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Abstract. In this article the notions of quasi mono (epi) as a generalization
of mono (epi), (quasi weakly hereditary) general closure operator C on a
category X with respect to a class M of morphisms, and quasi factorization
structures in a category X are introduced. It is shown that under certain
conditions, if (£, M) is a quasi factorization structure in X', then X has a quasi
right M-factorization structure and a quasi left £-factorization structure. It
is also shown that for a quasi weakly hereditary and quasi idempotent QCD-
closure operator with respect to a certain class M, every quasi factorization
structure (€, M) yields a quasi factorization structure relative to the given
closure operator; and that for a closure operator with respect to a certain
class M, if the pair of classes of quasi dense and quasi closed morphisms
forms a quasi factorization structure, then the closure operator is both quasi
weakly hereditary and quasi idempotent. Several illustrative examples are
provided.
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1 Introduction and preliminaries

Closure operators have been around for almost one century in the context
of categories of topological spaces and lattices. In [27], Salbany introduces a
particular closure operator in the category of topological spaces. This idea
was later transformed to an arbitrary category, which led to the general
concept of categorical closure operators, see [8-10]. Weakly hereditary and
idempotent closure operators play an important role, as they arise from
factorization structures. In [22], quasi right factorization structures were
introduced and their connection with closure operators was investigated,
while quasi left factorization structures appear in [19].

There are many important structures that are not factorization struc-
tures nor even weak factorization structures; however they are quasi fac-
torization structures, as introduced in this article. Many examples of such
structures are provided and the connections between quasi right factoriza-
tion structures, quasi left factorization structures, quasi factorization struc-
tures, and closure operators are investigated.

In Section 2, to develop some theory related to closure operators in the
more general context of a quasi right factorization structure M on a cate-
gory X, the notions of quasi mono and quasi epi are given. Then we will
study some preliminary results and we will provide some examples of these
notions. The strong point of these examples is to provide epimorphisms
which are quasi mono and monomorphisms which are quasi epi. In Sec-
tion 3, the definition of a general closure operator on a category X with
respect to the class M of morphisms is introduced, some related results and
several examples are also given. In Section 4, after defining quasi weakly
hereditary closure operator, we prove that for a quasi idempotent closure
operator we have a quasi right factorization structure and for a quasi weakly
hereditary closure operator under some conditions we have a quasi left fac-
torization structure. In Section 5, for morphism classes £ and M, the
notion of (£, M)-quasi factorization structure is introduced and examples
of quasi factorization structures which are not weak factorization structures
are furnished. It is shown that if (£, M) is a quasi factorization structure
in X, then X has quasi right M-factorization structure provided that M
has X-pullbacks and it has quasi left £-factorization structure provided that
M C Mon(X), the class of monos, and £ has X-pushouts. It is also shown
that for a quasi weakly hereditary and quasi idempotent QCD-closure oper-
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ator with respect to a class M that is contained in the class of quasi monos
and is closed under composition, every quasi factorization structure (£, M)
yields a quasi factorization structure relative to the given closure operator.
Finally it is proved that for a closure operator with respect to a class M
that is contained in the class of strongly quasi monos and is a codomain,
if the pair of classes of quasi dense and quasi closed morphisms forms a
quasi factorization structure, then the closure operator is both quasi weakly
hereditary and quasi idempotent.

To this end we will give some basic definitions and results which will be
used in the following sections.

Definition 1.1. [22] Let M be a class of morphisms in X and for every
object X of X, M /X be the class of all morphisms with codomain X. We
say that X has quasi right M-factorizations or M is a quasi right factoriza-

tion structure in X, whenever for every morphisms Y 1 X in X, there

exists M —2= X € M/ X such that

(a) f=myg for some g;

(b) if there exists m € M/X such that f = mg for some g, then my =
mh for some h. my is called a quasi right part of f.

With (m) = {mh : h € X and mh is defined} denoting the sieve
generated by m, see [21], (a) is equivalent to

(@) (f) € (my);

and (b) is equivalent to:

(b) if there exists m € M/X such that (f) C (m), then (mys) C (m).

Note that right M-factorizations, as defined in [10], are quasi right M-
factorizations.

Lemma 1.2. [22] Suppose that X has quasi right M-factorizations. Let f
be a morphism in X and my be a quasi right part of f.

(a) If f € M, then (my) = ().

(b) m is a quasi right part of f if and only if m € M and (m) = (my).
(

(

c) If (f) € (g), then (my) C (my).
d) If (9) =

The class of all isomorphisms in X" is denoted by Iso(X).

(f), then my is a quasi right part of g.
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Proposition 1.3. Suppose M is closed under composition with isomor-
phisms on the left, that is, m € M, o € Iso(X), and am defined, yields
that am € M. If f is a morphism in X and my is a quasi right part of f,
then amy is a quasi right part of af.

Proof. This follows directly from the definition. O

Notation 1.4. For each composite Z—Q>X*f>Y in X we will de-
note by f(g) : f(Z) ——=Y a chosen quasi right part of a quasi right M-

factorization of fg. Note that if m/ is another quasi right part of fg, by
Lemma 1.2(b), we have (f(g)) = (m/).

Remark 1.5. Suppose that X has quasi right M-factorizations.
(a) For each M —"= X € Mwe have (m(1y)) = (m).

(b) For each X ! Y, T—2+Y and Y s Zin Xif (f) C{g), then
(h(f)) € (h(9))-

Proposition 1.6. Suppose that M is closed under composition with iso-

morphisms on the left. For each morphism X *f>Y and isomorphism
Y %= 7 in X we have {a(f)) = (a(f(1x))).

Proof. Obvious. O

The notion of a cosieve is dual to that of a sieve. A principal cosieve gen-
erated by f is denoted by ) f(. Also the notion of a quasi left £-factorization
is dual of quasi right M-factorization, see [19].

2 Quasi mono and quasi epi

In this section, quasi monos and quasi epis as a generalization of monos and
epis will be defined and some of their properties will be studied. Then we
will provide some examples of these notions. The significant point of these
examples is to provide epimorphisms which are quasi mono and monomor-
phisms which are quasi epi. Since these notions, especially “quasi mono”,
are used in the study of some kinds of general closure operators, some exam-
ples of quasi right M-factorization structures are given, in which the class
M is contained in the class of quasi monos.
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Definition 2.1. (a) A morphism f in X is called quasi mono, whenever for
each morphism a,b € X if fa = fb, then (a) = (b). The class of all quasi
monos in X is denoted by QM (X).

(b) A morphism f is called quasi epi, whenever for each morphism a,b €
X if af = bf, then (a) = (b). The class of all quasi epis in X is denoted by

QE(X).

Proposition 2.2. We have the following:

(a) f is a quasi mono if and only if for all morphisms u and v with the
same codomain if (fu) C (fv), then (u) C (v).

(b) If gf is a quasi mono, then f is a quasi mono.

(c) If f and g are quasi monos and gf is defined, then gf is a quasi
mono.

(d) If A—f>C s a quasi mono, and B—2Y~C is a mono and the
diagram
Ax,B-"=>B
7F1l p.b lg

A 7 C

s a pullback in X, then mo is a quasi mono.

Proof. The proof is straightforward. O

Proposition 2.3. We have the following:

(a) If gf is a quasi epi, so is g”.

(b) If f is an epi and g is a quasi epi and gf is defined, then gf is a
quasi epi.

Proof. The proof is straightforward. O

Lemma 2.4. We have the following:
(a) If f is a quasi mono and a split epi, then f is an isomorphism.
(b) If f is a quasi epi and a split mono, then f is an isomorphism.

