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Abstract

In the last few years, Lopez-Permouth and several collaborators have introduced a new
approach in the study of the classical projectivity, injectivity and flatness of modules. This
way, they introduced subprojectivity domains of modules as a tool to measure, somehow,
the projectivity level of such a module (so not just to determine whether or not the mod-
ule is projective). In this paper we develop a new treatment of the subprojectivity in any
abelian category which shed more light on some of its various important aspects. Namely,
in terms of subprojectivity, some classical results are unified and some classical rings are
characterized. It is also shown that, in some categories, the subprojectivity measures notions
other than the projectivity. Furthermore, this new approach allows, in addition to establishing
nice generalizations of known results, to construct various new examples such as the sub-
projectivity domain of the class of Gorenstein projective objects, the class of semi-projective
complexes and particular types of representations of a finite linear quiver. The paper ends
with a study showing that the fact that a subprojectivity domain of a class coincides with its
first right Ext-orthogonal class can be characterized in terms of the existence of preenvelopes
and precovers.
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1 Introduction

Throughout this paper, < will denote an abelian category with enough projectives. We denote
the class of projective objects by Proj (/) and the class of injective objects by Inj(<7). Also,
R will denote an associative ring with identity and modules will be unital left R-modules,
unless otherwise explicitly stated. As usual, we denote by R-Mod and Mod-R the category
of left R-modules and the category of right R-modules, respectively. We denote by C(R) the
category of complexes of left R-modules.

To any given class of objects C of &7 we associate its right Ext-orthogonal class,

Ct={X e |Ext'(C,X)=0,Cec),
and its left Ext-orthogonal class,
fe={Xew |Ext'(X,C)=0,C €C).

In particular, if C = {M} then we simply write *C = M and C+ = M.

Recall that, given a class of objects F, an F-precover of an object M is a morphism
F — M with F € F, such that Hom(F’, F) — Hom(F’, M) — 0is exact for any F’ € F.
An F-precover is said to be special provided that it is an epimorphism with kernel in the
class 1. F-preenvelopes and special F-preenvelopes are defined dually.

Recall that an object M of an abelian category o7 is said to be Gorenstein projective if
there exists an exact and Hom(—, Proj(</))-exact complex of projective objects

o> P 1 > Py—> P — ---

such that M = Ker(Pyp — Pp) (see [11, Definition 10.2.1]). While an object M of an abelian
category 7 is said to be strongly Gorenstein projective if there exists a short exact sequence
0—-> M — P — M — 0 with P projective and M € J-Proj(xzf) (see [3]). We use GP
and SGP to denote the class of all Gorenstein projective objects and the class of all strongly
Gorenstein projective objects, respectively.

In [15], an alternative perspective on the projectivity of a module was introduced. Recall
that, for two modules M and N, M is said to be N-subprojective if for every epimorphism
g : B — N and every morphism f : M — N, there exists a morphism 2 : M — B such
that gh = f. Then, Holston et al. defined in [15] the subprojectivity domain of any module
M as the class of all modules N such that M is N-subprojective. The purpose of [15] was
to introduce a new approach on the analysis of the projectivity of a module. However, the
study of the subprojectivity goes beyond that aim and, indeed provides, among other things,
an interesting new side on some other known notions. This opens a new important area of
research which attracts many authors.

In this paper, we develop a new treatment of the subprojectivity in the categorical context.
This study provides new interesting tools to develop this area of research. Indeed, we obtain,
for instance, generalizations of several results using new methods which give a different
light to the way they are seen now, which in addition, gives new perspectives. And we unify
known and classical results in terms of subprojectivity. The current study provides also new
powerful tools in constructing various interesting examples. For instance, we know and it is
easy to show that the subprojectivity domain of a projective object P is the whole category
o/, which is exactly the right Ext-orthogonal class of P. So we can write pt~!(P) = P+. So
it is natural to ask how far we can get by extending this equality. We will show that, at least,
it is possible to extend it to objects which are embedded in projective ones (see Proposition
2.8). As a consequence, we deduce that, if M is a Gorenstein projective object, then there is
an object N such that &Mq (M) = N*t.
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Subprojectivity in Abelian Categories 891

We also introduce subprojectivity domains of classes as a natural extension of the sub-
projectivity domains of objects. This provides a new context in this domain of research in
which several interesting questions arise. We show, among several other things, that the fact
that a subprojectivity domain of a class coincides with its first right Ext-orthogonal class can
be characterized in terms of preenvelopes and precovers.

The paper is organized as follows:

In Sect. 2, we investigate subprojectivity domains of objects. We start by giving examples
in the category of complexes and the category of representations of a quiver which show that
the role of subprojectivity could go beyond the measure of the projectivity, but also have
the ability to measure other properties such as the exactness of complexes (Proposition 2.5,
see also Proposition 2.27) or when a morphism is monic (see Proposition 2.6). The main
contribution of this section is the elaboration of two new ways to treat the subprojectivity of
objects. The first one, Proposition 2.2, is a functorial characterization of the subprojectivity
of objects and the second one, Proposition 2.7, characterizes the subprojectivity of objects in
terms of factorizations of morphisms. This contribution allows to easily establish throughout
the paper new and interesting results and examples. For instance, Corollary 2.9 shows that if
M is a strongly Gorenstein projective object then Pr ~1(M) = M*. And Corollaries 2.11
and 2.12 give, in terms of subprojectivity, a new way to see how an object (module) can be
embedded in a projective object (module).

We also introduce and investigate subprojectivity domains of classes as a natural extension
of subprojectivity domains of objects. This notion leads, among other things, to an unification
of several well-known results (see Corollaries 2.19, 2.21, 2.23 and 2.26). We determine
subprojectivity domains of various classes such as the one of semi-projective complexes
(Proposition 2.27), the one of strongly Gorenstein projective objects (Proposition 2.28), the
one of finitely presented objects (Proposition 2.18), the one of finitely generated modules
(Proposition 2.22), and the one of simple modules (Proposition 2.24). We show in Proposition
2.17 that the subprojectivity domain of a class £ does not change even if we modify this class
to Add(L) (i.e. the class of all objects which are isomorphic to direct summands of direct
sums of copies of objects of the class £). As consequences, the subprojectivity domains of the
classes of all pure-projective modules, all semisimple modules and all Gorenstein projective
objects are determined (see Corollaries 2.20, 2.25 and 2.29).

