.9 we then deduce that there exist an X-precover k,: C,, — A and a map
gnn—1: Cpn—1 — Cp with kpgn n—1 = kn—1 and such that, for any X-precover k*: C* — A
and any S-map h: C, — C* with k*h = kp, hlim(g, ,,_,) is @ monomorphism.

Now, let (Cy, gwn: Cn = C,) be the directed colimit of the system (Cl,, gn,n—1) and
consider the diagram

In,n—1
Choy——————C,

n
W\l 97

where k,: C, — A is the unique S-map that makes the diagram commutative. By
Lemma 4.8 we then deduce that k,: C, — A is an X-precover for A. We claim that
this X-precover has the desired properties. So let k*: C* — A be an X-precover of A
and let h: C, — C* be an S-map with k*h = k,. Suppose also that h(x) = h(y) for
z,y € C,. There then exist m,n > 0 and x,, € Cp,, y, € C,, such that g, m(Tm) = =
and g, n(Yn) = y. Assume, without loss of generality, that m < n and let 2z, = gpm(Tm)-
Then

hgw,n+1(9n+1,n(zn)) = hgw,n(zn) = hgw,n(yn) = hgw,n+1(9n+1,n(yn))'

But hgw,n+1: Cn-‘rl — C* and hgw,n-‘rl‘
In+1,(2n) = Gn+1,n(Yn), 50

im(gns1..) 18, therefore, a monomorphism. Hence,

T = gom(Tm) = Gwnr1(Gnr1,0(20)) = Jont1(gnt1.0(Yn)) = go.n(Yn) =y,
as required. O

We can now deduce one of our main theorems.

Theorem 4.11. Let S be a monoid, let A be an S-act and let X be a class of S-acts
closed under directed colimits. If A has an X-precover, then A has an X -cover.

Proof. By Lemma 4.10 there exists an X-precover ko: Cy — A such that, for any
X-precover k*: C* — A and any S-map h: Cy — C* with k*h = kg, h is a monomor-
phism. We show that kg: Cy — A is in fact an X-cover of A.

https://doi.org/10.1017/50013091513000618 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091513000618

Covers of acts over monoids and pure epimorphisms 605

Assume by way of contradiction that A does not have an X'-cover. Let C; = Cj and
k1 = ko. There then exists g10: Cy — C; with k1910 = ko and such that g1 is a
monomorphism but not an epimorphism. It follows that

im(gl,o) g Cl = C().

By way of transfinite induction, suppose that £ > 2 is an ordinal such that, for all ordinals
«a < K, there exists an X-precover ky: C, — A such that the following hold:

(1) for any X-precover k*: C* — A and any S-map h: C, — C* with k*h = k,, h is
a monomorphism;

2) for all ordinals 8 < « there exist S-maps g4 5: Cg — C,, which are monomor-
B VB
phisms but not epimorphisms, and im(gqa,3) € Caq;

(3) for all ordinals v < 8 < @, ga,y = ga,398,y and
im(ga,y) & im(ga,s).

We show that x also possesses these properties. If £ is not a limit ordinal, then let C,;, =
Cy—1 and ky;, = ky—1. Then, clearly, k,;: C,, — A satisfies the condition of (1) above. There
also exists gy x—1: Ck—1 — C\ with kg, x—1 = kx—1, which is a monomorphism but not
an epimorphism. For each 8 < & let g, 3 = gx,x—191x—1,3. Then, since g, ,—1 is not onto, it
follows that g, g is not an epimorphism but is a monomorphism, so im(g, 3) € Cx. By the
inductive hypothesis, if v < 3 < K, gx,y = gx,898,y and, in addition, im(g, ) € im(gx,g)-