Proof. (a) Since X Ty is a split epi, we have Y —>> X such that
fs =1y. Thus fsf = f, and so (sf) = (1x), because f is a quasi mono.
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Therefore there exists a morphism X —'5 X such that s ft = 1x. Hence
s, and thus f, is an isomorphism.
(b) Similar to (a). O

Corollary 2.5. We have the following:

(a) If the class of quasi monos in X is pullback stable, then quasi monos
are monos.

(b) If the class of quasi epis is pushout stable, then quasi epis are epis.

Proof. (a) Suppose that a quasi mono X —f>Y is given. Consider the
pullback diagram

.
X x, X2 s X

ml pb. if

X Y

There exists a unique morphism g : X —— X X, X in X such that m1g =
1x, mg = 1x. Thus 7 and 7 are quasi monos and split epis, and so, by
Lemma 2.4(a), they are isomorphisms. Therefore f is a mono.

(b) Similar to (a). O

Remark 2.6. In the categories, Set of sets, Top, of topological spaces and
R-Mod, of left R-modules, quasi monos (quasi epis) are monos (epis).

To give examples of quasi monos which are not monos, we need the
following definitions.

Recall that, [4, p.72], a submodule K of M is

(i) superfluous in M, abbreviated K < M, in case for every submodule
L<M,K+L=M implies L =M.

(ii) is essential in M, abbreviated K < M, in case for every submodule
L <M, KNL=0implies L = 0. It is easy to see that K is essential in M
if and only if, for every nonzero m € M, there is r € R with rm € K and
rm # 0.
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For a module M the socle of M (= Soc(M)) is defined as the sum of all
simple (minimal) submodules of M, (see [30, p.174]).

An R-module M is called:

(i) uniform if every non-zero submodule of M is essential in M (see [30,
19.9)).

(ii) quasi-projective in case M is M-projective, (see [15]).

(iii) cocyclic if there is an mg € M with the property: every morphism
h: M —— N with my ¢ K}, is monic, where K}, is the kernel of h, (see [30,
p.115]).

Let R be a domain and M be an R-module. Then M is called torsion-
free, whenever there are no nonzero x € M and r € R with rx = 0. Note
that projective modules are torsion free (see [7, Proposition 1.1]).

Example 2.7. Let QP be the full subcategory of R-Mod whose objects
are quasi-projective modules and let R be a domain.

(a) Let P be a uniform projective module. By [30, 21.1], Soc(P) is
the intersection of essential submodules of P and since P is uniform, every
non-zero submodule of P contains Soc(P) (and hence it is minimum proper
submodule of P). Consider the following commutative diagram

P —"~ P/Soc(P)
PN
RW)

where P/Soc(P) is homomorphic image of a free R-module R™) for some
set A, p is the canonical projection and ¢f = p. Therefore f is a non-zero
map. We show that f is quasi mono in QP. To this end let the diagram,

N— P I pW)
h

in QP be given such that fg = fh. So we have,

Ky +Img = Ky +Imh (2.1)

If Imh = 0, then Img = 0. Because, otherwise, if Img # 0, then Img < P.
Since f # 0 there exists 0 # pyg € P such that f(pg) # 0. This implies that
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there exists r € R such that 0 # rpy € Img. Thus rpg = g(t) for some t € N
and hence rf(po) = f(g(t)) = f(h(t)) = 0. This is a contradiction, because
R is torsion-free. So Img = 0. Thus we have two cases:

(i) Img = Imh = 0, and so (g) = (h) = {0};

(ii) Img # 0 and Imh # 0. Thus equality (1) implies that Img = Imh.
Since N is quasi-projective, there exist morphisms «,3: N ——= N such
that the diagram

Img = Imh

commutes, where for each € N, g(x) = g(x) and h(z) = h(x). Therefore
(9) = (h) and hence p is quasi mono.

(b) Let P be a cocyclic projective module and L be the intersection
of all non-zero submodules of P, hence, by [30, 14.8(c)], L is a non-zero
minimum submodule of P. Since every non-zero projective module contains
a maximal submodule (see [4, Proposition 17.14]), L is a proper submodule
of P. Consider the following commutative diagram

P—L-P/L

VRN

RW)

where P/L is homomorphic image of a free R-module R®W) for some set A,
p is the canonical projection and ¢f = p. As in (a), we can see that f is a
quasi mono in QP.

Recall that, [30, p.348], for a submodule U of a left R-module M, a
submodule V' < M is called a supplement or addition complement of U
in M if V is a minimal element in the set of submodules L < M with
U+ L = M. A module is called supplemented if every submodule has a
supplement (see [30, p.349]).

A projective left (right) module over a ring R will be called left heredi-
tary in case every left submodule is projective (see [16]).
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Example 2.8. Let M be a supplemented left hereditary module and 0 #
K < M. Let p: M —— M/K be the canonical projection. We show that
p is quasi mono in R-Mod. To this end, let the diagram

N M Y . M/K

h

with pg = ph be given. Thus K + Img = K + Imh. Since K + Img has a
supplement in M, by [30, 41.1(5)] we have K = KN(K +Img) < (K +Img).
Therefore Imh = K 4 Img and hence Img C Imh. Similarly Imh C Img, so
Img = Imh. Since M is hereditary, Img is a projective submodule of M. So
there exist ¢ : Img —— N and ¢ : Imh —— N such that gi; = 1,4 and
hty = limp. Thus g = h(t2g) and h = g(11h), hence (g) = (h). Therefore p
is quasi mono.

Example 2.9. Let QP be the category of quasi-projective left R-modules
(R need not be a domain). Define the subcategory C of QP to have Obj(QP)
as objects and for all P, € C a morphism f: P——= (@ in C is a homo-
morphism in R-Mod satisfying the condition

VK <P, f(K)< Q& K < P. (C1)

Every isomorphism in QP satisfies in the condition (C1). Note that for each
morphism f: P——=Q inC

(i) if Inf < @, then P < P and hence P = {0};

(i) K L P.

Let p: P—— @ be a non-zero morphism in C satisfying

VA<PEK,SA= K, < A (C2)

Thus for each morphism g : L —— P, pg = 0 implies that L = {0}. We
show that p is quasi mono. To this end, let the diagram

9 p
L——=F Q (2.3)

in C such that pg = ph and L # 0 be given . So we have

K, +1Img = K, + Imh. (2.4)
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Since Img £ K, and Imh £ K,, K, < K, + Img and hence, by (C2),
K, < K, + Img. Thus equality (4) implies that Imh = K, + Img and so
Img < Imh. Similarly Imh < Img. Therefore Img = Imh. Since L is quasi-
projective, there exist morphisms «, 8 : L —— L such that the diagram

a
L L
B
g h

Img = Imh

commutes, where for each = € L, g(z) = g(x) and h(z) = h(z). It is easy
to see that o and 8 are morphisms in C and (g) = (h). Therefore p is quasi
mono in C.

Recall that a semiperfect ring is one for which every finitely generated
module has a projective cover, (see [25, p.179]). Semiperfect rings T', whose
indecomposable, projective left and right modules have simple and essential
socles, are called QF-2 rings (see [30, p.557]).

Example 2.10. Let R be a QF-2 ring and P be a projective cover of a
simple module. Since every simple module is trivially quasi-projective and
indecomposable, P is indecomposable, (see [4, Exercises 17, p.203]). Thus
P has a simple and essential socle and hence each non-zero submodule of
P contains Soc(P). Furthermore Soc(P) is a fully invariant submodule
of P, ( [28, p.16]), and so P/Soc(P) is quasi-projective, (see [26, Lemma
4.2]). Now consider the canonical projection p: P ——s= P/Soc(P). Let
K < P, p(K) < P/Soc(P) and K + L = P for some L < P. Thus
p(K)+p(L) = P/Soc(P) and hence p(L) = P/Soc(P). Therefore p~1p(L) =
P. Let x € p~!p(L), so there exists | € L such that p(x) = p(l). Thus
x—1 € K, = Soc(P). Since Soc(P) < L, z —1 € L. This implies that x € L
and so p~'p(L) = L. Therefore L = P and hence K < P. Since p is an
epimorphism and K, is simple and essential, it fulfills the conditions (C1)
and (C2) of 2.9 and hence p is quasi mono in C.