Section 3 is devoted to the study of some closure properties of subprojectivity domains.
We extend the study done in [15] and we give new results. In Proposition 3.1 we show that
the subprojectivity domain of any class is closed under extensions, finite direct sums and
direct summands. Then, we characterize when are the subprojectivity domains closed under
kernels of epimorphisms (Proposition 3.2 and Example 3.3). In Proposition 3.4 we show
that the subprojectivity domain of a class £ is closed under subobjects if and only if the
subprojectivity domain of any object of £ is closed under subobjects. This leads to new
characterizations of known notions. For instance, in Corollary 3.5, we show that, for any
ring R, w.gl.dimR < 1 if and only if the subprojectivity domain of each finitely presented
module is closed under submodules. In Corollary 3.6 we prove that a left coherent ring
R is left semihereditary if and only if the subprojectivity domain of each of its finitely
generated modules is closed under submodules. Similarly, in Proposition 3.7, we generalize
[15, Proposition 2.14] by showing that the subprojectivity domain of a class £ is closed under
arbitrary direct products if and only if the subprojectivity domain of any of its objects is closed
under arbitrary direct products. This result allows us to give a much direct proof (see Corollary
3.8) of a characterization of coherent rings established by Durgun in [9, Proposition 2.3].
Inspired by the work of Parra and Rada [18], we show that, if we assume further conditions
on <7, then the closure under direct products of the subprojectivity domains of classes can
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892 H. Amzil et al.

be characterized in terms of preenvelopes (see Proposition 3.11). We end Sect. 3 with a
discussion on the closure under direct sums of the subprojectivity domains of classes. In
[15, Proposition 2.13], it was shown that the subprojectivity domain of any finitely generated
module is closed under arbitrary direct sums. Here, using the functorial characterization of
the subprojectivity domains, we show that this also holds for small objects.

Finally, in Sect. 4 we relate subprojectivity domains with right Ext-orthogonal of classes.
The main result (Theorem 4.1) states that, under some conditions on the category ./ and on
the class £, the following conditions are equivalent:

Loch=Pc (0.

2. LN £+ = Proj(</) and every object in £ has a special £-precover.

3. Proj(A) C ct, Pr A_l(ﬁ) is closed under cokernels of monomorphisms and every
M € L has an L*-preenvelope which is projective.

We end the paper with two consequences (Corollaries 4.2 and 4.3). In the last one we
show that every object in GP has a special GP-precover. This is in fact the recent result
[24, Proposition 4.1] established in a different way.

2 Subprojectivity Domains in Abelian Categories

Subprojectivity of objects is a notion studied up to a certain level of deepness in categories
of modules. However, it is a categorical type concept which has not even been considered in
this general setting. The aim of this section is thus to explore the meaning of subprojectivity
in nice categories from the homological point of view: abelian categories.

We start by recalling what subprojectivity means.

Definition 2.1 ( [15]) Given two objects M and N in <7, M is said to be N-subprojective
if for every morphism f : M — N and every epimorphism g : K — N, there exists a
morphism i : M — K such that gh = f.

The subprojectivity domain, or domain of subprojectivity, of M is defined as the class

EZ/] (M) :={N € o/ : M is N-subprojective}.

In [15, Lemma 2.3] it was proved that for M to be N-subprojective one only needs to
lift maps to projective modules that cover N or even to a single projective module covering
N. We now provide a functorial extension of this result which we will use to give some
examples.

Proposition 2.2 Let M and N be two objects of </ and X be a subclass of&; (M) such that
every object in g;{l (M) is an epic image of an object in X. Then the following conditions
are equivalent:

1. M is N-subprojective.
2. There exists a morphism g : X — N with X € X such that Hom(M, g) is an epimor-
phism.

Proof One can easily see that (1) = (2).
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Subprojectivity in Abelian Categories 893

To show (2) = (1) assume that there exists such a morphism g : X — N andlet K — N
be an epimorphism. Then apply Hom (M, —) to the pullback diagram

D——X——>0

|

K——N——-0

to get
Hom(M, D) —— Hom(M, X)
Hom(M, K) —— Hom(M, N)

By (2) we see that Hom(M, X) — Hom(M, N) is an epimorphism and, since X is a
subclass of ‘,Bt_u/l (M), the morphism Hom(M, D) — Hom(M, X) is also an epimorphism.
Then Hom(M, K) — Hom(M, N) is of course epic. ]

Notice that conditions (1) and (2) of Proposition 2.2 are equivalent even if .7 does not have
enough projectives, and that X could be the whole ‘J3t; (M) as considered in [9, Proposition
2.1], or the class of all projective objects as in [15, Lemma 2.3].

We now give an example, in the context of representations of quivers by modules, of the
usefulness of the above fact. Recall that the linear quiver

Uy —> Up—1 —> -+ —> V2 —> V]
is denoted by A, and the category of representations of A, is denoted by Rep(A,). As in
[10], we use M[i], for a module M, to denote the representation

00— >0 M4 ... 19 i y

where the last M is in the i’th place. Following [10, Theorem 4.1] (see also [17, Sect. 2]),
we know that a representation

Mnfn—>Mn 1—>-~-—>MZL)M1

of A, is projective if and only if it is a direct sum of the following projective representations:

Pl]1: 050> ---—>0—>0— P,

P[2]: O—>0—>---—>0—>P2i—d>P2,

Pan): PSS p, L p M p M p,
where the P;’s are all projective modules. Thus, for a module M, the representation M[i] is
projective if and only if M is projective. We generalize this fact to the case of subprojectivity.

Sn Sn—
Proposition 2.3 Let M be a module and (N,§) = N, — N, s —> N2 Nl
be a representation of A, (n > 2)in R-Mod. Then, for an integer 1 < i < n, N €

P REP(A )(M i]) if and only if N; e‘,BtR Mod (M)-
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894 H. Amzil et al.

Proof For simplicity in notation we only prove the case of A, (A, follows by the same

arguments). Thus, we just need to discuss two cases: 0 — M and M —> M.

