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SEVERAL CONSTRUCTIONS FOR FACTORIZATION SYSTEMS

DALI ZANGURASHVILI

ABSTRACT. The paper develops the previously proposed approach to constructing fac-
torization systems in general categories. This approach is applied to the problem of find-
ing conditions under which a functor (not necessarily admitting a right adjoint) “reflects”
factorization systems. In particular, a generalization of the well-known Cassidy-Hébert-
Kelly factorization theorem is given. The problem of relating a factorization system to
a pointed endofunctor is considered. Some relevant examples in concrete categories are
given.

1. Introduction

The problem of relating a factorization system on a category C to an adjunction
H
C — X, (1.1)

was thoroughly considered by C. Cassidy, M. Hébert and G. M. Kelly in [CHK]. The
well-known theorem of these authors states that in the case of a finitely well-complete
category C the pair of morphism classes

(I (Iso X), (H(Mor X))™) (1.2)

is a factorization system on C (recall that for any morphism class N the symbol N' (resp.
N!) denotes the class of all morphisms f with f | n (resp. n | f) for all n € N).
Subsequently, G. Janelidze posed the problem whether this is still the case if Iso X' and
Mor X in (1.2) are replaced by any morphism classes E and M, respectively, constituting
a factorization system on X. This problem is dealt with in the author’s recent works [Z1],
[Z2]. For instance, in [Z1] it is shown® that the pair

(17 (E), (H(M)™) (1.3)

is a factorization system on C for any factorization system (E, M) on X if (1.1) is a semi-
left-exact reflection in the sense of [CHK], or, equivalently, an admissible reflection in the
sense of [J1].
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In [Z2] we proposed an approach of transporting factorization systems from X to C,
which sheds new light on the above-mentioned problem. In this paper we develop our
approach and apply it to the same problem, but in a more general situation, namely, to
the problem whether the pair of morphism classes

(IH(E), (I(E))) (1.4)
is a factorization system, where
I[:C—X&

is any functor, not necessarily admitting a right adjoint. We prove that the pair (1.4) is
a factorization system in any of the following cases:

— when the induced functor
IC:C/C—>X/[(C) (1.5)

between slice categories admits a right adjoint H¢ for each
C € ObC and all HY are full (this, in particular, includes the case of a fibra-
tion I; we point out that here C is not required to have pullbacks or any other
(co)limits);

— when C admits pullbacks, X = C, I is equipped with the structure of a pointed
endofunctor (with certain restrictions) and M C Mon &'. In this connection, we
should make a special mention of the work [JT2] by G. Janelidze and W. Tholen,
where the problem of relating a factorization system to a pointed endofunctor is
investigated. Note that our treatment of this problem differs from that of [JT2];

— when C is complete and well-powered, each I¢ in (1.5) has a right adjoint and
M C Mon &';

and, finally,

— when I has a right adjoint with various versions of the requirements given in [Z1],
[Z2] and in this paper.

In particular, we give the following generalization of the Cassidy-Hébert-Kelly theo-
rem:

Let C be a complete and well-powered category and let (E,M) be any factorization system
on X with M C Mon X; then the pair (1.3) is a factorization system on C for any
adjunction (1.1).

The results obtained in the paper are illustrated by examples in concrete categories.
Namely, new factorization systems are constructed on the categories of Abelian groups
(more generally, on any Abelian category), groups with unary operators, locally com-
pact Hausdorff Abelian groups with compact sets of compact elements, Heyting algebras,
topological spaces over a given space and so on.

The author gratefully acknowledges valuable discussions with George Janelidze and
Mamuka Jibladze on the subject of this paper.
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2. Preliminaries

We use the terms “factorization system”, “prefactorization system” and “object orthog-
onal to a morphism” in the sense of P. J. Freyd and G. M. Kelly [FK]. Namely, a factor-
ization system on a category C is a pair of morphism classes (E, M) such that

(i) E, (M) is right-closed (left-closed) under composition with isomorphisms, i.e.,
ie € E (mi € M) whenever e € E (m € M) and i is an isomorphism;

(ii) for each e € E and m € M we have e | m, which means that for each commutative

square
e

m

there exists a unique 6, for which a = de and 5 = mJ;

(iii) every morphism a admits an (E, M)-factorization, i.e., there are morphisms e € E
and m € M with a = me.

Every factorization system (E, M) satisfies E! = M and M! = E. A pair (E, M) satisfying
these equalities is called a prefactorization system on C.

Let us recall some needed definitions and results from [CHK]. Let C have a terminal
object 1. Consider the partially ordered collection of prefactorization systems (E, M) on
C satisfying the condition:

(%) every morphism with codomain 1 admits an (E, M)-factorization,

with usual order, ie., (E,M) < (E,M') iff M ¢ M’. This collection is regarded as a
category and denoted by PFS,(C). Let FRS(C) be the collection of full replete reflective
subcategories of C, ordered by the inclusion and also regarded as a category. There is an
adjunction

Ve
FRS (C) == PFS.(C) .

oc

where the right adjoint W, maps each (E,M) to the full subcategory of objects C' for
which the unique morphism C' —1 lies in M, while

De(X) = (I (Iso X), (I (Iso X))

for a full replete reflective subcategory X with the reflector I : C — X. The well-known
result from [CHK] asserts that if C is finitely well-complete, then ®¢(X) is not only a
prefactorization system, but, what is more, a factorization system as well.

One has V¢ ®¢ = lprs(c). The pair ®¢ We(E, M) is called the reflective interior of a

prefactorization system (E,M) from PFS,(C). Like [CHK] we denote it by (IC[':Z,I\C}JI) The

morphisms of [E are characterized as follows:

a€E ifandonlyif ea € E for some e € E. (2.1)
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(E,M) is called reflective if IEZ = E (or, equivalently, 1\041 =M).

Let C be finitely complete, and let X be a full reflective subcategory with reflector 1
and unit 7. The reflection of C onto X is said to be semi-left-exact if for any pullback
diagram

|
c-IC

with X € Ob X, I(«) is an isomorphism. The equivalent notion is that of an admissible
reflection [J1]. It is defined as a reflection such that all right adjoints H® in the induced
adjunctions between slice categories

c/C <’j_7c> X/1(C)

are full and faithful. The reflection of C onto X is called simple [CHK], or direct [BG],
[H] if, for any morphism f : B — C, the image under I of the canonical morphism in
the diagram

is an isomorphism. Every semi-left-exact reflection is simple. The converse fails to be
valid.