Now suppose that « is a limit ordinal, let (Cy, gx,g: Cg — C\) be the directed colimit
of the system (Cjg, gg,4) and consider the diagram

ny 9B8.,~ OB

&’Y g 7

where k,: C\; — A is the unique S-map that makes the diagram commute. By Lemma 4.8
we then deduce that k.: C, — A is an X-precover for A. In addition, we see that, for
v < B <K, gy = Gr,398,v, and that since each gg - is a monomorphism, so is each g, g.
Suppose that g, - is onto for some v < x. Then, for each v < 8 < &, since g, g is a
monomorphism, it follows that gs ~ is also onto, which is a contradiction, so g is not
an epimorphism for any v < k. It is then clear that

im(gr,) G im(gx,5) G Ck.
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Finally, let £*: C* — A be an X-precover and let h: C; — C* be such that k*h = k.
For each 8 < k we then have a commutative diagram

K ki
CﬁgcﬁﬂA

C*

and by assumption hg, g is a monomorphism. Hence, by Lemma 2.4 it follows that h
is a monomorphism. In particular, we can deduce that there exists a monomorphism
C,Q — Co.

Consequently, we see that for any ordinal x we have a chain of length k,

im(gx,0) G -+ Cim(gep) -+ S Cx C Cy,
which is a contradiction. O

It is clear that a necessary condition for an S-act A to have an X-precover is that there
exists X € X with Homg (X, A) # (. This condition is always satisfied in the category
of modules over a ring (or indeed any category with a zero object), as every Hom-set is
always non-empty, but this is not always the case for S-acts.

Let S be a monoid and let X be a class of S-acts. We say that X satisfies the (weak)
solution set condition if for all S-acts A there exists a set S4 C X such that for all
(indecomposable) X € X and all S-maps h: X — A there exist Y € Sy, f: X = Y and
g: Y — A such that h =gf.

Theorem 4.12. Let S be a monoid and let X be a class of S-acts such that UieIXi €
X & X, € X for each @ € I. Every S-act then has an X-precover if and only if

(1) for every S-act A there exists an X in X such that Homg (X, A) # 0,
(2) X satisfies the weak solution set condition.

Proof. Suppose that X satisfies the given conditions. Let A be an S-act and let Sy =
{C;: i € I} be as given in the weak solution set condition. Note that, by property (1),
Sa # 0. Moreover, we can assume that, for all Y € S4, Homg(Y, A) # 0 as Sa\{Y € Sa |
Homg(Y, A) = 0} will also satisfy the requirements of the solution set condition.

For each 7 € I and for each S-map g: C; — A let C; 4 be an isomorphic copy of C;
with the isomorphism ¢; 4: C; ; — C; (recall that we are assuming that X is closed under
isomorphisms). Let

ca=J Cig-
A i€l, geHomg (Cy,4) Y

By the hypothesis, C4 € X and we can define an S-map g: C4 — A by glc,, =
9¢i g for each i € I, g € Homg(C;, A). We claim that (Ca,g) is an X-precover for A.
Let X € X and let h: X — A be an S-map. By the hypothesis, X = UjeJXj is a
coproduct of indecomposable S-acts with X; € X for each j € J. Furthermore, by the
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hypothesis, there exist C;; € S, f;: X; — Cj; and g;: C;; — A such that g;f; = hlx;.
Now §|Cij,gj QS:J ,1q,- = gj, so both triangles and the outer square in the following diagram

commute (where the unlabelled arrows are the obvious inclusion maps):

So define f: X — Ca by f|x, = qbi_j}gj f; and note that gf = h, as required.
Conversely, if A is an S-act with an X-precover C4, then Homg(Ca, A) # 0, and on
setting S4 = {Ca} we see that X satisfies the (weak) solution set condition. O

Note from the proof of Theorem 4.12 that we can also deduce the following.
Theorem 4.13. Let S be a monoid and let X be a class of S-acts such that X; € X
for each i € I = |J,c;X; € X. Every S-act then has an X-precover if and only if

(1) for every S-act A there exists an X in X such that Homg(X, A) # 0,

(2) X satisfies the solution set condition.

Corollary 4.14. Let S be a monoid and let X be a class of S-acts such that

(1) Uje; Xi €X & X, € X foreachi € I,

(2) for every S-act A there exists an X in X such that Homg(X, A) # 0,

(3) there exists a cardinal A such that for every indecomposable X in X, |X| < A.