1. Choose any representation N : N — Nj € mtRep( n )(0 — M), an epimorphism
(o, ) : P — N from a projective representation P : P, — P; € Rep(A3), and any
morphism of modules f : M — Njp. Then, (0, f) : (0 > M) — N is a morphism of

representations and the diagram

can be completed commutatively. Therefore, f = gh and, by Proposition 2.2, Ni €

P ;1 Mo d(M). The converse is easy to prove.

id
2. To prove the necessary condition choose any representation Np — N; € ‘Bt ep(A )(M BN
M) and any morphism of modules f : M — N;. Then, there exists a morphlsm of rep-
resentations (k, ) completing commutatively the diagram

where P, — P is a projective representation and (¢, 8) an epimorphism in the category
Rep(A»). Therefore f = ak and then, again by Proposition 2.2, N, € ‘Bt J(M).
Conversely, let N — N; be a representation in Rep(A3). Suppose that Nz is in
‘BtR Mod (M) and consider a projective representation P, — Py, an epimorphism
(o, ) from P, — P; onto N — Njp, and a morphism of representations ( f2, f1)

id .
from M -5 M to Ny — Nj. Then, there exists h : M — P, such that /> = ah.
Therefore, we get the following commutative diagram

M M

P2 : noh h
N> § Ny

so fi = gf» = gah = PBrmh and hence (f2, f1) = («, B)(h, wh). This means by
Proposition 2.2 that N, — Nj € ‘Br (M l—d> M). m]

2 Rep(A2)

@ Springer



Subprojectivity in Abelian Categories 895

Subprojectivity domains were introduced in [15] to, somehow, measure the projectivity of
modules. So for instance it is clear that a module is projective precisely when its subprojec-
tivity domain is the whole category R-Mod. Of course one immediately sees that this is not
a situation which holds just in module categories. On the opposite, it does in every abelian
category with enough projectives. We state it as a proposition.

Proposition 2.4 Let M be an object of </. Then the following conditions are equivalent:

1. g; (M) is the whole abelian category <7 .
2. M is projective.
3. M e P (M)

But in some cases subprojectivity can measure notions different from that of projectivity.
We now give two examples showing this fact:

1.-In the category of complexes the subprojectivity domain of a semi-projective complex
measures the exactness of such a complex (Proposition 2.5).

2.-Subprojectivity in the category of representations by modules of the quiver A, charac-
terizes, in some cases, monomorphisms in R-Mod (Proposition 2.6).

Recall that a complex P is said to be semi-projective (or DG-projective) if for every
morphism « : P — N and for every surjective quasi-isomorphism  : M — N there exists
a morphism y : P — M such that « = By. Also, for every complex N there exists a
semi-projective complex X and a quasi-isomorphism f : X — N (see [6, Corollary 3.2.3]).

Proposition 2.5 Let N be a complex and let f : X — N be a quasi-isomorphism from a
semi-projective complex X. Then, N € @C(R)—l (X) if and only if N is exact.

Proof Suppose that N € Pr, ~1(X) and consider an epimorphism g : P — N with P

C(R)
projective. Since N € &C(R)_l (X), there exists a morphism 2 : X — P suchthat f = gh,
so H(f) = H(g)H (h), and since f is a quasi-isomorphism, H(g) : H(P) — H(N) is an
epimorphism, where H (.) is the homology functor. But P is exact, so N is also exact.
Conversely, if N is exact then X is also exact since they are quasi-isomorphic, so by [13,

Proposition 2.3.7] X is projective. Therefore, N € %C(R)*I(X ). O

Proposition 2.6 Let M be a module and g : N1 — N3 be a morphism of modules. Then,

g —1 .
N1 = N € &Rep(Az)(M — 0) & Homg (M, Kerg) = 0.

In particular, if M is free then N & Ny € &;elp(Ag)(M — 0)ifandonlyifg : Ny — N3
is monic.

Proof Suppose that Ny AN e g;p(Az)(M — 0),let f : M — Kerg be a morphism of

modules and i : Kerg — Nj be the canonical injection. We get the following commutative
diagram
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896 H. Amzil et al.

where P 5 P, is a projective representation and (8, ) is an epimorphism in the category
Rep(A»). Therefore, th = 0 so f = 0 since 7 is monic (see [10, Theorem 3.1]).

Conversely, if Homg (M, Kerg) = 0 then Hompgepa,) (M — 0, Ny — Nz) = 0 so
clearly N & N> € &;jp(Az)(M — 0). O

The following result provides new ways to treat and use subprojectivity.

Proposition 2.7 Let M and N be objects of /. Then, M is N-subprojective if and only if
every morphism M — N factors through a projective object.

Proof The necessary condition is clear since ./ has enough projectives.

Conversely, suppose that every morphism M — N factors through a projective object,
consider any morphism f : M — N and any epimorphism g : K — N. Then, by the
assumption, there exists a projective object P and a commutative diagram

P<2 M

N

K — N——0
And by the projectivity of P the diagram
1:3 ~* M
N
K — N——0
can be completed commutatively. O
Last result leads to some interesting consequences. We start by the following.

Proposition 2.8 Let0 — M — Q — M’ — 0 be a short exact sequence with Q projective.
Then M'* C @'W*(M). If moreover Proj (<) C Mt then gd’l(M) =M+t

Proof Let N € < and consider the long exact sequence
——> Hom(Q, N) — Hom(M, N) — Ext'(M’, N) —— Ext' (Q, N) ——

If N € M'" then Ext!(M’, N) = 0 so Hom(Q, N) — Hom(M, N) is epic, that is, any
morphism M — N factors through the projective object Q. Then, by Proposition 2.7 we
deduce that N € &'Q/fl(M).

Suppose in addition that Proj(«/) < Mt LetN € &M’I(M) and let P — N be
an epimorphism. We apply the functors Hom(—, P) and Hom(—, N) to M — Q to get the
following commutative diagram

Hom(Q, P) — Hom(M, P) — Ext!(M’, P)

| |

Hom(Q, N) — Hom(M, N) — Ext!(M’, N)
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To prove that Ext!(M’, N) = 0 it is sufficient to prove that Hom(Q, N) — Hom(M, N)
is epic since Q is projective. But N € &_W_I(M) so Hom(M, P) — Hom(M, N) is an
epimorphism, and of course Hom(Q, P) — Hom(M, P) is epic (Ext!(M', P) =0 by
assumption), so then Hom(Q, N) — Hom(M, N) is epic. ]

An example of an object satisfying the condition of Proposition 2.8 can be found among
strongly Gorenstein projective objects.