As mentioned in the Introduction, in this paper we develop the procedure proposed
in [Z2] for transporting factorization systems from a category X to a category C. Let us
recall its essence. We deal not with adjunctions (1.1), but, more generally, with families
of adjunctions between slice categories

A (c/e {:_TC) X/7(0)) , (2.2)

CeOb C

(here T is any mapping Ob C — Ob X and H¢ are right adjoints). The arguments
justifying why we do so are as follows. A factorization system (E, M) on X" gives the full
reflective subcategory M/T'(C') of X /T(C') for each C; recall that the objects of M/T(C)
are the morphisms X — T'(C) which lie in M. If all H® are full, then HE(M/T(C))
are full reflective subcategories of C/C, and the point is that sometimes they induce a
factorization system on C. More generally, if H is not necessarily full, then HE (M /T(C))
can be replaced by the full subcategory C¢ of C/C generated by H¢(Ob M/T(C)). If Cc
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turns out to be reflective for any C, then we may again obtain a factorization system on
C, which we denote by (E4,My). Let us clarify that

where M consists of all morphisms isomorphic to the images of the objects of M/T'(C)
under H¢, while

E, =M/ .

Let f: B — C be a morphism in C, and let
19(f) = me

be the (E,M)-factorization of I¢(f). We can consider e as a morphism I°(f) — m in
X /T(C); therefore it has the adjunct e; under the corresponding adjunction from (2.2).
Clearly,

f = Mmyé€y, (23)

where m; = HY(m). In [Z2] various sufficient conditions are given for (E4,My) to be a
factorization system (then (E,M) is called locally transferable along (2.2)). Note that it
is (2.3) that frequently gives the (E, M, )-factorization of morphisms.

The considered procedure naturally led to the notion of a local factorization system
introduced in [Z2]. By definition, a local factorization system with respect to some class
of objects C' (or, shortly, a C'-factorization system) is a pair of morphism classes (E, M),
satisfying the axioms (i), (ii) above and

(iii’) every morphism « with codomain in C' admits an (E, M)-factorization;
(iv) for each m € M, codom m € C’;
(v) for each e € E there exists m € M with codom e = dom m.

Clearly, Ob C-factorization systems are just usual factorization systems on C. Local
factorization systems possess most of the properties of factorization systems. In particular,
M/C' is a reflective subcategory of C/C for each C' € C'. Hence we can carry out the
procedure not only in the case where (E, M) is a (usual) factorization system on X', but
also in a more general case where it is a local factorization system with respect to a class
X’ of objects such that T(Ob C) C &”. Our previous notations related to the procedure
remain in force for this general case as well.

Finally, we wish to recall two results that are repeatedly used in this paper. The first
of them is well-known and proved, for instance, in [T], [CHK].

Let C be an arbitrary category.
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2.1. THEOREM. Let N be a class of morphisms in C, closed under composition; let
C admit all pullbacks (along any morphism) of morphisms in N, and all intersections of
morphisms in N; and let these pullbacks and intersections again belong to N. Then (NT,N)
is a factorization system and N C Mon C. 2

2.2. PROPOSITION. [Z2] Let (Cc)ceon e be a family of full replete reflective subcat-
egories of slice categories C/C with reflectors

r¢.C/C ——=Cc

and units ¢, and let

M= ] Obce.

CeOb C

The following conditions are equivalent:
(i) the pair (M', M) is a factorization system on C;

(ii) for each pair of objects C,C" of C and each f € Ob C/C, if Cfc ca — [Bis a
morphism in C/C", then rC'(C]?) is an isomorphism.

When these conditions are satisfied, we have

M = U {inC\f € Ob C/C, i is isomorphism}. (2.4)
Ceob ¢

If C admits pullbacks, then each of the above conditions is equivalent to

(iii) M is stable under pullbacks, and for each object C, each f € Ob C/C and C' =

codom ey, the morphism TC/(CJ?) 18 an isomorphism.

If, in addition, C has all intersections of monomorphisms and Ob Co C Mon C for any
C, then we have one more equivalent condition:

(iv) M is stable under pullbacks and is closed under composition and intersection.

Throughout the paper, when there is no risk that confusion might arise, we use the
same notation for different morphisms in a slice category provided that they have the
same underlying morphism from the entire category (as is, for instance, the case with
Proposition 2.2 (ii)).

2In fact, as is shown in [T], for any morphism class N, the existence of all intersections of morphisms
from N is sufficient for the fulfillment of the condition N C Mon C.
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3. The Initial Case

In this section, unless it is specified otherwise, C and X always denote arbitrary categories
without any requirement related to the existence of (co)limits.
Let T : Ob C — Ob X be any mapping, and let A be any family of adjunctions

(/e ’j:cc) x/T(C) ) (3.1)

CeOb C

with right adjoints H¢ and counits €. Suppose (E,M) is any factorization system on
X. If HC is full, HY(M/T(C)) is a reflective subcategory of C/C and its units are
ef : f — my. Applying Proposition 2.2, we obtain

3.1. PROPOSITION.  Let all H® be full. Then the following conditions are equivalent:
(i) (Eq,M4) is a factorization system;

(ii) for all objects C,C" of C and each f € Ob C/C, if ef : « — [ is a morphism in
C/C', then there exists an C/C'-isomorphism e, ~ egey for e, : @« — mg, and
eg: B — mg;

(ili) for all objects C,C" of C and each f € Ob C/C, if ey : « — [ is a morphism in
C/C', then there exists a morphism e : 1€ (3) — x in X/T(C") such that both e
and eI (ef) lie in E;

(iv) for all objects C,C" of C and each f € Ob C/C, if ey : « — [ is a morphism in
C/C", then we have 1% (ef) € E, where (E,M) is the reflective interior of (E, M)
considered as a factorization system on X /T(C");

(v) for each morphism f, we have ey € E 4.

If, in addition, C admits pullbacks and each I preserves the terminal object, then (i)—(v)
are also equivalent to each of the following conditions:

(vi) My is stable under pullbacks and for each f € Ob C/C, the object C' = codom eg

and the corresponding morphism ey : ey — 1_,, we have Icl(ef) cE,

(vil)) M4 is stable under pullbacks and for each f € Ob C/C and the object C' =
codom e;, we have 1< (e;) € E;

(viii) My is stable under pullbacks, and for each C € Ob C and each f € Ob C/C, the

morphism me, is an isomorphism.
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PrROOF. Observe in the first place that one always has
(iii) & (iv) = (v) = (i).

Indeed, the equivalence (iii)<(iv) follows from (2.1).  For (iii)=(v), note that
er | HY(m') means precisely the orthogonality of an object HY (m') of C/C’ to all
C/C’-morphisms, the underlying morphisms of which are e;. This in turn is equivalent to
the condition that m’ is orthogonal to the images of the above-mentioned C/C’-morphisms
under /€. The latter condition clearly holds. (v)=-(i) is obvious, since f = m; e, for any
f € Mor C.

Now let us assume that each H¢ is full.

(i)<(ii). By Proposition 2.2, (E4,My) is a factorization system if and only if
7% (ef) : My — mp is an isomorphism; here r¥" is the reflector C/C" — HC (M/T(C")).
It remains to observe that ege; = 1< (ef)eq.