Then, every S-act has an X'-precover.

Proof. By (3), there exists a A-skeleton C = {C;: i € I} for the indecomposable
S-acts in X. Suppose that A is an S-act and let S4 = C. If X € X is indecomposable
and if h: X — A is an S-map, then there exists an isomorphism ¢: X — C; for some
C; € O, we have an S-map h¢~': C; — A and clearly h = h¢~1¢, so X satisfies the
weak solution set condition. a

Let A be an S-act and let p be a congruence on A. We say that p is X'-pure if A/p € X.
The inspiration for some of the following results comes from [23].

Theorem 4.15. Let S be a monoid, let X be a class of S-acts and suppose that A
is an S-act such that ¢¥: F' — A is an X-precover. Suppose also that the set of X-pure
congruences on F' is closed under unions of chains. There then exists an X-precover
¢: G — A of A such that there exists no non-identity X-pure congruence p C ker(¢)
on G.
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Proof. First, if there does not exist a non-identity X-pure congruence o C ker(v))
on F, then we let G = F and ¢ = . Otherwise, by assumption, any chain of X-pure
congruences on F' contained in ker(y) has an upper bound, so by Zorn’s lemma there is
a maximum o, say. Let G = F//o and let ¢: G — A by the natural map that makes

oy

v

G

commute. It is then easy to check that ¢: G — A is an X-precover, as, if H € X
and f: H — A, then there exists g: H — F such that ©g = f. So og: H — G and
dolg =g = f, and ¢: G — A is an X-precover.

Finally, suppose that p # 1 is an X-pure congruence on G such that p C ker(¢). By
Remark 1.3, o/p is then an X-pure congruence on F containing o and o/p = ker(p'c?) C
ker(v). By the maximality of o it follows that ¢ = o/p, so p = 1¢g, a contradiction, as
required. O

Following [2], we can extend this result as follows.

Proposition 4.16. Let S be a monoid and let X be a class of S-acts. If A is an S-act
such that ¢: F' — A is an X-cover, then there exists no non-identity X-pure congruence
p C kervy on F.

Proof. Let p C kervy be an X-pure congruence on F. There then exists an induced
S-map ¢: F/p — A such that ¢p? = 1. Since (F, 1)) is a precover, there exists an S-map
0: F/p — F such that ¥0 = ¢:

F—Ys4
N
F/p

Hence, 18p° = ¢pp' = 1, so p is an automorphism of F. Hence, p? is a monomorphism,
so p = 14, as required. O

Let X be a class of S-acts. We say that X is (weakly) congruence pure if for each
cardinal A there exists a cardinal x > A such that for every (indecomposable) X € X
with |X| > k and every congruence p on X with |X/p| < A there exists an X-pure
congruence 1x # 6 C p of X.

Theorem 4.17. Let S be a monoid and let X be a class of S-acts such that
(1) Usje;Xi € X & X, € X for each i € I,

(2) for every S-act A there exists an X in X such that Homg(X, A) # 0,
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(3) for each X € X the set of all X-pure congruences on X is closed under unions of
chains,

(4) X is weakly congruence pure.
Then, X satisfies the weak solution set condition, so every S-act has an X-precover.

Proof. Let A be an S-act, let A = max{|A|,Ro}, let x be as given in the weakly
congruence pure condition and let S4 be any k-skeleton of X consisting of S-acts of
cardinalities less than x. Suppose that X € X is an indecomposable S-act and that
h: X — Ais an S-map. If | X| < k, then let Y € S4 be an isomorphic copy of X and let
f: X =Y be an isomorphism and define g: Y — A by g = hf ! such that h = ¢f.

Suppose now that |X| > k. Then |X/ker(h)| = [im(h)| < A, so there exists an X-pure
congruence 1x # 0 C ker(h) on X with X/0 € X. In fact, using a combination of Zorn’s
lemma and the hypothesis that the set of X-pure congruences on X is closed under
unions of chains, we can assume that 6 is maximal with respect to this property. Now let
h: X/ — A be the unique map such that

x " x/6

!

commutes. Note that, since im(h) = im(h),

[(X/0)/ker(R)| = |X /ker(h)| < A.