Corollary 2.9 If M is a strongly Gorenstein projective object then B, My =mt

The converse of Corollary 2.9 does not hold in general. A counterexample can be found
in commutative local artinian principal ideal rings: in [2] it is proved that over one such a
ring every module is 2-strongly Gorenstein projective, that is, there exists an exact sequence
0— M — P, > P - M — 0 with P| and P projective and M € *+Proj(</). Thus,
using [5] one can prove that if the ring admits more than two proper ideals then the maximal
ideal cannot be strongly Gorenstein projective. So for instance, the ideal (24 8Z) of the ring
7,/87 is not strongly Gorenstein projective. However we do have ! 2+87Z)=

(2 4+ 8Z)™ by the following result.

2°2(7,/87,)—Mod

Proposition 2.10 If R is a commutative local artinian principal ideal ring, then for every

module M, ‘BrR Mod M) =

Proof We can assume that M is a non- projective module.
By [15, Proposition 4.5] we know that P! (M) = Proj(R-Mod) so if we prove

that M+ = Proj(R-Mod) we will be done.
Now, since R is a commutative local artinian principal ideal ring, every module is a direct
sum of cyclic modules, and the only composition series of the ring is

~~—R—Mod

0=x"RCx" 'RC.-.-CxR=Rad(R) CR,

where x is a generator of Rad(R) (the Jacobson radical of R). Therefore, the result will
follow if we show that Proj(R-Mod) = (R/)c"R)L forevery 0 < i < m.

Of course we have Proj(R-Mod) C (R/x'R)* since Proj(R-Mod) = Inj(R-Mod) (R
is a QF-ring). And on the other hand, if N is a non projective module then there is an i such
that R /x* R is adirect summand of R. This means Extg (R/x' R, R/x7 R) is a direct summand
of Extp(N, R/x/ R) for every j. But Extg(R/x'R, R/x/R) # O forall0 < i, j < m by
[22, Example 4.5] so we are done. O

Proposition 2.8 says that if an object M can be embedded in a projective object then there
exists an object M’ such that (M "Nt c ‘Bt_] (M). Therefore, ‘Bt_] (M) contains the class of
injective objects. This fact was proved using dlfferent arguments in [8, Lemma 2.2] by giving
a list of equivalences. The following result extends such a list of equivalent conditions.

Corollary 2.11 Assume that </ has enough injectives and let M be an object of <f. The
Sollowing conditions are equivalent:

1. M is embedded in a projective object P.

2. There exists an object M’ such that (M")+ € @Z/I (M).
3. Inj(o) € P (M),

Proof (1) = (2) Proposition 2.8.

(2) = (3) Clear.
(3) = (1) Follows by similar arguments to those of [8, Lemma 2.2]. ]
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Now we prove that when the module is finitely generated (and can be embedded in a
projective module) then its subprojectivity domain contains a larger class than that of the
injectives. In what follows F' P will denote the class of all F P-injective modules, that is the
class of right Ext-orthogonal class of finitely presented modules. Recall, from [11, Proposition
6.2.4], that the class F P is preenveloping. In particular, every module embeds in an F P-
injective module.

Corollary 2.12 Let M be a finitely generated module. The following conditions are equivalent:

1. M is embedded in a projective module.
2. There exists a finitely presented module M’ such that (M)~ C Pt
3. FP C ‘,]3t PBrr vo d(M ).

4. For an F P-injective preenvelopei : M — E of M, E € EBt

B ytoa M-

2 ”R—Mo d (M).
Proof (1) = (2). Since M is finitely generated, M can be embedded in a finitely generated
projective module F', so F/M is finitely presented.

(2) = (3) holds since FP C (M')*.

(3) = (4) Clear.

(4) = (1).Let g : P — E be an epimorphism with P projective. Since E € ‘,BtR Mo. d(M)
the diagram
M
/
h
s l‘
¥
P — E——0

can be completed commutatively by 4. Thus, 4 must be injective. O

The class of pure-injective modules is another interesting class which also contains the
class of injective modules. Thus, it is natural to ask whether there is the “pure-injective”
version of Corollary 2.12. This question seems not to have a direct proof as the one given
for Corollary 2.12 since, unlike the F P-injective modules which can be defined as the right
Ext-orthogonal class of finitely presented modules, the pure-injective modules are defined, in
the context of relative homological algebra, as the injective objects with respect to pure-exact
sequences. This requires to add, as pointed out by the referee, the purity condition on the
morphisms.

Let us denote by P E the class of all pure-injective modules.

Proposition 2.13 Let M be a module. The following conditions are equivalent:

1. M is purely embedded in a projective module; that is, there is a pure monomorphism
M <— P for some projective module P.
2. PEC &BtR Mod M-

3. For any P E-injective preenvelope i : M — E of M, E € ‘Bt (M).

2"~ R—Mod
Proof (1) = (2). Let E be a pure-injective module and f : M — E be any morphism.
By hypothesis, there is a pure monomorphism « : M < P for some projective module P.
Then, there exists a morphism g8 : P — E such that o = f, which shows that f factors
through a projective module and so E € Pt (M).

(2) = (3) Clear.

-~ —_R—Mod
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(3) = (1). Let PE(M) denote the pure-injective envelope of M. Then, there is a pure
monomorphism ¢ : M — PE (M) Let g : P — PE(M) be an epimorphism with P is
projective. Since PE(M) € ‘BtR Mo d(M), there exists a morphism 4 : M — P such that
gh = ¢; in particular, % is a pure monomorphism, as desired. O

Notice that this last fact might also hold in more general contexts than those of modules by
considering Herzog’s main result of [14], which shows that if <7 is a locally finitely presented
additive category, then every object of .7 admits a pure-injective envelope.

‘We now fix our attention on classes of objects: we introduce and investigate subprojectivity
domains of classes instead of just single objects. The subprojectivity domain of a class X is
defined as the class of all objects holding in the subprojectivity domain of all objects of X.

Definition 2.14 The subprojectivity domain, or domain of subprojectivity, of a class of objects
M of o/ is defined as

&; (M) :={N € & : M is N-subprojective for every M € M}.

Therefore, if M := {M} then Pr “Tm) = ‘Bt “Lm).

Proposition 2.4 characterlzes when the subprOJectmty domain of an object is the whole
abelian category 7. The following extension to classes of such a proposition can be used to
unify various classical results.