Example 2.11. (1) (see [6, p.36] and [29, Example 2.18]).  Let

R = Zs[z1,79,...] where 27 = 0 for all i, ziz; = 0 for all i # j and

x? = x? = m # 0 for all ¢ and j. Then R is a commutative local ring
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and R has a simple essential socle J(R)? = Zym as R-module. In par-
ticular, R is uniform. Note that Soc(R) C J(R). Thus R has no non-zero
semisimple direct summand, hence every simple R-submodule of R is super-
fluous, (see [23, Lemma 2.4]). Therefore Soc(R) < R. As 2.10 the canonical
projection p : R —s R/Soc(R) fulfills the conditions (C1) and (C2) of 2.9
and hence p is quasi mono in C.

(2) In (1), if we replace Zo by an ordered field, the results are still valid
(see [3, Example 20]).

(3) Since for all n € Z, nZ is a left Z-right End(zZ) submodule of zZ,
Z/nZ is a quasi-projective Z-module (see [4, Exercises 16(3), p.203]). There-
fore Zsg is a quasi-projective Z-module and Soc(Zs) = {0,4}. Thus Soc(Zs)
is a simple and essential Z-submodule of Zg. Also, Zg/Soc(Zg) =z Z4 and
hence Zg/Soc(Zs) is a quasi-projective Z-module. As in 2.10, the canonical
projection Zg — Zg/Soc(Zs) fulfills the conditions (C1) and (C2) of 2.9

and hence p is quasi mono in C. Note that the lattice of submodules of Zg is
a totally ordered set by inclusion. This gives other examples of quasi mono.

Example 2.12. Let X and X be two sets with X¢ & X and C be a subcat-
egory of Set, such that Xy € C and X ¢ C. Now define the subcategory D
of Set to have obj(C)U{X} as objects and for all A, B € D, Homp(A, B) =

Home (A, B) A, BeC
Homge (A, B) A=X,BeC
) AcC,B=X

X—-X
(X Lo X | f(X0) € Xo, X = X=X ¥ X} A=X,B=X

where X — X X =%o)

X — Xy is the restriction of f to X — Xy and is

assumed to be a bijection to X — Xj. Let X0<L> X be an inclusion map

and so there exists X ——= Xy such that 7j = 1x,. Then 7 is a quasi mono
in D. To prove this, suppose the diagram

X X "> X,
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is given in D such that rf = rg. Define h : X ——= X by

h(:c)::{m x € Xg
t zeX—Xoand g [ (X —Xo)(t)=fT(X—Xo)(z)

It is easy to see that f = gh. Thus f € (g). Similarly g € (f) and hence
(f) =(g)-

In the following examples we give a quasi right M-factorization structure
in which each m in M is a quasi mono.

Example 2.13. Consider the category R-Mod, where R is a semisimple
ring. Now define the class M as

M = {m | m is mono or superfluous epi}.

Then R-Mod has quasi right M-factorizations.

Now let M be a supplemented module and 0 # K <« M. Let
p: M —— M/K be the canonical projection. Consider the commutative
diagram

RW L M/K

M

where M/K is the homomorphic image of a free R-module R™") for some
set A, p is the canonical projection and ¢ = pf. Since pf is an epi and p is
a superfluous epi, f is epi, (see [4, Corollary 5.15.]). As we have shown in

2.8, M M /K is a quasi mono. Note that since R is semisimple, M is
hereditary. Now consider the unbroken commutative diagram in R-Mod,
where n € M.

RW -~
7
M—s M/K
P
where pf = nu and so n is epi. Since M is projective, there exists a

morphism d such that nd = p. Thus the factorization ¢ = pf is a quasi
right M-factorization and p is a quasi mono.
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Example 2.14. Recall that a ring R is completely hereditary if its class of
quasi-projective modules is closed under taking submodules, (see [14]). Let
C be as in Example 2.9 and

M ={m € C | m is mono or split epi in C}.

Let f: P—— (@ be a morphism in QP. Since P/K; is isomorphic to a

submodule of @, P/ K is quasi-projective. Let p : P ——— @ be a morphism
in C. Consider the factorization

P—L>Q=P "= P/K=">Q

in R-Mod, where p is the canonical projection and for each z € P, q(z +
K,) = p(x). By [4, Proposition 5.17], the morphisms p and ¢ are in C and
satisfy the condition (C2) of 2.9. Thus the factorization p = ¢p is a quasi
right M-factorization of p.

Now let R also be left artinian ring and R/J be projective R-module,
where J = J(R) is the Jacobson radical of R. Thus there is a complete
set of pairwise orthogonal primitive idempotents ey, ..., e, such that R =

Rey @ --- @ Re,, and each Re;/Je; is simple and Re; LRei/ Je; is a
projective cover, (see [4, Exercises 20, p.203]). Therefore for each i, Je; is

a superfluous maximal submodule of Re;. Thus we have the commutative
diagram

R #>> Re;/Je;
fi
Rei

where for each r € R, q(r) = re;+Je;. By [30, Exercises 21.17(3), p.183], for
each i, Je; = Rad(Re;) and by [30, 21.6(2)], it is a fully invariant submodule
of Re;. So Re;/Je; is a quasi-projective module. Since ¢ is epi and p; is a
superfluous epi, f; is epi, (see [4, Corollary 5.15.]). Note that [4, Proposition
5.17.] implies that ¢ is a morphism in C. Now we show that for each i, f; is
a morphism in C. Let N < R. Since f; is an epimorphism, f;(N) < Re;.
Now, if f;(N) < Re;, then q(N) = p;(fi(N)) < Re;/Je; and so N < R.
So the above diagram is in C. Also for each 4, since Je; is superfluous and
maximal submodule of Re;, p; satisfies the condition (C2) and hence is a
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quasi mono. Since R/J = Rey/Je; @ --- Re,/Je, and R/J is a projective
R-module, for each i, Re;/Je; is a projective R-module and hence p; is
split epi. Thus there exists s; : Re;/Je; — Re; such that p;s; = 1 Rei/Jei
Now we show that s; is a morphism in C. Let L/Je; < Re;/Je; and
si(L/Je;)+K = Re;. Thus L/Je;+p;(K) = Re;/Je; and so (K+Je;)/Je; =
pi(K) = Re;/Je;. Therefore K + Je; = Re; and hence K = Re;. This
implies that s;(L/Je;) < Re; and hence s; is a morphism in C. Therefore
for each 7, p; € M. Similar to 2.13, the factorization ¢ = p;f; is a quasi
right M-factorization.

In the following two examples we give a class of quasi epis which are not
epics.

Example 2.15. Let C be the category of subrings of real numbers R. Then

the inclusion ZC—2= Q(y/p) , where p is a prime number, is quasi epi. To
show this, suppose the diagram,

S

z— Q(p)

is given in C such that fj = gj. Thus for each m € Z, f(m) = g(m) and
thus for each a € Q, f(a) = g(a). On the other hand f(/p) = g(\/p)

or f(y/p) = —g(y/p). In the first case f = g. In the second case define
h: Q(y/p) —= Q(y/p) by h(a + b\/p) = a — b\/p, implying f = gh and
g= fh.