Now suppose, by way of contradiction, that 1x/9 # p C ker(h) is an X-pure congruence
on X/6 such that (X/6)/p € X. Then by Remark 1.3 and since X € X it follows
that 6/p is an X-pure congruence on X containing 6, and since p C ker(h) it easily
follows that 6/p C ker(h). Hence, by the maximality of § we deduce that 6/p = 6,
so p = lx/g. Therefore, it follows that X/0 does not contain a non-identity X-pure
congruence contained in ker(h) and, since by Lemma 1.2 X/6 is indecomposable and
since X is weakly congruence pure, we deduce that |X/0| < k. Consequently, it follows
that there exist Y € S4 and an isomorphism f: X/ — Y; so define f: X — Y by
f=f6"and g: Y — A by g =hf ! such that gf = h.

Hence, X satisfies the weak solution set condition and the result follows from Theo-
rem 4.12. g

A similar condition to this is considered in [3,4] and forms the basis of one of the
proofs of the flat cover conjecture.

5. Strongly flat and condition (P) covers

In this section we apply some of the previous results to the specific classes X = SF and
X = CP. In particular, note from Lemma 1.1 that |J;.;X; € & < X; € & for eachi € [
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holds for both X = SF and X = CP. Also, since S is strongly flat (and hence satisfies
condition (P)), given any S-act A there exists an X in X such that Homg(X, A) # 0.

Let A be an S-act and let p be a congruence on A. Recall that we say that p is X' -pure
if A/p € X. So, by Propositions 3.11 and 3.12, Corollary 3.13 and [1, Corollary 4.1.3 and
Theorem 4.1.4] we deduce the following.

Corollary 5.1. Let S be a monoid, let X be an S-act and let p be a congruence on X.
(1) If X € &, then p is E-pure if and only if it is 1-pure.

(2) If X € CP, then p is CP-pure if it is 2-pure.

(3) If X € SF, then p is SF-pure if and only if it is pure if and only if it is 2-pure.
(4) If X € P, then p is P-pure if and only if p® splits.

From Lemma 2.5 and Propositions 2.8 and 2.9 we can immediately deduce the following
important result.

Theorem 5.2. Let S be a monoid and let X be a class of S-acts closed under directed

colimits. Then, X is closed under chains of X-pure congruences. In particular, this is true
for the classes X = SF and X = CP.

Recall that an act X is said to be locally cyclic if for all z,y € X there exists z € X,
s,t € S with = zs, y = zt. By [19, Theorem 3.7] the indecomposable acts in CP and
SF are the locally cyclic acts.

Lemma 5.3. Let S be a monoid, suppose that X satisfies condition (P) and suppose
that we have the system of equations

181 = Xata,

T8y = x3t3,

Tp—18n—1 = Tptp,

where x; € X, s;,t; € S. There then exist y € X, u; € S such that, for1 <i<n—1, we
have that T; = YU, and U;S; = ui+1ti+1.

Proof. We prove this by induction on n. Suppose then that n = 2. Our system is
then

r181 = Tata,

and condition (P) means there exist y € X, uj,us € S with 21 = yuq, x2 = yus and
u181 = ustsy, as required.
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Suppose then that the result is true for ¢ < n and suppose that we have the system of
equations

T181 = Tata,

ToS2 = x3ts,

Tpn—18n—1 = zntvu

TnSn = xn+1tn+1 .

By induction there exist y € X, u; € S such that, for 1 < ¢ < n, we have that z; = yu;
and, for 1 < ¢ < n — 1, that u;s; = w;41t;41. In addition, condition (P) means that
there exist ' € X, u,,v, € S with z,, = y'u},, Tpt1 = y'v), and u),s, = v} t,41. But
then x, = yu, = y'u,, so there exist z € X, p,q € S with y = zp, ¥y = zq and
pu, = qu, . Hence, for 1 < i < n it follows that z; = z(pu;) and, for 1 < ¢ < n —1,
(pui)s; = (puit1)tit1, while x,11 = 2(qu)) and (pup)s, = qui,sn = (qUl)tny1, as
required. 0

The following was suggested to us by Philip Bridge (personal communication, 2010).
For a version involving more general categories see [5].