Proposition 2.15 Let L be a class of objects of <f. Then the following conditions are equiv-
alent:

1. ‘4317 1 (L) is the whole abelian category o .
2. Every object of L is projective.
3. LS P L)

Proof To prove (1) = (2),let L in £ and P — L be an epimorphism with P is projective.
Since L € ‘Bt‘l(L) P — L splits. Hence L is projective

The implication (2) = (3) is clear since ‘,Bt (£) contains the class of projectives.

To prove (3) = (1), consider an object L in £. By assumption L € gMI(L), hence
L is projective (Proposition 2.4). So &;(L) coincide with &7 for any L in L. Therefore,
P (L) is . o

It is clear that if X is a subclass of a class Y, then ‘Bt_l (Y) C &Bt_l (X). The following
results show how far we can modify classes while preserving the same subprOJectlvny domain.

We start with a result which shows that reducing classes to a singleton while preserving the
same subprojectivity domain is possible. This is based on the following observation. Recall
that if S is the representative set of finitely presented modules, then it is known that a module
F isflatif and only if Hom(&® <5 M, —) makes exact every short exact sequence of the form
0 —- A — B — F — 0. This means that %d’l(@MegM) is the class of flat modules
(as proved in [8, Proposition 2.1]). The following result, which was already proven for the
category of modules in [15, Proposition 2.10], is a generalization of this fact.

Proposition 2.16 Suppose that </ has direct sums and let {M;};cy be a set of objects in 7.
Then Be_, ~ (@icrMi) = Pr_, ' (Miicr).
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Proof Let g : K — N be an epimorphism. The following diagram is commutative

Hom(®;es M;,g)
Hom(®;e; M;, K) ————————— Hom(®;e; M;, N)

‘”l l"’N

[1;e; Hom(M;, K) [1;c; Hom(M;, N)

where X and ¥V are isomorphisms. Hence the morphism Hom (&;c; M;, g) is epic if and
only if ]_[iel Hom(M;, g) is epic. Therefore N € @d’l(@idMi) if and only if N €
@%_I(M,-) foreveryi € I. ]

We now give an extension of Proposition 2.16. For we will use the following known
terminology: if £ is a class of objects of </, we denote by Sum (L) the class of all objects
which are isomorphic to direct sums of objects of £, by Summ (L) the class of all objects which
are isomorphic to direct summands of objects of £, and by Add (L) the class Summ (Sum(L)).

Proposition 2.17 Let L be a class of objects of <. Then
Pr, "' (Add(L) = Pr,~ (Sum (L) = Pe |, 7 (Summ (L)) = Pr_,~1(L).

If L is a set, then all these classes coincide with the class gﬂ -1 (@Brecl).

Proof 1Itis clear that &ﬂ_l (Add (L)) holds inside &ﬂ_l (L) since L holds inside Add(L).

Conversely, let N be in &d_l (£) and M in Add(L). Then, there exist M’ in Add (L)
and a family {L;} in £ such that M & M’ = &;L;. By Proposition 2.16, N € &ﬂ/*l(M)
so N € Pr_ ~'(Add(L)). Therefore, P, ~'(Add(L)) = Pr ' (L).

Now, it 1s clear that £ € Summ (L) C Add(L) and that £ C Sum(L) C Add(L), so
we have gd—‘(Add(z:)) c @M—‘(Summ(z:)) c gc/‘(m and gd—‘(Add(z)) c
Pr_, ' (Sum(L)) < Pr 7' (L), soweconclude that Pr ' (Add (L)) = Pr_ ~" (Sum(L)) =
Pr, ' Summ (L)) = P, ~1(L).

If £ is a set then, by Proposition 2.16, &’9{—1 (L) = &’0/_1 (@Brecl). ]

As mentioned before, Proposition 2.15 can be used to unify various known results. These
will follow from establishing the subprojectivity domains of the following five well known
classes of modules.

The case of the class of finitely presented objects can be deduced directly from the cat-
egorical definition of flat objects. Indeed, an object F is said to be flat if every short exact
sequence 0 - A — B — F — 0 is pure, that is, if for every finitely presented object P,
Hom,, (P, —) makes this sequence exact (see [21]). Then, we get the following result (see
also [8, Proposition 2.1]).

Proposition 2.18 ( [8], Proposition 2.1) The subprojectivity domain of the class of finitely
presented objects is the class of flat objects.

Now, applying Proposition 2.15 to the class of finitely presented objects we get the fol-
lowing well known result.

Corollary 2.19 The following conditions are equivalent:

1. Every object of < is flat.
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2. Every finitely presented object is projective.
3. Every finitely presented object is flat.

Recall now that an object is said to be pure-projective if it is projective with respect to
every pure short exact sequence. If the category is locally finitely presented then using the
same arguments in ( [23, Corollary 3]) one can show that an object is pure-projective if
and only if it is a direct summand of a direct sum of finitely presented objects. As a direct
consequence of Proposition 2.17, we get the following result.

Corollary 2.20 If the category is locally finitely presented then the subprojectivity domain of
the class of all pure-projective objects is precisely the class of all flat objects.

Then, by Proposition 2.15 applied to the class of pure-projective objects we get the fol-
lowing known result (see [12]).

Corollary 2.21 If the category < is locally finitely presented, then the following conditions
are equivalent:

1. Every object of < is flat.
2. Every pure-projective object is projective.
3. Every pure-projective object is flat.

Proposition 2.7 relates belonging to some subprojectivity domain with factorization of
morphisms through projective objects, and this suggests studying subprojectivity domains
of classes defined by means of factorizations.

Recall that a module M is said to be f-projective if for every finitely generated submodule
C of M, the inclusion map C — M factors through a finitely generated free module. Then,
we have the following result.

Proposition 2.22 The subprojectivity domain of the class of finitely generated modules is the
class of f-projective modules.

Proof Let N be an f-projective module and M be a finitely generated module. The image
of any morphism f : M — N, Im(f), is a finitely generated submodule of N, so being N
f-projective means that the inclusion map Im(f) — N factors through a projective module
and so that M is N-subprojective (Proposition 2.7).

Conversely, let N be in the subprojectivity domain of the class of finitely generated
modules, N’ be a finitely generated submodule of N and i : N’ — N the inclusion map.
Let g : F — N be an epimorphism with F free. Since N € &;iMod(N/), there exists a
morphism z : N’ — F such that i = gh. Since Im(h) is finitely generated, there exists a
finitely generated free module F’ such that Im(k) € F’ C F. Hence i factors through F’
and N is f-projective. O

Now, applying Proposition 2.15 to the class of finitely generated modules we get the
following.