Example 2.16. Let X and Xy be in Set with Xy & X and C be a subcate-

gory of Set, such that X — Xy € C and X ¢ C. Now define the subcategory
D of Set to have 0bj(C) U {X} as objects and Homp(A, B) =

Hom¢(A, B) A, BeC
Homge (A, B) AeC,B=X
0 A=X,BeC

F1Xo

(xox | x X0} A=X,B=X

Then the inclusion map X — Xo“l>=Xisa quasi epi in D.
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3 General closure operator

Consider a category X and a fixed class M of morphisms (not necessarily
monomorphisms) in X which we think of as generalized subobjects. For
every object X of X, let M/X be the class of all morphisms in M with
codomain X. The relation given by

m<n< (m)C (n)

is reflexive and transitive, hence M /X is a preordered class. Note that
m < n means that there exists a morphism j such that m = nj. Since M is
an arbitrary class of morphisms, j is not uniquely determined. Also m < n
and n < m do not imply that j is an isomorphism. If m < n and n < m,
then we say m and n are ( )-equal and we write m ~ n. Of course, ~ is an
equivalence relation, and M /X modulo ~ is a partially ordered class. In
fact, we shall use the notations < and ~ for elements of M /X rather than
for their ~-equivalence classes. So, with m denoting the ~-class of m, we
have

m<n&s&Sm<n
m~n<<sSm=n.

Definition 3.1. Suppose that X’ has quasi right M-factorizations. A gen-
eral closure operator C on X with respect to M is given by C = (cx)xex,
where cx :M/X —— M/X is a map satisfying

(a) the extension property: for all m € M/X, m < cx(m);

(b) the monotonicity property: for all m,m’ in M /X whenever m < m
in M/X, then cx(m) < cx(m’) ;

(c) the continuity property: for every morphism f: X ——=Y in X and
for all m e M/X, Mfcy(m) < cy (Mmgm).

/

Since M is an arbitrary class of morphisms and X has quasi right M-
factorizations, Definition 3.1 is a generalization of the closure operator that
is defined in [10].

Remark 3.2. Suppose that M has X-pullbacks (that is, m € M and
f € X with the same codomains, implies the pullback, f~1(m), of m along
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fisin M) and X has quasi right M-factorizations. For every object X in
X consider the preordered class M/X. We have the adjunction,

)
M/X T T M/X (3.1)
1)

see [22]. In the presence of (b), by adjunction (3.1), the continuity condition
can equivalently be expressed as:
(¢’) for every morphisms f: X ——=Y in X and for all m € M/Y,

ex(f7H(m)) < f~H ey (m).

Example 3.3. (1) Let X be a pointed category with finite products, and
K be a non-empty class of objects of X such that for any pair of isomorphic
objects either both are in I or both are not; and let M be the class of all
spilt epis with kernel in K. Then M is a quasi right factorization struc-
ture in X which is closed under composition with isomorphisms on both
sides. A morphism f: X ——=Y in X can be factored as f = m(0, f),

where (0, f) : X —— K x Y for some K € K. It is easy to see that 79 is a
spilt epi with kernel in . Since M is a collection of split epis, any family
C = (cx)xex where cx is a map from M/X to itself, forms a general
closure operator on X with respect to M.

Examples (2), (3) and (4) below are special cases of this type.

(2) Consider the category rMg of (R, S)-bimodules, where R and S
are commutative rings and suppose that there exists a ring homomorphism
0 : R—— S such that o(1g) = 1g. Thus S is an R-module by r-s = o(r)s
and hence S € pMg. Suppose that C is a full subcategory of rpMg whose
objects are (R, S)-bimodules M such that for each r € R, s € S and m € M
we have s(rm) = (s-r)m. Let M be the class of all split epis in C. One
can easily verify that M is a quasi right factorization structure in C. A
morphism f: X ——=Y in C can be factored as

X f Y

XY
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For each morphism ¢ : M ——= X in M, define its closure @ to be the
unique map making the diagram

Sx M S®r M

N

commute, where the map ¢ : S x M —— X takes (s,m) to so(m).

(3) Let C be the category of torsion free modules, [11], and M be the
class of all split epis. Then M is a quasi right factorization structure in
C, [22]. Suppose that m : M — X is a morphism in M. There is a
torsion free precover ¢ : T'—— X. Since M is torsion free, there is a map
¥ : M ——=T such that pi» = m. Now define the closure of m to be the
map .

(4) Let C be an abelian category with enough injectives, [13]. The col-
lection M of all epis whose kernels are injective is a quasi right factor-
ization structure. A morphism f: X ——=Y can be factored as ma(i, f),

where ¢: X —— FE is the mono from X to an injective object E and
mo : B XY ——=Y is the projection to the second factor. Now for each mor-

phism m : M —— X define its closure to be the map mme : K & M — X,
where K = Ker(m).

(5) Let C be a closed model category, [24]. The collection M of fibra-
tions in C is a quasi right factorization structure. For each object X € C
we have a trivial fibration px : Q(X) ——= X with Q(X) cofibrant. Now

for each morphism m : M —— X in M define its closure to be the map
mpm : QM) — X.

(6) As a special case of (5), in the category Top, of topological spaces
and continuous maps, the collection M of Serre fibrations is a quasi right
factorization structure. Now the closure of a morphism m : M —— X in
M is as in (5).

(7) Let C be a model category. For the category of fibrant objects, Cy,
the collection M of fibrations is a quasi right factorization structure. Define
the closure of m : M —— X in M to be the projection to the first factor,
T X xXM—X.
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(8) As a special case of (7), in the category Top, in which all the objects
are fibrant, the collection M of Serre fibrations is a quasi right factorization
structure. Define the closure of m : M ——= X in M to be the projection
to the first factor, m; : X x M —— X.

(9) In the cofibrant category (Top, cofibrations, homotopy equivalences),
the collection M of homotopy equivalences is a quasi right factorization
structure. A morphism f can be factored as

x-toy-x-oz oy,

where r ¢ is a homotopy equivalence, i is a cofibration and Z is the mapping
cylinder of f, [20]. For each morphism M —= X in M define its closure
to be the map, Z,, Il XL

(10) In the fibrant category (Top, fibrations, homotopy equivalences),
the collection M of fibrations is a quasi right factorization structure. A

morphism f can be factored as X L y=x Y. Py L Y, where gy
is a homotopy equivalence, k¢ is a fibration and P is the mapping path
space of f, [20]. For each morphism m : M —— X in M define its closure
to be the map k,, : P,, —= X.

(11) In the Kleisli category Setp, where P is the power set monad P =
(P,m, p), for each morphism f:X——=Y in Setp, let f: X —~ P(Y) be
its associated morphism in Set and

x—topyy=x-Lo1, " piy)

be the (Epi, Mono) factorization of f. The class M = {my : f e Setp}is a
quasi right factorization structure, see [22]. For each morphism
my : It —Y in M define its closure to be the map

—

py P(my) : P(Iy) —=Y.

(12) Let X be a category with binary coproducts. Then the class
M = {[f,f] : fis amorphism in X'} is a quasi right factorization struc-

ture. A morphism X *f>Y can be factored as f = [f, flv1, where v is
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the injection of the coproduct. For each morphism m in M define its closure
to be the map [m,m].