(ii)=-(iii) follows from the fact that, as is shown in [Z2], for every f : B — C and
the corresponding morphism ef : f — my in C/C, we have

I(ey) € E. (3.2)

(3.2) is implied by the equality e = €5 19 (e;) and the fact that €9 is a split monomorphism.
Let C admit pullbacks and each I¢ preserve the terminal object.
(iii)=-(vi): If 3 = 1_,, then the morphism e in (iii) is a split monomorphism. Therefore

1¢(e;) € E.
(vi)=(vii) and (vii)=-(viii) are obvious. (viii)<(i) follows from Proposition 2.2. =
3.2. REMARK. If the conditions of Proposition 3.1 are fulfilled, then E 4 consists

precisely of morphisms isomorphic to ey for some f € Mor C. Moreover, the (E4,My) -
factorization of f is f = myey.

3.3. REMARK. The equivalence of (i), (ii), (v) and (viii) holds if (3.1) satisfies a milder
condition than the fullness of all H¢:
The mapping

HC : Mor (m, m) — Mor (H(m), H®(m)) (3.3)
is surjective for any m € M/T(C) such that there exists e € E with me € I¢(C/C).
The proof employs Lemma 4.1 of Section 4.

Let all H® be full. Then (3.2) implies that the statement (iii) of Proposition 3.1 holds
if the following condition is satisfied (we call it the condition of compatibility with respect
to E ):

For all C,C" € Ob C and h € Mor C, if h : a1 — (1 and h : ag — (5 are morphisms
in C/C and C/C’, respectively, then

I°(h) € E if and only if I (h) € E.

This observation immediately gives rise to



334 DALI ZANGURASHVILI
3.4. THEOREM. Let
[:.C—X (3.4)

be any functor, and let (E,M) be a factorization system on X. Suppose, for each
C € Ob C, the induced functor

1€:¢/C —X/I(C) (3.5)

has a right adjoint H®, and let all HC be full. Then the pair of morphism classes

(I (B), (I (E))") (3.6)
s a factorization system on C.

PROOF. We only have to show that E4 = I7}(E). The inclusion E4 C I7}(E) follows
from (3.2), while the converse inclusion is obtained from the following assertion which is
easy to prove. ]

3.5. LEMMA. Let A be a family of adjunctions (3.1), and let h € Mor C. If for any
C € Ob C we have I°(h) € E whenever h : a« — (3 is a morphism in C/C, then h € E4.

We wish to emphasize the fact that in Theorem 3.4 there is no requirement for the
existence of any (co)limits in C. If C admits pullbacks and I has a right adjoint H, then,
as known, each I¢ has a right adjoint H® (H¢ pulls back the H-image of morphisms
along the corresponding unit). Therefore Theorem 3.4 generalizes

3.6. THEOREM. [Z1,Z2] Let C have pullbacks, and let
C % X (3.7)

be an adjunction. If each HC is full, then the pair of morphism classes
(I (E), (H(M)"™) (3.8)
1s a factorization system on C.

3.7. REMARK. The class (H(Mor X)) is described in [CHK] for the case of semi-left-
exact reflection (3.7). It is shown that it consists precisely of those morphisms f : B — C
for which the square

B-"2.IRB

i

o 1o

is a pullback (here 7 is the unit of (3.7)). Recall that such morphisms are called trivial
coverings in G. Janelidze’s Galois theory [J1], [J2]. In [Z1] we give an analogous charac-
terization of morphisms from (H(M))™ if, again, (3.7) is a semi-left-exact reflection: we
have to restrict ourselves only to the trivial coverings which are mapped into M.
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3.8. EXAMPLE. Take the variety Heyting of Heyting algebras and its reflective
subcategory Boole of Boolean algebras. The reflector

Heyting —— Boole (3.9)

maps every H to the Boolean algebra I(H) of all regular elements of H (i.e., elements
a € H for which the equality TJa = a holds), while the unit 7y maps a to 1 la. Note
that the homomorphicity of ny follows from the fact that I(H) is a reflective subcategory
of H (regarded as a category) with reflector ny [B]. It can be verified that the considered
reflection is semi-left-exact. “Reflecting” (E=surj.hom., M =monos (inj.hom.)) from
Boole, we obtain the factorization system (3.8) on Heyting:

f: Hy — Hy lies in I"Y(E) precisely when for each reqular b € Hy there exists a reqular
a € Hy such that f(a) = b;
f: Hy — Hy lies in (H(M))' precisely when it satisfies the following two properties:

(i) the restriction of f on reqular elements of Hy is injective;

(i) for each reqular element a of Hy and each b € Hy such that 110 = f(a) there exists
a unique a' € Hy with 77a’ = a and f(a') = b.

3.9. EXAMPLE. Let C be an Abelian category, and let (V,e) (or, shortly, V) be
a copointed endofunctor with e, being a monomorphism and V(C/V(C)) = 0 for each
C € Ob C. Consider the reflective subcategory X' of those C' for which V(C) = 0. Recall

that the reflector
I[:C—X& (3.10)
maps C to C'/V(C'), while n, = coker .
Clearly, the pair (E, M), where E consists of all C-epimorphisms in X and M consists
of all monomorphisms, is a factorization system on X. We have:

f:C — C" lies in I7YE) precisely when Im f + V(C") = C".

Indeed, consider the commutative diagram

Im f = C c/v(C)
f I(f)
V() : =C' C¢'/V(C)

with evident e,m and s. If I(f) is an epimorphism, then for any o : A — C’ we have
morphisms (3,7, 0 such that n_,a = I(f)3, n.y = B and a — siiey = €, = siz0, whence
a = s(iyey + i99), and therefore s is an epimorphism. The converse is verified similarly.
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It is proved in [JT2] that if C is the category of (left) R-modules (R is a commutative
ring with unit), then the reflection of C onto X is semi-left-exact if and only if V' is
idempotent, i.e., €V is an isomorphism. It can be verified that the latter assertion remains
true for arbitrary Abelian C.

Let V be idempotent. In order to calculate the class (H(M))! we observe that for any
trivial covering m there exists 6 such that mé = ¢_. Consider an arbitrary monomorphism
m satisfying the latter equality for some 6. As is easy to see, V(m) is an isomorphism.
Let us show that the right square in the commutative diagram

coker & c

V() —< ~C C/V(C)
~|V(m) m I(m)
, e , coker €c , ,
V(C') C 'V (C")

is a pullback. To this end, consider arbitrary ¢ and ¢ with I(m)y = coker €, - 1. We have
¢" and ¢’ such that ¢ = coker e, -¢’ and £ 9" = m¢g’—¢. Then m(¢' —e,V(m)™ ') =1
and coker (¢ — e,V (m)™ ') = ¢. Next, we show that I(m) is a monomorphism.
Indeed, there exist morphisms p and 7 such that ker I(m) = coker ¢, - p and mp = ¢_, 7,
where ker m’ = coker ¢, - £,V (m)~'7 = 0. We obtain:

f:C — C" lies in (H(M))' precisely when f is a monomorphism and V(C") C C (i.e.,
there exists 6 with f0 =«¢_,).