Corollary 2.23 The following conditions are equivalent:

1. Every module is f-projective.
2. Every finitely generated module is projective, that is R is a semisimple artinian ring.
3. Every finitely generated module is f-projective.

@ Springer



902 H. Amzil et al.

In a similar way to Proposition 2.22, we can determine the subprojectivity domain of
simple modules. Recall that a module N is called simple-projective if, for any simple module
M, every morphism f : M — N factors through a finitely generated free module (see [16,
Definition 2.1]).

Proposition 2.24 The subprojectivity domain of the class of simple modules is the class of
simple-projective modules.

And again, using Proposition 2.17, we have the subprojectivity domain of the class of all
semisimple modules.

Corollary 2.25 The subprojectivity domain of the class of semisimple modules is also the
class of simple-projective modules.

Then we get the following equivalences.
Corollary 2.26 The following conditions are equivalent:

Every module is simple-projective.

Every simple module is projective.

Every simple module is simple-projective.
Every semisimple module is projective.

Every semisimple module is simple-projective.

LR R~

Let us finish this section by giving three more examples of subprojectivity domains of homo-
logically important classes of objects.

We start by noticing that Proposition 2.5 helps us deduce that Pr, c®) ~1(SP) is a subclass
of the class of exact complexes, where SP denotes the class of semi-projective complexes.
The next proposition shows that we have an equality.

Proposition 2.27 The subprojectivity domain of the class of semi-projective complexes is the
class of all exact complexes.

Proof Let E be an exact complex. By [6, Corollary 3.2.3], there exists a surjective quasi-iso-
morphism g : P — E where P is semi-projective. Since E is exact then P is so, hence P
is projective. Thus, for every M € SP, Hom(M, g) is epic. Therefore, E € Pt “1(sP)
by Proposition 2.2. O

C(R)

The case of the class of strongly Gorenstein projective objects can be deduced directly from
Corollary 2.9.

Proposition 2.28 The subprojectivity domain of the class of strongly Gorenstein projective
objects is the class SGP*.

Finally, using Proposition 2.17 we determine the subprojectivity domain of the class of
Gorenstein projective objects. If direct sums exist and they are exact then, using similar
arguments to those of [3], we can show that an object is Gorenstein projective if and only if
it is a direct summand of a strongly Gorenstein projective one, so clearly SGP+ = GP+.
Thus, we have the following result.

Corollary 2.29 [f direct sums exist and they are exact then, the subprojectivity domain of the
class of Gorenstein projective objects is the class GP~. In particular, if R is a ring with finite
Gorenstein global dimension [4], then the subprojectivity domain of the class of Gorenstein
projective modules is the class of all modules with finite projective dimension.
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Proof The second assertion follows from the known fact that over a ring R with finite Goren-
stein global dimension, the class GP+ coincide with the class of all modules with finite
projective dimension. We do not have a precise reference but one can see that it is a simple
consequence of [7, Lemma 2.17]. ]

3 Closure Properties of the Subprojectivity Domains

The aim of this section is to investigate the closure properties of subprojectivity domains.
This study leads to some new characterizations of known notions.

We start with the following generalization of [1, Proposition 3], [15, Proposition 2.11]
and [15, Proposition 2.12]. Though it can be proved by using similar arguments to those of
the results it generalizes, we give an alternative proof since we think it provides new and
useful ideas.

Proposition 3.1 The subprojectivity domain of any class in <7 is closed under extensions,
finite direct sums and direct summands.

Proof Clearly it suffices to prove the result for subprojectivity domain of objects so let us
consider a single object M of </ and study its subprojectivity domain.

Forlet0 - A — B — C — 0 be a short exact sequence of objects and suppose that A
and C are in &]3t -1 (M). Consider then two epimorphisms P4 — A and Pc — C with Py
and Pc prOJectlve By Horseshoe Lemma we get the following commutative diagram

0 Py Pp Pc 0
0 A B C 0

with Pjp is projective. Apply then Hom,, (M, —) to get the commutative diagram

0 —— Hom(M, Py) — Hom(M, Pp) — Hom(M, Pc) —— 0

| l l

0 — Hom(M,A) — Hom(M, B) — Hom(M,C) —— 0

with exact rows (C holds in ‘Bt -1 (M)).

Since A and C hold in ‘Bt 71 (M), the two morphisms Hom(M, P4) — Hom(M, A) and
Hom(M, Pc) - Hom(M, C) are eplmorphlsms Hence, Hom(M, Pg) — Hom(M, B) is
also an epimorphism and then we get B € B d_ (M) (by Proposition 2.2).

Now, the closure under extensions of & 0{_1 (M) proves its closure under finite direct
sums.

And finally, let N € @VQ{_I(M) and A be a direct summand of N. If p : N — A'is
the canonical projection then Hom(M, p) is epic and then, by Proposition 2.2, we get that
AePe Q/—l (M). O

For subprojectivity domains that are closed under kernels of epimorphisms, we have the
following result.

Proposition 3.2 Let L be a class of objects of 7. Then the following conditions are equiva-
lent:
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1. &;ll (L) is closed under kernels of epimorphisms.

2. For every short exact sequence 0 —- C — P — A — 0 where P is projective, if
A € P (L) then C € B} (L),

3. For every epimorphism P — A with P is projective and A € &;1 (L), the pullback
object of P over A holds in &;‘1 L).

Proof (1) = (2) is clear. To prove (2) = (1) consider an exact sequence
0-C—-B—>A—-0
with B, A € &;l (£) and the pullback diagram

0 0
K——=K
0 C D P 0
0 C B A 0
0 0

where P is a projective object. A € &;\1 (£), so by assumption K € g;ll (£). Then, by
Proposition 3.1, D € &;l (£), and since C is a direct summand of D, we deduce using
again Proposition 3.1 that C € @_1 (L).

To prove (3) < (2), consider the following diagram where D is the pullback of P over
A

0 C D P 0
0 C P A 0

Suppose that A € @;‘1 (£). By Proposition 3.1, we have D € @;‘1 (L) if and only if
C e P (L) o

As examples of classes satisfying the conditions of Proposition 3.2, we give the following.