F -
(13) Given any adjunction X 1 A . Let A be the full subcat-
G

egory of A consisting of those objects A such that e4 : FG(A) ——= A the
component of the counit (of the above adjunction) at A, is a split epi. The
class M consisting of those split epis in A whose domain is F'(X) for some
object X in X is a quasi right factorization structure on A. Each morphism
f in A factorizes as

A-top=a’l. paB) 2B,

where s is any splitting of eg. If in addition X has binary coproducts,
for each morphism m: F(X) —— A in M define its closure to be the
unique morphism cx(m) : F(X + X) ——= A, corresponding by adjunction
to X + X mm], G(A) , where X m G(A) is the morphism corresponding
by adjunction to m. Now we show that cx(m) is a split epi. Let

0_ _
Hom 4(F—, —) — Homy(—,G—) : X°P x A—— Set

be the natural isomorphism corresponding to the adjunction F' 4 G. For
X "> G(A) we have

9Gga,A
X Hom 4 (FG(A), A) — > Homx (G(A), G(A)) Al 1ga)
mi i /// l — I —v|r
0x. A
G(4),  Homy(F(X),A) — > Homy (X, G(A)) caF(m) ———>m

Since Ox a(m) = m and Ox 4 is one-to-one, m = e4F(m). Suppose that
t1,t9 : X — X 4+ X are the canonical injections of the coproduct X + X.
Since left adjoint preserves coproducts, F'([m,m]) is the unique morphism
such that F([m,m])F(tv1) = F([m,m])F(12) = F(m). Thus m = eoF(m) =
eaF'([m,m])F(t1) = ex(m)F(11) and hence cx(m) is split epi, because m
is so.

(14) As a special case of (13), consider Proj(R-Mod) as the full sub-
category of the category R-Mod, consisting of all projective R-modules.
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The collection M of all epis with free domains is a quasi right factorization
structure, see [22]. For each morphism m : F' —— P in M define its closure

to be the map [m,m]: F®& F —— P .

Now on instead of saying C is a general closure operator on the category
X with respect to M we will say C is a closure operator.

Lemma 3.4. (Weak Diagonalization Lemma) Let X' has quasi right M-
factorizations and C be a closure operator. For every commutative diagram

M "= N

with m,n € M, there is a morphism w rendering the lower square in the
diagram

M = N
N .
cx (M) o> cy(N)
CX(m)J/ /1] J/CY(H)
X - Y
commutative.
vex (m) Myex (m)

Proof. Let cx (M) Y =cx(M) =M Y, be the
M-quasi right factorization of vey (m). Since vm < n, by 1.1(b'), my,, < n,

hence Myc  (m) < €y (Mym) < €y (n). Thus there exists w’ : M’ ——cy (N)
such that cy (n)w' = Mmyc(m). Put w = w'e, so cy (n)w = vex(m). O

Definition 3.5. Suppose that M is a class of morphisms in X and X has
quasi right M-factorizations. Also suppose that C is a closure operator and
m € M/X, where X is an object in X'. We say m is

(a) quasi C-closed in X, if cx(m) ~ m (see [22]);

(b) quasi C-dense in X, if cx(m) ~ 1x.
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A morphism f in & is called quasi C-dense, whenever my is quasi C-
dense in X. We denote by £9C, the class of all quasi C-dense morphisms
in X. Let M€ be the class of quasi C-closed members of M.

Remark 3.6. Let f and g be two morphisms in the category X.

(a) f ~ 1x is equivalent to 1x < f which is equivalent to f being a split
epi.

(b) If f < g and f is a split epi, then g is a split epi.
Example 3.7. (i) In Example 3.3, (1), (2), (3), (4), (9), (10) and (11)
members of M are all quasi C-closed. (Example 3.3(1), (2)).

(ii) In Example 3.3, (1), (2), (3), (4), (7) and (9) members of M are all

quasi C-dense.

Proposition 3.8. Suppose that M has X-pullbacks and C is a closure
operator. Then M®C has X -pullbacks.

Proof. Let m € M€ and the diagram

M*L>M

ml v, im

be a pullback in X. Thus m* € M. By 3.4, there exists cx (M*) —"= cy (M)
such that cy(m)w = fex(m*). Since cy(m) ~ m, there exists
q:cy(M)——= M such that cy (m) = mq. Therefore

fex(m®) = cy (m)w = m(quw)

and hence there exists a unique morphism cx(M*) ——= M* such that
m*r = cx(m*). Thus cx(m*) < m* < cx(m*) and so m* ~ cx(m®*).
Therefore m* € MQC. O

Proposition 3.9. Suppose that X has quasi right M-factorizations and C
is a closure operator.
(a) Let M be closed under composition with isomorphisms on the left.

For each morphism X N Y € £QC and isomorphism Y —= 7 in X we
have of € ERC.
(b) If f < g and f € ERC, then g € E2C.
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Proof. (a) By Propositions 1.3 and 1.6 and the continuity property of C, we
have a(cy (f(1x))) < cz((af)(1x)). Since cy(f(1x)) ~ 1y and a(ly) ~
1z, af € g9,

(b) Obvious. O

Remark 3.10. Suppose that X has quasi right M-factorizations and C is
a closure operator.

(a) For each m,n € M if m ~ n and m is quasi C-dense, then n is quasi
C-dense.

(b) If M is a class of monos, then m is quasi C-closed (dense) if and
only if m is C-closed (dense).

4 Quasi idempotent and quasi weakly hereditary closure op-
erator

In this section we define quasi idempotent and quasi weakly hereditary
closure operators and we show which one of the examples in the previous
section have these properties. Finally we prove under what conditions on the
closure operator we have another quasi right(left) factorization structure.

Definition 4.1. Suppose that X has quasi right M-factorizations and C
is a closure operator. C is called

(a) quasi idempotent, if for each X € X and m € M/X, cx(cx(m)) ~
cx(m) (see [22]).

(b) quasi weakly hereditary, if for each X € X and m: M ——= X in
M, there exists a quasi C-dense morphism j,, : M —— cx (M) such that
cx(m)jm = m.

Example 4.2. (1) In Example 3.3, (1), (2), (3), (4), (7), (9), (10) and (11)
the closure operator is quasi idempotent.

(2) In Example 3.3, (1), (2), (3), (4), (9), (10) and (11) the closure
operator is quasi weakly hereditary.

With (€, M)-factorization structure as defined in [2], we have

Theorem 4.3. [22] Suppose that X has (£, M)-factorization structure and
C is a quasi idempotent closure operator. Then M@C is a quasi right fac-
torization structure for X.
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Theorem 4.4. Let X has quasi right M-factorizations. For a quasi idem-
potent closure operator C, X has quasi right MQC -factorizations.

Proof. For a given morphism f in X', f < ms < c(my) which is quasi closed.
That is c(my) € MQC . If f < n with n quasi closed, then my < n. Thus
c(my) < c(n) ~n. O

Remark 4.5. For a closure operator C we have MQC N EQY = {f ¢ M |
f~1b I M C QM(X), then MRCNEYC = Iso(X) N M.

Proposition 4.6. Suppose M C QM(X) is closed under composition.
Also suppose X has quasi right M-factorizations and C is a closure opera-
tor. If

! e my
X—Y=X—M—7Y
is a quasi right M-factorization of f, then we have e € E2C and
e(1x),cm(e(lx)) € Iso(X).

Proof. Since f < mgme, by Lemma 1.2 (a) and (c), my < myme. By
Proposition 2.2(a), we have 13y < m. and so e € EQC . Since 1) < me <
cyr(me), 1ar ~ me ~ cpr(me). Thus m. and cpr(me) are split epis. Since
me and cps(m,) are quasi monos, by Lemma 2.4 they are isomorphisms. []

Proposition 4.7. Suppose that X has quasi right M-factorizations and
MC QM(X). If X —== M is quasi C-dense, then cpr(me) is an isomor-
phism.