Thus, when V' is idempotent, the above-described morphism classes constitute a fac-
torization system on C.

3.10. REMARK. We still can characterize morphisms of the class (I7!(E))! in Theorem
3.4 if I is not necessarily a left adjoint in an admissible (or, equivalently, semi-left-exact)
reflection, but if, nevertheless, each I¢ has a full and faithful right adjoint. As is known
[JT1], the latter condition is equivalent to requiring that I be a fibration. In that case,
the pair of morphism classes

(I7'(E),Om), (3.11)

where Oy is the class of Cartesian morphisms over all M-morphisms, is a factorization
system on C.

3.11. EXAMPLE. Let us consider the category C of commutative rings R with units,
which have precisely one prime ideal (equivalently, each element of which is either invert-
ible or nilpotent; another equivalent condition is that the quotient of R by its nilradical is
a field [AM]). We will first verify the existence of pullbacks along an injective homomor-
phism ¢g: R>—— R’ in C. For this, consider any h : R” — R’ from C and the pullback
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in the category of rings
PR

J )

R/I - R/

Each element a of P is either nilpotent or invertible in R”. If b is its inverse, then h(b)
is the inverse of h'(a), and hence h’(a) is not nilpotent (without loss of generality it can
be assumed that 0 # 1 in R’). Therefore h'(a) has the inverse in R, which clearly should
coincide with A(b). This implies that b € P. Consequently, P is an object of C.

It is obvious that the subcategory Fld of fields is reflective in C. Therefore the functor
I¢:C/C — F1d/I(C) has a right adjoint for any C. One can easily observe that the
corresponding counit €¢ is an isomorphism and therefore I is a fibration.

Take the following factorization system (E,M) on Fld: E consists of all algebraic
extensions and M consists of extensions F'>— F’ for which F' is algebraically closed in
F'. Then, as is easy to verify:

f: R — R lies in I"Y(E) precisely when for each a € R’ there exists a polynomial
a € f(R)[z], at least one coefficient of which does not belong to N' and is such that
ala) € N';

f:R— R lies in (H(M))™ precisely when f is injective and R includes the nilradical
N’ of R' as well as all elements which are the roots of some polynomial o € R[z], at least
one coefficient of which does not belong to N'.

Theorem 3.4 may turn out to be conveniently applicable if C is well-powered and all
morphisms of C and X are monomorphisms because in that case both slice categories in
(3.5) are posets and the adjoint functor theorem might be easily used.

3.12. EXAMPLE. It is well known how to transport factorization systems from a
category C to a slice category C/C. (In passing, let us point out that this construction
gives an example of factorization systems of form (3.11) for the relevant fibration.) Below
we will generalize this construction in the particular case of the category Top of topological
spaces and special factorization systems on it.

Let us first adopt the following convention: the subscript Emb in the notation of
topological categories indicates the subcategory of all objects and (only) embeddings of
an entire category.

Let Y be a topological space and let Y’/ be an arbitrary subspace. Consider the functor

I:(Top/Y), . —Topp,,
mapping each o : X — Y to X’ in the pullback
X'l X

Y>——=Y
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Clearly, (Top/Y )gmb /@ is isomorphic to Topgm, /X and the induced functor
I TOpEmb /X - TOpEmb /X/

is merely a change-of-base functor i} for subspaces. We can apply the adjoint functor
theorem to it® since both Topgm, /X and Topg., /X’ are complete lattices and I* pre-
serves arbitrary joins. Moreover, I* is surjective. This implies [B] that its right adjoint
is full. Using Theorem 3.4, we obtain the factorization system (I~1(E), (/~'(E))!) on
(Top/Y )gmp for any factorization system (E,M) on Topg,, (for instance, for (isomor-
phisms, embeddings)). Combining (I-1(E), (I~}(E))') with the factorization system (sur;.
cont. mappings, embeddings) on Top/Y, we get the factorization system (Ey,My) on
Top/Y:

f:a— (3 lies in Ey precisely when f(X)NB YY) =——=p"1Y") lies in E;
[ ra — B lies in Mly precisely when f:X = Z is an embedding, o= (V') = 71(Y")
lies in M and X contains the complement of 3~ (Y') in Z; here X = dom a and
Z = dom .

Note that when Y’ =Y, (Ey,My) is obtained in the usual way from a certain fac-
torization system on Top, namely, from (E, M), where E consists precisely of continuous

mappings which can be factorized as a composition of a surjective continuous mapping
and some E-morphism.

3.13. EXAMPLE. To some factorization systems on the category Haus of Hausdorff
topological spaces we will relate factorization systems on the category of the so-called
V-Hausdorff spaces defined below. Here (V) ¢) is a copointed endofunctor on Topg,,, and
we require of (V,¢) to satisfy the following property: for each embedding f: X ——Y
the square

V(X)X X

is a pullback. Let C be the full subcategory of Topgy, containing those spaces Y for
which V(Y') is Hausdorff. We call such spaces V-Hausdorff. Consider V' as a functor

V . C ——= Hausg,, .
Again, both C/Y and Hausg,,, /Y are complete lattices and
VY . C/Y —=Hausg,, /V(Y),

3The adjoint functor theorem cannot be applied directly to I since (Top/Y )gmp does not admit
coequalizers.
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clearly preserves arbitrary joins. Moreover, VY is surjective. These arguments provide
the factorization system (V=YE), (V~1(E))!) on C for any factorization system (E, M) on
Hausg,,, . Keeping in mind the factorization system (surj. cont. mappings, embeddings)
on the category of all V-Hausdorff spaces (with all continuous mappings), we get a new
factorization system (Ey,, My ) on it. Taking into account the structure of HY (namely,
HY(Z——=V(Y)) =(ZuU((Y\V(Y))=—=Y) , we obtain:

[: X — Y lies in By precisely when f(X)NV(Y) — V(YY) lies in E;

f: X—Y lies in My precisely when f is an embedding and XNV (Y)=—=V(Y) lies
in M and X contains the complement of V(Y) in Y.

3.14. EXAMPLE. Hausg,,, in Example 3.13 can be replaced by CompHausg,,,
while (surj. cont. mappings, embeddings) by (dense mappings, closed embeddings). But

then for VY to preserve arbitrary joins \/, we have to restrict ourselves only to the spaces
Y satisfying the infinite distributive law

XN (\/X) =\/(Xnx,) (3.12)

for the closed-set lattice of Y. In this way, for each factorization system (E,M) on
CompHausg,,,, we obtain the factorization system (Ey, Mly ) on the category of all topo-
logical spaces Y which satisfy (3.12) and are such that V' (Y) is compact and Hausdorff.
We have:

f: X —=Y liesin Ey precisely when f(X)NV(Y)=—=V(Y) liesin E;
f: X —=Y lies in My precisely when f is a closed embedding, X NV (Y) ==V (Y)

lies in M and X is the largest element in the closed-set lattice of Y among those Z for
which ZNV(Y)C XNV(Y).