Example 3.3 1. Let M be a strongly Gorenstein projective object. Then %t L(M) is closed
under kernels of epimorphisms. Indeed, let0 - C — P - A — 0 be a short exact
sequence with P projective and A € &;‘1 (M). If we consider the long exact sequence

. — Hom(M, P) - Hom(M, A) — Ext'(M,C) — Ext'!(M, P) > .-+,

then Ext!(M,C) = 0so C € @;l (M) (see Corollary 2.9). Therefore, by Proposition
3.2, &;l (M) is closed under kernels of epimorphisms.
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2. Let £ be any class of finitely generated modules containing all finitely presented modules.
Then, the subprojectivity domain of £ is closed under kernels of epimorphisms. In partic-
ular, the class of f-projective modules is closed under kernels of epimorphisms. To show
this, let0 - A — B — C — 0 be a short exact sequence with B, C € &R_Mod’l(ﬂ).
Since £ contains all finitely presented modules the sequence 0 - A —- B — C — 0 is
pure, so by [18, Proposition 2.6] A € &RiMod_l (£).

In [15, Proposition 2.15] it is proved that a ring R is right hereditary if and only
if the subprojectivity domain of any right R-module is closed under submodules. Since

@1\_/1:; 1z Mod-R) is the class of projective right R-modules, one could replace the state-
—1

ment “R is right hereditary” by “EMO i R(Mod-R) is closed under submodules”, getting

then that gfl J R(Mod—R) is closed under submodules if and only if &;}0 IR (M) is
closed under submodules for every right R-module M. Thus, the next proposition gives an

extension of this result to an arbitrary class £ of objects of .o/

Proposition 3.4 Let L be a class of objects of </. Then the following two conditions are
equivalent:

1. The subprojectivity domain of L is closed under subobjects.
2. The subprojectivity domain of any object of L is closed under subobjects.

Proof (2) = (1) is immediate.
To prove (1) = (2) let M € £ and suppose that B € @;‘ (M). Now let A be a subobject
of B. We get the following pullback diagram ’

0 D P C 0
|
0 A B C 0

where P — B is an epimorphism and P is projective. Now apply the functor Hom(M, —)
to the previous diagram getting the following commutative diagram with exact rows

0 —— Hom(M, D) —— Hom(M, P) —— Hom(M, C)

Hom(M’g)l \L

0 —— Hom(M, A) —— Hom(M, B) —— Hom(M, C)

Since B € Pr y/fl (M), we conclude that Hom(M, g) is epic. Now, being a projective
module, P € &; (L), then, by (1), D € g; (L). Therefore, using Proposition 2.2, we
getthat A € Pr_~'(M). o

As a consequence, we get the following result, established first in [9, Proposition 2.4].

Corollary 3.5 Let R be a ring. Then w.gl.dimR < 1 if and only if the subprojectivity domain
of each finitely presented module is closed under submodules.

Proof We know that w.gl.dimR < 1 if and only if flat modules are closed under submodules.
But the subprojectivity domain of the class of finitely presented modules is precisely the class
of flat modules. Then, we just have to apply Proposition 3.4. O
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Recall that R is left coherent if and only if the category FG of finitely generated (left)
modules is abelian. Then, letting both £ and 7 be the abelian category of finitely generated
modules and applying Proposition 3.4 we get the following.

Corollary 3.6 Let R be a left coherent ring. Then, R is left semihereditary if and only if the
subprojectivity domain of each finitely generated module is closed under submodules.

Proof The result follows from the fact that Proj(FG) is precisely the class of finitely gen-
erated projective modules. O

In [15, Proposition 2.14] it is studied when the subprojectivity domain of any module
is closed under arbitrary direct products. This can be extended to the categorical setting
provided (of course) that < has direct products.

Proposition 3.7 Suppose that </ has direct products and let L be a class of objects of <.
Then the following conditions are equivalent:

1. The subprojectivity domain of L is closed under arbitrary direct products.
2. The subprojectivity domain of any object of L is closed under arbitrary direct products.

Proof (2) = (1) is immediate.

For (1) = (2) let M be an object of £, {N;};cs be a family of objects in ‘Bt -1 (M) and
{gi : Pi — Ni;}ics be a family of epimorphisms where each P; is projective. C0n31der the
following commutative diagram

Hom(le_[iel 8i)
- =S

Hom(M, [] Hom(M, []

zel 161

“’Pl lw
[ic; Hom(M,g;)
[l;c; Hom(M, P;) ———>T[.., Hom(M, N;)

where ¥V and ¢ are the natural isomorphisms. The commutativity of the above diagram
gives that Hom(M, ]_[l-el gi) isepic. Since each P; is in@d -1 (L), ]_[iel P; is by assumption
in @qu_l(ﬁ). Then [[,.; Pi isin &(W_I(M). By Proposition 2.2, [[,.; N; € &Q{_l(M)
as desired. O

The result [15, Proposition 2.14] shows that a ring R is a right perfect and left coherent
ring if and only if the subprojectivity domain of any right module is closed under arbitrary
direct products. This holds since ‘,Bt B vo d(R—Mod) is the class of projective modules. Here
we can give a much direct proof of a characterization of coherent rings given by Durgun in
[9, Proposition 2.3] using also the same property applied to a different class.

Corollary 3.8 Let R be a ring. Then R is right coherent if and only if the subprojectivity
domain of any finitely presented left module is closed under direct products.

Given a class of finitely generated modules S, the authors in [18] define S-proj to be the
class of modules N such thatevery morphism f : § — N,where S € S, factors through a free
module. Using Proposition 2.7 one can easily see that S-proj is precisely Pr R—Mo d_l (S).
In [18, Theorem 3.1], the authors proved that for any class of finitely generated modules
S By o d_l (S) is closed under direct products if and only if any module of S admits a

B vo d_] (S)-preenvelope, if and only if any module of S admits a projective preenvelope.
Now we want to prove this fact for any class of objects.
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Recall that a class F of objects is locally initially small if for every object M of <7 there
exists a set Fpy € F such that every morphism M — F, where F' € F, factors through
a direct product of modules in Fj; (see [20]). In [20, Proposition 2.9] it is established that
the class of projective modules is always locally initially small. The argument consists in
proving that for any set X, the class Summ (X) is locally initially small, and following the
arguments given in [20] it is easy to see that this holds in any Grothendieck category with
enough projectives. There is only a step of the proof which could deserve a special treatment,
namely when the authors prove that the equivalence class [i] is finite. We now give a proof
of this fact.