Proof. Since e € £2C and cpr(me) ~ 1y, there exist morphisms f and
g such that f = 1y f = cx(m.) and cpr(me)g = 1y. Hence fg = 1y
and fgf = f. Since f = cx(me) € M, gf ~ 1 and there exists a

cpg(e(X))
morphism A such that gfh = 1<:M Therefore f is an isomorphism. [J

(e(X))"

e
Notation 4.8. We write, ¢’ % m, whenever in the unbroken commutative
diagram

e
—_— .

Pl

—_— .

there exists a morphism d such that e = de’.
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e
Remark 4.9. ¢/ // m is equivalent to: if Yme( C )e'(, then )e( C )e(.

I
1§ow we can define the class VM as follows:

e
V/\/l e e &) eV m, mmVe € E mmand Vm € M}.
For a closure operator C consider the following property:

Definition 4.10. Suppose M is a class of morphisms, closed under com-
position, X has quasi right M-factorizations and C is a closure operator.
We say C satisfies the property (QCD) if compositions of quasi C-dense
morphisms are quasi C-dense.

Theorem 4.11. Suppose that X has quasi right M-factorizations and C
is a closure operator. If M C QM(X) is closed under composition and
£QC

£QC C V./\/l, then X has quasi left E2C -factorization structures.

Proof. Suppose that f = mye is a quasi right M-factorization of f. We

will show that this factorization is also a quasi left £Q¢—factorization of

f. By Proposition 4.6, we have e € £9C. Given ¢ € £9¢ such that
£QC

YF(C )e'(, since E9C C V./\/l, ye(C )e/(. Therefore f = mye is a quasi left

E£QC _factorization of f. O

Theorem 4.12. Suppose that X has quasi right M-factorizations and C is
a quasi weakly hereditary closure operator. If M C QM (X) is closed under

£QC

composition, EQC C VM and EQC C QE(X), then MRC = M.
Proof. We only need to prove that M C M®C. Let m be an element of M

£QC

and j,, be its quasi C-dense morphism. Since 1), € £9¢ C V./\/l, Y1 (C
Yjm(. So we have c(m) < m, because EL¢ C QE(X). Thus m € MPC¢. O

5 Quasi factorization structures

In this section the notations H2 and VH are introduced and after studying
some of their properties, the notion of quasi factorization structure in a
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category X is given. We will see that weak factorization structures as defined
in [1] are quasi factorization structures, but the converse is not true as we
will show by some examples. Finally we state the relation between a quasi
factorization structure and a quasi idempotent and quasi weakly hereditary
closure operator.

Notation 5.1. (a) Given E —“+= X € X and M —"= X € X, eVm means
that in every commutative triangle,

v M
\/// %
X

there exists w: X ——= M such that mw ~ 1x. (Note that eVm means
that e <m = 1x <m.)

(b) Given M —=FE € X and M —™> X € X, eAm means that in
every commutative triangle,

E

M

/ ///X
X

v

E

there exists w : E ——= M such that mw ~ v.

Let H be a class of morphisms. We denote by HD the class of all
morphisms m with

hAm  for all h e H
and similarly, by V4 the class of all morphisms e with

eVh forall heH.

Saying H has X-pushouts if the pushout of each morphism in H exists
and is in H, we have:

Proposition 5.2. For each classes H, H1 and Ha we have:
() If Hy C Ha, then VHy C VHy and HE C HA.
(i) Ret(X) C VH.
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(ifi) If H C QE(X), then Sec(X) C HA.
(iv) If H has X -pullbacks, then V4 is closed under composition. Dually,
if H has X -pushouts, then HA is closed under composition.

Proof. The proofs of (i) and (ii) follow directly from the definition.
(iii) Suppose that the commutative diagram

M
/ ///\
_ X

such that s is a section and h € H is given. Thus, h is a section and since
h is a quasi epi, by 2.4(b), h € Iso(X). Put w = h~! and so sw = v.

H

(iv) Suppose that E — 2. B 2> X are composable morphisms in v?—[
and the following commutative triangle is given

E - M

Thus, there exists a morphism F; "Y'~ N such that el_l(h)wl ~ 1g, and

hence e;* (h)wig = 1p, for some morphism g : By — E;. Therefore we
have the commutative triangle
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and so there exists a morphism X —— M such that hw ~ 1x. This implies
that ejes € v’H. The proof of the dual is similar. O

Proposition 5.3. Suppose that X has quasi right M-factorizations and
M C QM(X). If C is a closure operator, then E2C C v(/\/IQC).

Proof. Suppose that mu = e, where e € £2¢ and m € M®C. Consider the
quasi right M-factorization of e as

E—>X=FE-"25¢FE)2>X.

Since e € £9¢, by Proposition 4.7, we have cx(m,) is an isomorphism and
so cx(me) € MYPC. We have m, = cx(m.)j and so e = cx(m.)(jer). If
e < n with n quasi closed, then m, < n. Therefore cx(m.) < cx(n) ~ n.
Thus the factorization e = cx(m.)(je1) is a quasi right M%?C¢-factorization
of e. So we have the commutative diagram.

E—" M
wy

cx(e(B)) — X

x (me)

Put w = wicy (me)~t, so mw = 1x. Therefore £9¢ C v(/\/lQC). d

Proposition 5.4. Suppose that X has quasi right M-factorizations and
M C QM(X) is closed under composition. If C is a quasi weakly hereditary

£QC
closure operator such that E9¢ C QE(X) and EQC C V/\/l, then M®C C
(EQ9)A,
Proof. Suppose that m = ve, where e € £9¢ and m € M%C. First we

claim that M "> X = M "> cx (M) ex(m) X is a quasi right M-
factorization of m. For this reason suppose that the unbroken commutative
diagram

M— =N
7
jmi S ln

Cx(M) — X

cx(m)
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with n € M, is given. By Theorem 4.11, the quasi right M-factorization
M-4*  N=M-ZLep ™ N

of u is a quasi left £9C-factorization of u and so e; € £2¢. Now consider
the unbroken commutative diagram

M

s e

ex(M) s cx(m)

Since C is a quasi weakly hereditary closure operator, j,, € £9¢ and since
£QC

M is closed under composition, nm,, € M. Thus EL¢ C VM implies that

there exists a morphism d; : cx(M)—— E such that dyj,, = e;. Now

define w' % mydy, so we have nw'jp, = nmydijm = nmyer = cx(m)jm.
Since j,, € £9¢ and £9¢ C QE(X), we have nw' ~ cx(m). Therefore
there exists a morphism w” such that cx(m) = nw'w”. Define w :% w'w”.
Thus cx(m) < n and the claim is proved. Therefore, by Theorem 4.11, the
factorization m = cx(m)j, is a quasi left £9C-factorization of m. So we

have the diagram
M

E
jml /11 . l
— X

ex (Mix (m)

such that j,, = d’e. Since m € M®C, we have cx(m) ~ m. Thus there
exists g : cx(M)——= M such that cx(m) = mg and hence mgj,, = m.

Put d := gd'. Thus md = mgd' = cx(m)d' and so mde = cx(m)d'e = ve.
Since SQC C QE(X), md ~v. O

def

Proposition 5.5. Suppose that X has quasi right M-factorizations. Then
VM c gac,

Proof. Let e € VM. Since eVme, 1 < me. Thus 1 < c(m,). O
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Let £ and M be classes of morphisms in X'. We say that £ and M are
closed under composition with isomorphisms

(i) if @ € Iso(X) and e € &£, and «ae exists, then ae € &;

(ii) if @ € Iso(X) and m € M, and ma exists, then ma € M.

Proposition 5.6. Let £ and M be classes of morphisms in X and for
each morphism f there exist m € M and e € £ such that f = me and
MC QM(X).
(i) If € is closed under composition with isomorphisms, then V M C ¢.
(ii) If eb ¢ QM (X) and M is closed under composition with isomor-
phisms, then gh c M.