4. When M C Mon X

Even if the condition of the fullness of all H® fails to be fulfilled, to the given data (3.1)
and a factorization system (E,M) on X we can relate the full replete subcategory Co of
C/C induced by the class HY(M/C) of C/C-objects and sometimes turning out to be
reflective. To find the corresponding condition, we will first consider a general situation.

4.1. LEMMA. Let
C %) X (4.1)

be an adjunction with unit n and let Y be a reflective subcategory of X with reflector
r:X ——Y (4.2)

and unit . Suppose B denotes the full replete subcategory of C given by the class H(Ob Y)
of objects. The following conditions are equivalent:
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(i) B is reflective and the units of the reflection are the compositions

Ne H(C]c)

C - HIC =% HrIC'; (4.3)

(ii) for each C' € Ob C and each'Y € Ob Y the mapping
H : Mor (riC,Y) ——Mor (H(rIC),H(Y))
18 surjective;
(iii) B is reflective and for each C' € Ob C the mapping
H : Mor (rIC,rIC) — Mor (H(rIC), H(rIC)) (4.4)
18 surjective.
If every split C-epimorphism of the form H(«) with o € Mor Y is an isomorphism, then
each of (1)—(iil) is also equivalent to
(iv) B is reflective.
PROOF. We first observe that, since (4.3) are precisely the units of the composition of
adjunctions (4.1) and (4.2), they are always weakly universal with respect to B.

(i)=(ii). For each g : HriC — HY, we have a morphism « : r/C' — Y such that
gH (Cie)n. = H(a)H(Cio)n,.. If B is reflective, then g = H(a).

(ii)=>(iii). We verify that composition (4.3) is universal. Indeed, if g1 H((0)n. =
92H (C,. )N, then we have ¢g; = g, since both g; have the form H(f;), .

(iii)=-(i). If B is reflective and the units of this reflection are ¢, : C' — H(Y(), then
there exist morphisms « : r/C' — Yo and g : H(Ye) — HrIC such that g€, = H ({0,
and H(a)H ((re)n. =¢&,.. Hence
and (¢H («))H (Cre)n. = H(Cro)n,.- Since gH (o) = H() for some 3, we obtain § = 1,¢.
Hence gH () = 1y, 10-

(iv)=-(i) trivially follows from equality (4.5) under the relevant condition on the H-
image of Y-morphisms. [

Now we can formulate our next statement.

4.2. PROPOSITION.  Let M C Mon X. The following conditions are equivalent:

(i) (E4q,Myu) is a factorization system;

(ii) for all objects C,C" of C and each f € Ob C/C, if ef : a — [ is a morphism in
C/C", then there exists a C/C’'-isomorphism e, ~ eges for e, : o — m, and
eg : B — mg, and the mapping

H® : Mor (m, m’) — Mor (my, H(m/)) 4 (4.6)
is surjective for any m’ € M/T(C);

4Recall that, as usual, m is an M-morphism in the (E, M)-factorization of f.
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(ili) for each morphism f, we have ey € E 4.
If, moreover, C has pullbacks, then each of (1)—(iii) is equivalent to the following condition:

(iv) My is stable under pullbacks, and for each C € Ob(C, f € ObC(C/C and
m' € M/T(C), the mapping (4.6) is surjective and m,, is an isomorphism.

If, in addition, C has all intersections of monomorphisms, then we have one more equiv-
alent condition:

(v) My is stable under pullbacks and is closed under composition and intersection.

PROOF. (i)=-(ii). We first apply Lemma 4.1, taking into account the easily verified fact
that H¢ preserves monomorphisms considered as objects of the slice category X /T(C),
and conclude that (4.6) is surjective and the unit of the obtained reflection C/C — C¢
is given by e : f — my. Then we use Proposition 2.2.

(ii)=>(iii) and the equivalence (i)<(iv) follow again from Lemma 4.1 and Proposition
2.2, while (i)<(v) follows from Theorem 2.1. =

4.3. REMARK. Under the conditions of Proposition 4.2 both the structure of E 4
and the form of the (E_4, M 4)-factorization of morphisms coincide with those described
in Section 3.

The results obtained above will be applied below to the problem of relating a factor-
ization system to a pointed endofunctor.

From now on it is assumed that C admits pullbacks. Let (T, n) be a pointed endofunctor
on C. Consider the family of adjunctions

.
D (C/C == ¢/T(C) >060bc’

(4.7)
where 77, is the usual change-of-base functor and 7! is the corresponding composition
functor. Observe that in that case Mip contains precisely the pullbacks of M-morphisms
along the corresponding 7 for any factorization system (E,M) on C. Moreover, for each
f: B — (' in C, the morphism ey is the canonical one in the commutative diagram

where me is the (E, M)-factorization of 7, f and the internal square is a pullback.
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4.4. LEMMA. The class Mip s stable under pullbacks.

ProOF. For a given pullback
B

_—

S

<_
S\

A
C

with m’ € Mp, we have the commutative diagram

S

—_—
(6

m” (4.9)

for some m € M and &, where the right-hand rear square and the right-hand lateral square
are pullbacks, and therefore the left-hand lateral square is also a pullback; moreover,
m” € M. n

4.5. THEOREM.  If (E,M) is a factorization system on C with Ml C Mon C and there
holds the condition

if meM, then T(m)e M, (4.10)

then the pair (Ep,Mp) is also a factorization system on C. If for each C € Ob C, the
pullback along 7, reflects isomorphisms for M-morphisms, then Ep consists precisely of
those f : A — B for which ngf € E; if, moreover, n, € E, then (Ep,Mp) coincides
with the pair

(T~YE), (T~Y(E)}). (4.11)

PROOF. Let us show that the condition (iii) of Proposition 4.2 is satistied. By Proposition
2.6 of [CJKP] and Lemma 4.4, it suffices to verify the existence of a diagonal morphism
in the commutative square

B

A

ey
—_—

v,

-
—_
v

o

_—

ml
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for each f: B — C and each m’ € Mp. Consider the commutative diagram

/\X

P
my lm
. (4.12)
v "/ C—\=TC
Tmy
S TP

Here the squares (I), (II) are pullbacks and m” € M. By condition (4.10) we have
T(mg)m” € M. Hence e | T'(ms)m”, which implies the existence of a diagonal morphism
d : X — S for the bordering quadrangle in (4.12). We have T'(m;)m"(do) = mo =
T(my)n,, whence m"”éc = n,. The pullback (I) gives rise to the sought-for morphism
0. P— A