Proposition 5.4 (Bridge [5, Theorem 5.21]). Let S be a monoid and suppose
that S satisfies the following property:

Vs € S, 3k € N such that Ym € S, |{p € S | ps = m}| < k.

Every S-act then has an SF-cover and a CP-cover.

Proof. We show that every indecomposable S-act that satisfies condition (P) (and
hence every strongly flat indecomposable S-act) has a bound on its cardinality. Let X
be an indecomposable S-act that satisfies condition (P). It is then locally cyclic, so for
all x,y € X there exist z € X, s,t € § such that z = zs, y = zt:

m\z/y

We now fix x € X and consider how many possible y € X could satisfy these equations.
Firstly, we take a fixed s € S and consider how many possible z € X could satisfy x = zs.
By the hypothesis, there exists k& € N such that, for any m € S, |{p € S: ps = m}| < k.
We suppose that there exist at least k+ 1 distinct z such that z = zs. That is, z = 215 =
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235 = --+ = 2zp415. By Lemma 5.3 there then exist w € X, p1,...,pr+1 € S such that
P18 =+ =pry18 and z; = wp; for each i € {1,..., k+ 1}
T

21 29 2k Zk4+1

Prk+1

Y/

However, by the hypothesis, this means at least two p; are equal and, hence, at least two
z; are equal, which is a contradiction. So, given some fixed s € S, there exist at most k
possible z such that = zs. Hence, there exist no more than R¢|S| possible z € X, s € S
such that x = zs. Similarly, given a fixed z € X, there exist at most |S| possible t € S
such that zt = y, and, hence, there exist no more than Xy|S|? possible elements in X. So
the result follows by Corollary 4.14. (]

A finitely generated monoid that satisfies this property is said to have finite geometric
type (see [21]). Let B be the bicyclic monoid and let (s,t) € B. Suppose that (m,n) € B
is fixed and suppose that (p,q) € B is such that (p,q)(s,t) = (m,n). We count the
number of solutions to this equation. Recall that

(P,q)(s,t) = (p — g + max(g, s),t — s + max(q, s)) = (m,n).

If ¢ > s, then (p,q) = (m,n — (t — s)) and there exists at most one solution to the
equation. Otherwise, (p,q) = (m — s + ¢, q), where ¢ ranges between 0 and s — 1. There
exist, therefore, at most s+ 1 possible values of (p, q) that satisfy the equation, so B has
finite geometric type. Hence, we deduce the following.

Proposition 5.5. Let S be the bicyclic monoid. All S-acts then have an SF-cover
and a CP-cover.

On letting k = 1 in Proposition 5.4, we can deduce the following corollary.

Corollary 5.6. Let S be a right cancellative monoid. Every right S-act then has an
SF-cover and a C'P-cover.

It also now follows that not every SF-cover is a strongly flat cover, as it was shown
in [13, Remark 3.6] that (N,-) is a monoid in which the 1-element act © does not have
a strongly flat cover. It is, however, obviously right cancellative.

Recall [9] that a monoid S is said to satisfy condition (A) if all right S-acts satisfy
the ascending chain condition for cyclic subacts. This is equivalent to saying that every
locally cyclic right S-act is cyclic.

Proposition 5.7. Let S be a monoid that satisfies condition (A). Every right S-act
then has an SF-cover and a CP-cover.
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Proof. By [19, Theorem 3.7] the indecomposable acts in CP and SF are the locally
cyclic acts, but since S satisfies condition (A) all the locally cyclic acts are cyclic. If S/p
is cyclic, then clearly |S/p| < |S| and the result follows from Corollary 4.14. O

It is well known that not every monoid that satisfies condition (A) is perfect, so we
can then deduce that P-covers are, in general, different from SF-covers and CP-covers.
Also, given that indecomposable projective acts are cyclic, the indecomposable S-acts
are bounded in size, so by Corollary 4.14 we can deduce the following.