Proof. Consider the factorization X S Y =X > M-"->Y of f where
mée Mandec€f.

(i) If f e VM, then there exists w:Y — M such that mw ~ 1y.
Thus, m is a split epi. Since m is a quasi mono, by 2.4(a), m € Iso(X) and
hence f € €.

(i) If f € EA, then by 2.2(b), e is a quasi mono and there exists
w: M —— X such that fw ~ m. Thus, mew ~ m. Since m is a quasi
mono, by 2.2(a), ew ~ 1j and hence e is a split epi. Therefore, by 2.4(a),
we have e € Iso(X) and hence f € M. O

In the following definition X need not have quasi right M-factorizations.

Definition 5.7. A quasi factorization structure in a category X is a pair
(€, M) of classes of morphisms such that;
(a) every morphism f has a factorization as

Xx-loy—x_csm-"sy,

where e € £ and m € M;
(b) € C VM and M C £

Remark 5.8. (i) If (£, M) is a weak factorization structure in a category
X, then it is a quasi factorization structure.

Suppose that (£, M) is a quasi factorization structure in X and M C
QM(X). By 5.6, we have
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(ii) ENM C Iso(X). To show this, let f € £EN M and
xJoy_x_<.pmmoy

where e € £ and m € M. Since f € £ C v/\/l, there exists Y —== M such
that mw ~ 1y and hence m € Iso(X). On the other hand, f € M C gh
and so there exists w’' : M —— X such that fw’ ~ m ~ 1,;. Therefore f
is a split epi and hence f is an isomorphism.

(iii) If &€ is closed under composition with isomorphisms, then & = v/\/l
and so, by 5.2(ii), Ret(X) C &. Moreover, if M has X-pullbacks, then by
5.2(iv) & is closed under composition.

(iv) If € Ve QM (X) and M is closed under composition with isomor-
phisms, then M = £2. Also if € € QE(X), then by 5.2(iii) Sec(X) C M.
Moreover, if £ has X-pushouts, then 5.2(iv) implies that M is closed under
composition.

In the following example (€, M) is a quasi factorization structure which
is not a weak factorization structure.

Example 5.9. (1) Let C be a closed model category whose objects are
cofibrant. The pair (£, M) of morphisms in C, where £ is the class of weak
equivalences and M is the class of fibrations form a quasi factorization struc-
ture. To prove this, first note that every morphism f in C has a factorization
f = pj, where j is a trivial cofibration and p is a fibration, [17, Definition

7.1.3]. Now assume £ —“= X € £ and M —"> X € M and let e = mu for
some u € C. By [17, Proposition 7.2.6], F—> X = E > W -2+ X,
where i is a trivial cofibration and p is a trivial fibration. Thus, [17, Defini-
tion 7.1.3] implies that there exists W — . M such that p = md. By [17,
Proposition 7.6.11] there exists a morphism X —>= W such that ps = 1y.
Put w = ds, so mw = 1x. Therefore £ C VM. Similarly, we can show that
M C &D. Since EN M ¢ IsoX, the system is not weak.

(2) As a special case of (1), in the category Top, in which all the objects
are cofibrant, the collections £ of homotopy equivalences and M of Serre
fibrations form a quasi factorization structure.

(3) In Example 3.3 (11) above, let £ = {€¥ : f € Setp}, where er =nr, f
Then (£, M) is a quasi factorization structure. To show (£, M) is not
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a weak factorization structure, let X = {x,2’,2”} and consider the map
f: X —— P(X) taking all the points to {z}. Let f = nizk be an (&, M)

factorization of f . As proved in [22] we can see the following commutative
diagram has no diagonal:

X—=t -,

kl /1] lmg

I, X

omy,

(4) Let X be a category with binary products in which projections are
split epis. Let £ = Sec and M = Ret, where Sec and Ret denote the col-
lection of all sections and split epis, respectively. Then (£, M) is a quasi
factorization structure. To show (Sec, Ret) is not generally a weak factor-
ization structure, let Top — {(}} be the full subcategory of Top consisting of
the non-empty topological spaces and consider the following commutative
diagram

{0} — {07 17 2}

Sl /1] lr
{0,1} ———{0,1}
where u sends 0 to 1, with codomain having {1} open; s is the inclusion
with codomain having {1} open; r sends 0 to 0 and sends 1 and 2 to 1 with
codomain having indiscrete topology; and 7 is the twist map. It is easy to
see that s is a section and r is a split epi. The square has no diagonal,
since otherwise if d is a diagonal, then ds = v and rd = 7. It follows that
d(0) =1 and d(1) = 0. Since d~*({1}) = {0}, d is not continuous.
(5) Let X be a category with coproducts,

E={A—"5 Al B | v is the coproduct inclusion to the first factor}

and M be any collection of split epis. Then (£, M) is a quasi factorization
structure. Since Iso(X) ¢ &, the system is not weak.
(6) Let X be an abelian category. Define

gAML axB | a—LoB cay,
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M = {Ax B-Z> B | myis the second projection}. Then (£, M) is a
quasi factorization structure. Since Iso(X) € M, the system is not weak.

Theorem 5.10. Suppose that X has a quasi right M-factorizations such
that M is closed under composition, M C QM(X) and for each f €
QM(X), f is an isomorphism whenever my is an isomorphism. Then there
is a class € such that (£, M) is a quasi factorization structure in X .

Proof. Let & be the class VM and E Jy-pc.x My be a quasi
right M-factorization of an arbitrary morphism f in X. We show that e € £.
For this reason let the commutative triangle

v M
\/// %
X

such that m € M be given. Thus f = mse = mymu and so there exists a

E

morphism X —%= M such that mygmd = my. Therefore (md) = (1p7) and
hence m is a split epi. Since m is a quasi mono, m is an isomorphism. This
implies that e € VM = &. Now we prove that M C &8 Let m € M and

the commutative triangle
////X

v

E X

such that e € € be given. Thus, by 2.2(b) we have e € QM(X). Let
M—>E=M-“> M; 2~ E be a quasi right M-factorization of e.
Therefore there exists a morphism FE —=> M; such that m.w ~ 1p and
hence m, is a split epi. Since m, € QM (X), m, is an isomorphism and so

by hypothesis we have e is an isomorphism. Let e~! be the inverse of e, so
me~! =v. Thus, m € gh. O

Theorem 5.11. Suppose that (£, M) is a quasi factorization structure in
X.
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(a) If M has X-pullbacks, then X has a quasi right M-factorization
structure.

(b) If M C Mon(X) and &€ has X -pushouts, then X has a quasi left
E-factorization structure.

Proof. (a) Let f: X ——=Y be a morphism in X and consider the quasi
factorization of f as

xLoyox YoMy,
where ey € £ and my € M. Suppose the unbroken square,

X*;N

d
efl,sf///ln

f

is commutative, where n € M. So there is a morphism ¢ such that the
triangles in the following diagram commute:

N
Y

Since m;l(n) € M and € C VM, there exists w : M*>mji1(N) such

that m}l(n)w ~ 1p7. Thus there exists a morphism « : M —— M such
that m}l(n)wa = 137. Now define d :% m'wa. So we have nd = nm'wa =
mfmfl(n)woz =my.