To prove the second part of the theorem, recall that Ep consists precisely of morphisms
of the form iey, where ¢ is an isomorphism. Consider diagram (4.8), but this time for e;
instead of f. Since ey = Me; €e,p 18 the (Ep, Mp)-factorization of ef, we have that M, 18
an isomorphism. Therefore so is m, and 7,ey € E. The converse is obvious. From the
commutativity of the diagram

C——TC
el
fl lT(f)
Lo (4.13)
N
it follows that (Ep, Mp) coincides with (4.11). n

4.6. EXAMPLE.  As is known [M], the set S of all compact elements (i.e., of elements
a of a topological group G, such that the smallest closed subgroup gp(a) of G containing
a is compact) is a closed subgroup of G if G is locally compact Hausdorff and Abelian. If
f: G — G is a continuous homomorphism of such groups and a € Sg, then f(gp(a))
is compact and hence closed. Therefore gp(f(a)) C f(gp(a)), whence f(a) € Sgr. These
arguments provide the pointed endofuctor T'(G) = G/S¢ (with e being the projection
G — (G /Sg) on the category C of locally compact Hausdorff Abelian groups with compact
sets of compact elements (the latter requirement is needed for our further purposes).

To verify that C has finite products, we observe that Sgxg = Sg X Sg for any
Hausdorff topological groups G and G'. Indeed, if (a,a’) € Sgxgr, then the projection
7 : G x G — G maps gp(a,a’) into a closed subset of G. This readily implies that
gp(a) = mgp(a,a’) and a € Sg. The converse inclusion is obvious. Since the closed
subsets of a locally compact space are also locally compact, C admits equalizers and thus
C is finitely complete.
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Obviously, (E =dense homom., Ml = closed embeddings) is a factorization system on
C. We will show that T" preserves closed embeddings. Let f : G — G’ be a mapping of
this kind, and let a € G be a compact element of G’. Then gp/(a) C G, whence gp(a)
(equal to gp'(a)) is also compact. Therefore T'(f) is injective. Since Sg is compact, the
mapping 7¢ is closed. From the commutativity of (4.13) we conclude that T'(f) is also
closed.

Thus all the conditions of Theorem 4.5 are satisfied and we obtain the factorization

system (4.11) on C. We have:

f: G — G lies in T~ (E) precisely when f(G)+ Sq (= f(G) + Sa) coincides with G';
f:G— G liesin (T"Y(E))! precisely when f is a closed embedding and Ser C G.

4.7. REMARK. One can easily verify that Theorem 4.5 can be generalized to the
case where (E, M) is not necessarily a (usual) factorization system, but, more generally,
an arbitrary local factorization system with respect to a class C' of objects such that
T(Ob C) C C' — we only have to replace “m € M ” in (4.10) by “ m € Mp ”.

4.8. REMARK. In [JT2|, among many other things, the pair (7, Mr) of morphism
classes is related to a pointed endofunctor (7',n). Recall that & consists precisely of
T-vertical morphisms, i.e., of morphisms f : B — C for which there exists a morphism
d such that the diagram

C—4.TB

o] |15

ol

is a pullback, while M consists precisely of trivial T-coverings, i.e., of morphisms
f + B — C for which the diagram

B——T8

| |

is a pullback. It is proved in [JT2] that (€7, M7) is a factorization system and coincides
with
(T~ (Is0 C), (T~ (Is0 C))")

if T' is induced by a simple reflection.

In view of Theorem 4.5 there arises a question whether the pair (€7, Mr) is equal to
(IsoC p,MorC p) and if not, whether it is equal to (Ep, Mp) for some (E,M). Note that
if T'n is an isomorphism and 77" is a monomorphism, then M7y = MorC p if and only if
7 is an isomorphism. Indeed, 7. obviously lies in MorC p and if it lies also in My, then
it is the pullback of T'(n,.) along 7, and is therefore an isomorphism. This in particular
implies that & # [soC p in general.
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However, sometimes (£, Mr) may coincide with (Ep, Myp) for E = {in.|C € Ob C, i
is isomorphism} and M = {T'(f)i|f € Mor C, i is isomorphism} if (E, M) is a 7'(Ob C)-
factorization system (this happens if, for instance, either T is induced by a reflection
or each 7, is an epimorphism and 7T is idempotent, i.e., T is an isomorphism). More
precisely,

MT:MD

if and only if for each f : B — C the pullback of T'(f) along 7, lies in My. This
condition is studied in detail in [JT2]. We observe that if, in addition, the canonical
morphism in the diagram

P—T8B

e

lies in & for any f and C has a terminal object preserved by T, then, according to [JT2],
(Er, M) is a factorization system and consequently

ST - E’D~

4.9. REMARK. The requirement M C Mon C is essential for the validity of the first part
of Theorem 4.5. Indeed, on the category of Abelian groups let us consider the pointed
endofunctor defined by T'(G) = G/2G. 1t is obvious that a monomorphism f: G>—— G’
lies in Mor C p if and only if G contains 2G”. This implies that Mor C p is not closed under
composition since it contains, for instance, the inclusions 47 >— 27 and 2Z>——=7
but does not contain 4Z >——17 .

Furthermore, requirement (4.10) is also essential for the validity of Theorem 4.5 since,
as is easy to verify, MonC p = MonC N MorC p.

From Remark 4.8 we conclude that the equality of (Ep, Mp) with (4.11) shown in the
second part of Theorem 4.5 does not hold in general even if M C Mon C.

5. The Case of Complete and Well-Powered Categories

According to Remark 4.9, it is by no means true that the pair (E4,My,) is always a
factorization system even if a given category C satisfies a number of natural conditions
and Ml C Mon C. From this remark it follows in particular that (E4, M4) is, in general,
not even a prefactorization system. This leads us to considering a new pair of morphism
classes

(E4, M), (5.1)

which sometimes turns out to be a factorization system, while (E4,My) does not (see
Examples 5.7 and 5.8).
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5.1. PROPOSITION. Let C be a complete and well-powered category and let (I, M)
be a factorization system on X with Ml C Mon X. Suppose A satisfies the condition of
compatibility with respect to E (see Section 3) and I€(«) is an isomorphism for each one
in C. Then the pair (EA,M}) 1s a factorization system on C, Mlll C Mon C and

Ea= J I97(B). (5.2)
CeOb C

5.2. REMARK. We do not specify whether E in (5.2) is taken as a class of objects
or a class of morphisms in X' /T(C) since, by virtue of Lemma 3.5 and the compatibility
condition, in both cases E4 in the left-hand part of (5.2) is the same.