Proposition 5.8. Let S be a monoid. Every S-act has a P-precover.

Lemma 5.9. Let S be a monoid. If A is a right S-act and if k: C — A is an SF-cover
with C' projective, then C is a P-cover.

Proof. If P is projective and if g: P — A is an S-map, then P is strongly flat, so
there exists h: P — C with kh = g, so P is a projective cover. |

Since right perfect monoids satisfy condition (A), we have the following.

Corollary 5.10. Let S be a right perfect monoid. Every right S-act then has an
SF-cover.

In addition, since S is right perfect if and only if all strongly flat S-acts are projective,
we have the following.

Corollary 5.11. S is right perfect if and only if every right S-act has a projective
SF-cover.

From [10, Examples 2.9 and 2.10] we can deduce the following.

Theorem 5.12. The following classes of monoids satisfy condition (A), so every right
S-act over such a monoid has an SF-cover and a C'P-cover:

(1) finite monoids;

(2) rectangular bands with a 1 adjoined;

(3) right groups with a 1 adjoined;

(4) right simple semigroups with a 1 adjoined;
(5) (N, max).

The previous results rely on us showing that the indecomposable strongly flat S-acts are
bounded in size, and hence that the class of indecomposable strongly flat S-acts forms a
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set. We show that there exists a monoid S with a proper class of indecomposable strongly
flat acts by constructing an indecomposable strongly flat act of arbitrary cardinality.

Example 5.13. Let S = T(N) be the full transformation monoid over the set of
natural numbers and let ¢: N x N — N be a bijection of sets. For convenience, we
write maps on the right. Given any set X # (), let Ax = {f: X — N} be the set of
all maps from X to N. We can make Ax into an S-act by composition of maps: for
f € Ax, se€ S define fs € Ax by x(fs) = (xf)s. Given any f,g € Ax, let h € Ax be
defined as xh = (2.f,1g)¢. Then define u,v € S to be u = ¢~m; and v = ¢~ 17y, where
(z,y)m =« and (z,y)m2 = y. Therefore, f = hu, g = hv and Ay is locally cyclic (hence
indecomposable) and has cardinality at least | X|. We now show that Ax is strongly flat.
Let f,g € Ax, s,t € S such that fs = gt. Define h € Ax as before, pick some x € X
and define u,,v, € S by

nu if n € im(h),
Nuy = .
xf otherwise,

nv if n € im(h),
NV = .
xg otherwise.

Then f = hug, g = hv, and u,s = v,t, so Ax satisfies condition (P). Let f € Ax,
s,t € S such that fs = ft. Pick some x € X and define w € 5,

zf otherwise.

o — {n if n € im(f),

Then f = fw and ws = wt, so Ax satisfies condition (E) and is strongly flat.

Let T be a monoid and let S be a submonoid of T. If X is an S-act that satisfies
condition (P), then X ®¢ T is a T-act and X — X ®g T, given by z — z ® 1, is an
S-monomorphism (since X is flat). Moreover, if X is locally cyclic, then so is X ®g T,
since if 1 @ t1, T2 @ ts € X ®g T, then there exist z € X, uq,us € S with 1 = zuq,
o = zug. S0 1 ®t; = 2z @uit; = (2 ® 1)usty and, similarly, zo ® t2 = (2 ® 1)uats.