(b) Consider the quasi factorization of f as

f ef my
X—Y=X—sM—Y,
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where ey € £ and my € M. Suppose the unbroken square

is commutative, where e € £. So there exists a morphism ' such that the
triangles in the following diagram commute:

X—*t>E

6fl p.o. \Le/

M —— E’_»

e//

=

Since ¢’ € £ and M C EA, there exists w' : E' —— M such that msw’ ~ t'.
Thus there exists §: E' —— E’ such that msw'f = t'. Now define d’ —
w'fe’. So we have myw'fe’e = mpw'Be’ey = t'e”"ey = myey. Therefore

de=ej. O

Calling M, ~-closed, if whenever m € M and f ~ m, then f € M, we
have:

Corollary 5.12. Suppose that X has a quasi right M-factorization and
M C QM(X) is closed under composition and is ~-closed, the closure op-
erator C is quasi weakly hereditary and quasi idempotent, and (QCD) holds

£QC

for every X € X. If€RC C QE(X) and £9¢ C V./\/l, then (£9¢, MQC) is
a quast factorization structure in X.

Proof. Let f = myey be a quasi right M-factorization of f. By The-
orems 4.4 and 4.11, the factorization f = cy(my)(jm,es) is both quasi
right M®C factorization and quasi left £9¢-factorization of f. By Propo-
sitions 5.3 and 5.4, (£9¢, M¥C) is a quasi factorization structure in X. [
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In [10], it is proved that if the category X has (&, M)-factorization
structures and C is a closure operator on X, then C is idempotent and
weakly hereditary if and only if X has (£¢, MY)-factorizations. In the
following we prove a similar result under weaker conditions.

Theorem 5.13. Suppose that M C QM (X) has X-pullbacks, is closed
under composition and (£, M) is a quasi factorization structure.

(i) Let M be closed under composition with isomorphisms and the closure
operator C be quasi weakly hereditary and quasi idempotent, and (QCD)
holds for every X € X. Then (E2C, MQC) is a quasi factorization structure

if and only if MQC C (V(MQC)A,

(ii) If (E9Y, MQC) is a quasi factorization structure, then M®C is closed
under composition and C satisfies the property (QCD).
Proof. (i) Let f = me be a quasi factorization of f, where e € £ and
m € M. By Propositions 5.11 and 5.5, e € £9C. Since C is quasi weakly
hereditary, there exists a quasi C-dense morphism j,, : M —— cy (M) such

that cy (m)jm,m = m. Also

f Jme cy (m)

X*>YZX;>CY(M) EY?

where cy(m) € MQC. Put d & jme. Since EQC is closed under com-
position, d € £9¢. Thus every morphism f has a factorization such that
its left part is in £9C and its right part is in M%¢. Now we show that
£QC = V(MQC). By 5.3, £2C C V(MQC). Let h € ¥V (MQC). Thus there
exist morphisms e € E9¢ and n; € M®C such that

Nl sp=N—pN) 2-E.

Thus there is a morphism w; as in the following diagram

e

1 -

and hence njw; ~ 1g. This implies that n; is a split epi and since n; € M,
n1 is an isomorphism. Thus by 3.9(a), h € £9¢ and hence

£90 = V(M@0 (5.1)

N
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Now, if (£9¢, M%) is a quasi factorization structure, since M®@C C (c‘:QC)A
by equality (6), MQC C (V(MQC))A. Converely, if M®QC C (V(MQC))A,
then by equality (6), M%C C (6'620)A and so (£9¢, MQCY) is a quasi fac-
torization structure.

(ii) Consider morphisms M ——> X —2>Y such that mi,mg € MPC
and

mami

M Y=M—/>N—"7"Y

is a (£9¢, MQC)-factorization of mgm;. Consider the following pullback
diagram

— s X

n
p.b. m2

L
N

3.8 implies that mj € M@C and since £9¢ C v(/\/lQO), there exists

s1 : N —— L such that m3s; ~ 1. Therefore m3 is a split epi and since
1

— =Y

m% € M, m} is an isomorphism. Also n*(m3) e = n*(m3})~
my and since M@C C (EQC)A, we have the following diagram

m5s =n's =

X
N X
n* (mg) 1

such that mjw) ~ n*(m%)~! and hence there exists [ : N — N such that
mywil = n*(m3)~L. Thus momi(wil) = man*(m3)~! = n and hence n <
momyq. Since momq = ne, momy < n and so momy ~ n. Therefore momq €
MeC,

Now we prove that C satisfies (QCD). Let
X257V -257 be morphisms such that ej,e; € £2¢. We show that

ezer € V(MPC), Let X —L=V -2+ 7 =X "+ M-"5 Zsuch that
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m € MPC. Consider the pullback diagram

T

N .
11/ K——M

. *l p.b. lm
Y ——=7

€2

Thus m* € M®C and since £9¢ C v(./\/lQC), there exists t; : Y ——= K
such that m*t; ~ 1y. Therefore m* is a split epi and since m* € M, m™* is
an isomorphism. Thus we have the diagram

k(m*

Y M

)1
A
e2
Tt

VA

such that mity ~ 1z. Thus ege; € v(/\/IQC). It is easy to see that
M@C is closed under composition with isomorphisms and since M%C has
X-pullbacks, by 5.11(a), X has quasi right M%Cfactorization. So, by
3.9(a), £9¢ is closed under composition with isomorphisms. Thus, by 5.6(i),
v(./\/IQC) C £9C and hence ege; € EQC. Therefore C satisfies the property
(QCD). O

Definition 5.14. (a) A nonempty class M is called a codomain if m € M
and Yym(C )a(, yields a € M.

(b) A morphism f is called a strongly quasi mono, whenever for every
morphisms a,b € X if fa = fb, then (a) = (b) and )Ya( = )b(.

Example 5.15. Let C be a subcategory of Set and X be an object in Set
which is not in C. Now define the subcategory D of Set to have obj(C)U{X}
as objects and for all A, B € D, Homp(A, B) =
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Home (A, B) A, BeC
Homge (A, B) A=X BelC
0 AecC,B=X

(X L~ X | fisabijectivemap } A=X,B=X
For all A € D, the morphisms f: X —— A are strongly quasi monos
in D.
Notation 5.16. The class of all strongly quasi monos is denoted by SQM (X').
Note that Mon(X) C SQM(X).

Remark 5.17. (a) If m € Mon(X) and ym( C )a(, then a € Mon(X).
Therefore Mon(X) is a codomain.

(b) If M is a codomain, then it is closed under composition with iso-
morphisms on the left.

(c) If M is a codomain and M —= X € M, then 1); € M. Note that
for each X —> Y since f=f1lx,)f{ C )1x(. Therefore if
{M | M is a domain of an element of M} = Obj(X),
then M contains all the identities.

Theorem 5.18. Suppose that M C SQM (X) and it is a codomain. If C is
a closure operator such that (E2¢, MQC) is a quasi factorization structure,
then C is quasi weakly hereditary and quast idempotent.

Proof. Consider an (£9¢, M®C) quasi factorization structure
M-—2-N-"sX

of m = nd € M, where d € £9¢ and n € M%Y. So m < n and hence
cx(m) < n. Since ym( C )d(, d € M. Consider the diagram

M L M

]

al  cn(M) b >cX(lM) m
CN(d)i /1 l
N
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Since d € £9¢ N M, by Proposition 4.7, cy(d) is an isomorphism. By
3.4, there exits w:cy(M)——cx(M) such that ncy(d) = cx(m)w.
Since ¢y (d) is an isomorphism, n < cx(m). Therefore cx(m) ~ n, and
hence cx(cx(m)) ~ cx(m). Therefore C is quasi idempotent. Since
cx(m) < n, there exists cx (M) 4 N such that cx(m) = nd’. There-
fore n = nd'w(cy(d))~! and hence cx(m) = cx(m)w(cy(d))~'d’. Thus
Yd'w(en(d)™H =)1y(and (w(cy(d))~'d) = (1, () These equivalences
imply that w(cy(d))~! is an isomorphism. It follows that w is an isomor-

phism. It is easy to see that wj; < jp,. Thus, by Proposition 3.9(b), we
have j,, € £9C. O
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