Proof of Proposition 5.1. Let f : B — C be any morphism of C. We already have the
factorization

f =My€y. (53)

Recall that m; = HY(m) and m is an M-morphism in the (E, M)-factorization I°(f) =
me. Let N be the morphism class M{ N Mon C. By Theorem (2.1), (N',N) is a fac-
torization system and therefore ey = nf’ with n € N and f’ € NI. It suffices to show
that f' € E4. Again consider factorization (5.3), this time assuming that f € N'. Then
my € N and thus f | my. This implies that my is a split epimorphism and thus my is
an isomorphism. Since I°(m;) = me® and m € Mon C, we conclude that m is also an
isomorphism . Hence I¢(f) € E and, consequently, the image of f : f — 1, under I¢ lies
in E. By the condition of compatibility and Lemma 3.5, we obtain that f € E 4. Actually,
we have proved that NT = E 4 and therefore M} C Mon C. The above arguments also
prove (5.2). |

Proposition 5.1 immediately gives rise to

5.3. THEOREM.  Let C be a complete and well-powered category and let
1.C—X
be any functor such that for each C' € Ob C the induced functor
I1°:¢/C—=Xx/I(C)

admits a right adjoint.  Then, for each factorization system (E,M) on X with
M C Mon X, the pair of morphism classes

(I7H(E), (" (E)')
s a factorization system on C.

In particular, we have
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5.4. THEOREM.  Let C be both complete and well-powered. For each adjunction
C == x
I
and each factorization system (E, M) on X with Ml C Mon X' the pair of morphism classes
(17 (B), (HOD)) (5.4)
s a factorization system on C.

PROOF. Just recall that, according to [Z1], (5.4) is a prefactorization system. "

To describe morphisms from (H(M))™, we give

5.5. LEMMA.  Let C be a category with pullbacks, and let E be any class of morphisms
closed under composition and satisfying the following cancellation property:

if e=pa and e€E, then [ €E.

Suppose (E';M') is a factorization system on C such that E' C E. Then the following
conditions for a C-morphism m are equivalent:

(i) m € E!;
(i) of the pullback o of m along some morphism lies in E, then « is an isomorphism;
(iii) if the pullback o of m along some M'-morphism lies in E, then « is an isomorphism;
(iv) m € M’ and (iii) holds.
Proor. (i)=(ii), (ii)=(iii), (i)=(iv) and (iv)=-(iii) are obvious. We verify (iii)=-(i).
Consider the commutative diagram
A—--B
f g
C——=D

m

(5.5)

with e € E. Factorizing g by (E’,M’) and taking the corresponding pullback, we obtain
the diagram

From the upper square one has g € E, whence ¢ is an isomorphism. The rest of the proof
is obvious. [
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Note that the class I7'(E) from Theorems 5.3 and 5.4 satisfies the cancellation prop-
erty of Lemma 5.5 since (I7*(E))* C Mon C.

5.6. EXAMPLE. It is well-known that the pair of morphism classes (E, M), where E con-
sists of all integral homomorphisms, while M consists of monomorphisms f : G > G’
for which G is integrally closed in G’, is a factorization system on the category Rng
of commutative rings with units. Theorem 5.4 allows us to transport (E,M) along the
adjunction

Ab = Rng , (5.6)
where Ab is the category of Abelian groups and I(G) is the group ring over an Abelian
group G.

We have:

f: G — G lies in I7Y(E) precisely when for each x € G’ there exists n > 1 such that
2™ € Im f°.

Indeed, if 2™ = f(a), then z clearly is integral over I(f)(I(G)) and now it suffices
to observe that elements of G’ are generators of I(G”). For the converse, suppose I(G’)
is integral over I(f)(I(G)). Since Im f generates I(f)(I(G)) as an Abelian group, each
x € G’ satisfies an equality of the form

4"+ 4 b+ b, =0, (5.7)
where every b; is written as
bi = kirf(an) + ko f(ai2) + - - + K, f (@i, )- (5.8)

Here k;; € Z and a;; € G. But I(G') is free over G’ (as an Abelian group), hence,
from (5.7) and (5.8) we obtain z" = f(a;;)z" for some 4,5 and 0 < k < n. Therefore
"% elm f.

Applying Lemma 5.5, the class of morphisms diagonalized with I7!(E) can be easily
calculated. Namely, we have:

(H(M))' consists of those monomorphisms f:G>=—=G' for which G contains all
x € G" with the property ™ € G for somen > 1.
Note that the latter class coincides with M 4 for the family A induced by (5.6). Indeed,

any f from (H(M))™ is a pullback of the inclusion R>— I(G’) along the corresponding
unit, where R is the integral closure of I(G) in I(G’).

SHere we use the multiplicative abbreviation for the operation of an Abelian group G so as not to
confuse it with the operation of addition in I(G).
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5.7. EXAMPLE. We return to Example 3.9 and follow its notation. In particular,
C denotes an Abelian category with a copointed endofunctor (V,e) such that ¢ is a
monomorphism and V(C/V(C)) = 0 for any C' € Ob C. We have seen that if, in addition,
(V,¢e) is idempotent, then (I=(E), (H(M))™) is a factorization system on C. Theorem
5.4 implies that this is the case even if (V) is not idempotent, but C is complete and
well-powered. The class I7'(E) has already been calculated in Example 3.9. The class
(H(M))™ is not, in general, described as in that example (take the copointed endofunctor
V(G) = 2G on the category of Abelian groups and then apply arguments similar to those
of Remark 4.9). To characterize its morphisms, observe in the first place that all of them
are monomorphisms. Applying Lemma 5.5, we obtain:

For a monomorphism f : C>—C" the following conditions are equivalent:
(1) f e (HM),
(ii) if g : S — C" is a subobject of C" such that
S=(CnNS)+V(9), (5.9)
then S C C (equivalently V(S) C C).

It is obvious that V preserves subobjects. From now on it is assumed that V' also
preserves finite joins in the lattices of subobjects and hence is additive.

Each of (i) and (ii) is implied by the following condition:
(iii) VY(C") c C for somel > 1.
If the chain of subobjects
C'O>V(IC)DVHC) D ... (5.10)

is stabilized at the k-th step, then (i)—(iil) are equivalent and, moreover, we have one more
equivalent condition:

(iv) V¥ cC.
(ili)=(ii): From (5.9) we obtain
S=(CnNS)+V(ICNS)+VHONS)+---+VHC N S)+ VI(S),
whence S C C.
(il)=-(iv): We only observe that C' contains any subobject S with V(S) = S.
We have already encountered the condition (iv) for £ = 1 in Example 3.9, namely:
(v) V(C") cC.

Observe that monomorphisms satisfying (v) are precisely morphisms from My for the
evident family A. Obviously, we have (v)=-(i). As has been noted, the converse is true
if V' is idempotent, though it fails in general. Nevertheless, even for V' described in the
corresponding counter-example, under some additional conditions on f the equivalence
(i)<(v) holds. More precisely,
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Let C be the category of Abelian groups, and let V(C) = nC (n > 2). If one of the
following conditions holds:

(a) C" is isomorphic to the product of cyclic groups of prime orders;

(b) nC" is a serving subgroup of C';

(¢) C+nC" is a serving subgroup of C’,
then each of the conditions (i) and (ii) is equivalent to (v).