Finally, we can also deduce that X ®g T satisfies condition (P) as, if (x ® t1)ry =
(2’ ® ta)rg, then there exist xo,...,2, € X, ug,...,Up,V2..., 0y € S, po,...0n—1 €T

such that
T = Tausz, Ugt1r1 = v2p2,
T2V = T3Us3, uzp2 = V3ps,
Tn—1Un—1 = TpUn, UnPn—-1 = UntQT%
Tnln = 2.
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So, by Lemma 5.3, there exist y € X and w; € S such that x; = yw; and w;v; = w;y1u;41
(x = ywy, w1 = waug and &’ = Ywy,41, WpVy = Wpt1), S0 we have a scheme of the form

T = ywy = Ywaug, Ut r1 = V22,
YwaV2 = YwWsus, uzp2 = v3pP3,
YWn—-1Vp—1 = YWpUn, UnPn—1 = Unt2r2a

YWnUp = YWny1 = 2.
Hence, 2 ® t1 = (y ® Dwity, 2’ @ ta = (y ® D)wy11t2 and

(wit1)r1 = waugti 1 = Wav2Py = W3U3P2 = W3V3P3 = - - -

= Wn—-1Un—-1Pn—1 = WpUnPn—1 = Wy UptaTe = (wn+1t2)r2~

In a similar way, if X is strongly flat, then whenever (x ® t)r1 = (x ® t)ro in X ®g T we
can proceed as above and deduce the existence of a scheme

T = ywy = ywaug, ugltry = vap2,
Ywavy = Ywsus, Uugp2 = U3pPs3,
YWp—-1Vp—1 = TplUn, UpPrn—1 = Vptra,

YWpUp = YWpt1 = T

Now, since yw; = ywy+1 and since X satisfies condition (E), there exist z € X, u € S
with y = zu and uw; = uw, 11, 80 * ®t = (2 ® 1)uw;t and, as before, (uw t)r; = -+ =
UWp11tre = (uwit)re. So X also satisfies condition (E).

Let T be a monoid that satisfies condition (A), let S be a left pure submonoid of T
(in the sense that the inclusion S — T is a left pure S-monomorphism) and let X be a
locally cyclic right S-act. Then, from above, we see that X ®g T is a locally cyclic right
T-act, so is cyclic. Hence, there exist 29 € X, tg € T such that X ®¢ T = (z¢ ® to)T.
We show that X is also cyclic. First, we say that a left S-monomorphism f: C' — D is
stable if, for all right S-monomorphisms A\: A — B,

im(1lp® f)NIm(A® 1p) =im(A ® f).

It was shown in [18, Theorem 3.1] that left pure monomorphisms are stable. In particular,
the above remarks hold when \: oS — X, f: S — T are the inclusions. Consequently,
ifre X, thenx®1 =29 ®tin X ®¢ T for some t € T. Hence, there exists s € S such
that t® 1 = 29s® 1 in X ®¢ T, and since X — X ®g T is a monomorphism, by left
purity of S — T, x = xqs, as required. Hence, we can deduce the following.

Proposition 5.14. The class of monoids that satisfy condition (A) is closed under
the taking of left pure submonoids.
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We can also deduce the following theorem.

Theorem 5.15. Let T' be a monoid and let X7 = SFr1 or Xr = CPp. Let M be the
class of monoids such that, for all T € M, there exists a cardinal k with |X| < k for all
locally cyclic right T-acts X € Xp. Then M is closed under submonoids. In addition, for
any monoid S € M, every right S-act has an SF-cover and a CP-cover.

Proof. Let T'€ M and let S be a submonoid of T'. If X € Xg is a locally cyclic right
S-act, then X ®¢ T € Xr is a locally cyclic right T-act. By assumption, there exists a
cardinal s such that | X ®¢ T| < &, so, since X — X ®g T is a monomorphism, | X| < &,
and hence S € M. O

Corollary 5.16. Let S be any submonoid of the bicyclic monoid. Every S-act then
has an SF-cover and a CP-cover.

Many of the results in this paper involve monoids belonging to M. However, Exam-
ple 5.13 demonstrates that M is not the class of all monoids. One of the proofs of the flat
cover conjecture in [4] involved showing that every module over a unitary ring satisfied
a condition very similar to that given in Theorem 4.17. We feel that a similar situation
should hold in the category of S-acts.

We hope to consider the classes of torsion-free, divisible, injective and free acts in a
subsequent paper.
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