Indeed, if (b) holds, then n?C” = nC and we apply the preceding statement. Suppose

C + nC" is serving so that n(C 4+ nC’) = (C' 4+ nC’') NnC" = nC". Then the extension
C > C +nC" clearly lies in I7'(E) and therefore nC’ C C'. Tt remains to observe that
each C' from (a) satisfies (b) [FKS].

Finally, let us consider the case where C is the category of (left) R-modules for any com-
mutative ring R with unit, and V' is any pointed endofunctor (with the above-mentioned
properties). If R is a field and C’ is finitely generated, then chain (5.10) is obviously
stabilized. For arbitrary R, we observe that if x1, xs,...,x,, € C’, then the inclusion

C Nmod (z1,x2,...,%y) = mod (z1,Z2, ..., Ty)

lies in I~(E) if and only if there exist elements y;; € V(Rx;) (1 < i, 5 < m) such that
for any ¢ we have
Ti+ya + Yo+ o+ Yim € C (5.11)
here mod (21,9, ..., 2,) denotes the submodule generated by x1,xa, ..., Zp.
From this observation we immediately get:

Fach of (i) and (ii) implies the following conditions:
(vi) C contains all x1,x3, ...,z from C" satisfying (5.11) for some y;; € V(Rzx;);

(vii) C contains all x from G’ such that there exists an elementy € V(Rx) with x+y € C.

If R is a principal ideal ring and C' is finitely generated, then (i), (ii) and (vi) are equiv-
alent. If, moreover, C" is a cyclic module, then these conditions are also equivalent to
(vii).

5.8. EXAMPLE. Let ¥ be a nonempty set, and let C be the category of groups equipped
with unary operators w; for each i € ¥. Applying the above results, we will relate a certain
factorization system on C to any structure that makes X a commutative semigroup. In
what follows it is assumed that X is equipped with this structure. First we observe that
for any (G, (w;)iex) from C every w; (i € X) induces the operator on G/N(G), where
N(G) is the normal subgroup generated by all n;(z) = wjwg(x)wjx(z7'), where z € G
and j, k € 2. Indeed, we have

w; (wjwy(z) wip(z™)) = [wiwjwy () [wawr (™) wir(e)] wwwg ()]

- [wiwjwg () wiywe(z™h)] - [wiw() wi(e™)]
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and all of the three factors lie in N(G). This implies that the full subcategory X of all
(G, (w;)iex) such that

for every i, 7 € ¥, is reflective in C.

The structure of a factorization system naturally arises on X'. The class E in it consists
of morphisms e : G — G’ such that for each x € G’ there exists ¢ € 3 with w;(z) € Im e,
while M consists of monomorphisms m : G = G’ which satisfy the following condition:
if w;(z) € G for some i, then x € G. The (E, M)-factorization of f : G — G’ is given
as G —— H>—>G', where H = {z € G'|Fi,w;(z) € Im f}. (5.12) implies that H is a
subgroup of ', is closed under the action of all operators and the inclusion H >—— G’
lies in M.

We apply Theorem 5.4 and extend (E, M) to the entire C. We have:

f: G — G lies in I"Y(E) precisely when for each x € G' there exists i € ¥ such that
wi(z) € Im f- N(G).

The class (H(M))' contains only monomorphisms and from Lemma 5.5 we obtain:

The following conditions for a monomorphism f[:G>—=G" are equivalent:
(i) f lies in (H(M))";

(i) for every subgroup S of G' closed under each w;, if the inclusion GNS =S lies
in I"Y(E), then S C G.

Similarly to Example 5.7, the class (H(M))" differs from the class M4 which is de-
termined by the following condition:

(iii) N(G") C G and for each x € G', if wy(x) € G for some 1 € X2, then x € G,

and is not closed under composition (for a counter-example, we consider the case where
Y is trivial, G’ is the cyclic group of order 4 and the unique operator w on G’ maps 1
to 8. The monomorphisms {0 p—— N(G’) and N(G'»—— G’ lie in M4, while their

composition does not).

If the chain of subgroups
G' D N(G)D N*G)D...

1s stabilized at the k-th step and for any i,j € ¥ we have
in G', then each of (1) and (ii) implies the condition:

(iv) N*(G") € G and if wi(x) € G for some i €3, then x € G.
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If, in addition, G is normal in G', then (i), (ii), (iv) are equivalent and we have one more
equivalent condition:

(v) NYG") C G for somel > 1 and if wi(z) € G for some i € ¥, then z € G.

(ii)=-(iv): Let S be the smallest 3-subgroup containing . Clearly, it is generated (as
a group) by x and elements of the form wj wj, - - - w;, () for all ji, 2, ..., 7, € X. (5.13)
implies that w;(S) C G, whence S C G and x € G.

(v)=(ii): Let S be a subgroup of G’ closed under each w; and such that the inclusion
GNS>—=S liesin I["Y(E). Let € S. Then

wi(x) =az 29 2, (5.14)
for some i € ¥, a € G and elements z; of the form
Sk Tiyjy, (xk) 81;1

with s,z € S. There exist py, g € X such that w,, (sx) = ax ng and wy, () = by my, for
some ay, by € G and ng, my, € N(S). Then, according to (5.13) we have

Wp,, W, (Zk> = We, (ak nk‘) Wp, (nik]'k (bk mk)) We, (”El ail)-
But

Tipjn (bk mk) = W5, Wy, (bk) Tigjn (mk) Wiy, jy, (bﬁl)~
Hence
Wp,, We,, (zk> = Wg, (ak>w% (nk)wpkwikwjk (bk) Wp, (nikjk (mk))
" Wpy, Wiy iy, (blzl) We, ("Zl) We, (GZI)

Since G, N(S) and N?(S) are closed under the action of all operators and G is normal in
G', we have

ror 3t — =1 =1 ;-1 / f— 1 —1 r—1
Wy, Wy, (21) = @y b Mp by, ny . = ap (g ny, )dpay,

where a}, b}, ¢, dp € G, nj, € N(S) and 7y, € N?(S). Applying the normality of G several
times, we obtain from (5.13) that
Wiy Wy Wiy Wy, * + = Wy, W, Wi(T) = bn (5.15)

for some b € G and n € N?(9).
If z € N(S), then (5.15) is equal t0 Wy, g1 prgs-pmami ()7 for some n’ € N?(S), and
hence
wp1q1p2tI2-"pk(Iki($) €G- NQ(S)

We have shown that if the inclusion GNS > S liesin I~ }(E), then GNN(S) > N(5)

and therefore G N N'=1(S) = N'1(S) also lie in I~*(E). Hence, for any z € N'71(9),

there exists i € ¥ such that w;(x) € G - NY(S) C G, whence z € G and N'"1(S) C G.
Similar arguments show that N*(S) C G for any ¢t > 1. This implies that S C G.
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