Proposition 3.9 Suppose that A is a cocomplete abelian category with exact direct limits. Let
X be a finitely generated object of A and {A;}ic1 be a family of objects of A. Then, for every
morphism g : X — @®je1 A, the set {i € 1/m;g # 0} is finite, where w; : @icfA; — Aj is
the canonical projection for every j € I.

Proof Let M = Im g and consider the epic-monic decomposition of g,

X — = @it A

N

If we let .# be the set of all finite subsets of / and define, for every F' € %, Af to be
the image in @;c;A; of @jcrA;, condition (5) of [19, Chapter 4, Theorem 4.6] says that
M=% p.z(MNAF).

Now, forevery F' € .#,wedefine (MNAF, yr, nr)asthepullbackofar : Ap — @icrA;
and f : M — @®;crA;. Then, for every two subobjects (F, o) and (F', a ) of Z such that
F C F’ (so the diagram

Af

F
y l
aF

Ap —5> Bier Ai
[,‘/

commutes), the universal property of the pullback diagrams guarantees the existence of a
family of morphisms g 15 such that the diagram

YF

MNAFp AF
~
N
YFE!
F M N AF/ aF AF’
lnﬁ laﬁ
M ; Dier Ai

commutes. Therefore, the family {(MNAF)recz, (B 1{5 ,) FcF'}isadirect system of subobjects
of Dies A;.

But M is finitely generated so there exists Fyy € .% such that M = M N A, and then, nf,
is an isomorphism. Let j € I \ Fy. We have T[janO =mnjafvr, = 0.Hence 7; f =0, for
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every j € I \ Fo. Then {i € I/7; f # 0} C Fy. Therefore the set {i € I /z; f # 0} is finite.
Since g = fg and g epic, the set {i € I /m;g # 0} is also finite. O

Corollary 3.10 Suppose that <f is a locally finitely generated cocomplete abelian category
with exact direct limits. Let {A;}ic; be a family of objects and f : M — @ke; Ak be a
morphism such that w; f # 0 foranyi € 1. Then foranyi € I, theset[i]l :={j € I/m; f =
7 [} is finite, where 7w : @re; Ax — Aj is the canonical projection for every j € I.

Proof Since <7 is locally finitely generated, there exists an epimorphism g : @yer Xq — M
with all X,, finitely generated objects.

Call ky : Xy — @Dier X, the structural monomorphism for any & € F. We claim that
for any j € I there exists some «; € F such that 7; fgko; # 0. Indeed, if 7j fgke = 0
for every o € F then 7r; fg = 0, and since g is epic, 7; f = 0, a contradiction. Therefore,
[j1 S {i € I/7i fgka; # 0}, and Proposition 3.9 says that this set is finite. O

As mentioned before, with Corollary 3.10, the proof of [20, Proposition 2.9] follows in
any locally finitely generated Grothendieck category with enough projectives <7, and as a
consequence, if <7 has a system of projective generators G, then we see that the class Proj (<)
is locally initially small. Indeed, it is easy to check that Proj(«/) = Summ(Sum(G)). But
Sum(G) is a locally initially small class, so Summ (Sum(G)) is locally initially small too.

With the use of this fact, we can prove the following.

Proposition 3.11 Let L be a class of objects of <7. Then, the following conditions are equiv-
alent:

1. Every object M of L has a projective preenvelope.
2. Every object M of L has a @nyl (L)-preenvelope.

If, in addition, </ is a locally finitely generated Grothendieck category with a system of
projective generators then 1. and 2. above are equivalent to

3. &Q{*l (L) is closed under direct products.

Proof (l) :> (2). Let M — Q be a projective preenvelope of M. Let us prove that M — Q
isaPr ~1(L)-preenvelope. For let N € P, '(£) and let P — N be an epimorphism
with P prOJectlve Apply the functors Horn(M —) and Hom(Q, —) to P — N to get the
following commutative diagram with exact rows

Hom(Q, P) —— Hom(Q, N) ——=0

| l

Hom(M, P) —— Hom(M,N) ——= 0

with Hom(Q, P) — Hom(M, P) an epimorphism (M — Q is a projective preenvelope).
Therefore, Hom(Q, N) — Hom(M, N) is also an epimorphism.

2)=(1).Letf: M — Nbea ‘Bt —L(0)- -preenvelope of M and g : P — N be an
epimorphism with P projective. Since N € ‘13r ~1(L) there exists a morphismh : M — P
such that f = gh. Let us prove that h : M — P is a projective preenvelope.

For let ' : M — P’ be a morphism with P’ projective. Since f : M — N is a
Pr Q{’l(ﬁ)-preenvelope there exists a morphism g’ : N — P’ such that »’ = g’ f. Hence
W =g'ghand g'g : P — P’ is the morphism we were looking for.

(2) = (3). Use the same arguments of [18, Theorem 3.1].
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3) = (2).Let M € L. Given N € 2]3t _l(ﬁ) we fix an epimorphism P — N from
a projective P. Since the class of projective objecte is locally initially small, there exists a
set X' of projective objects such that any morphism M — P factors through a product of
objects in the set X'. But every morphism M — N factors through P, and such factorization
M — P factors through a product of objects in the set X', so we have just seen that every
morphism M — N with N € Pr ~1(£) factors through a product of elements of X'

Callnow K = [[pcx pHom(M, P) . Since ‘Bt ~1(L£) is supposed to be closed under direct
products, we see that K € ‘Br Q(_l (£).

Now, for each P € X there exists a canonical morphism Ap : M — pHomM.P) oo there
is aunique A : M — K such that mpA = Ap for every P € X, where 7 p are the canonical
projections. We claim that 2 : M — K isaPr ~1(L)-preenvelope of M.

To show this, take any morphism f : M — N with N € ’Bt ~1(L), so there exist
h:M — [[ycx X and g : ]_[X v X — N such that f = gh. C0n51der the projections
mx i K — XHomM.X and 7, XHomM-X) X (the projection to the component pxh
where px : [[ycx X — X the canonical projection). By the universal property of the direct
product there exists a unique morphism y : K — [[ycyp X such that pxy = mpnmyx.
Therefore, pxyA = mpynxh = mpypix = pxh forall X € X, so yA = h and hence
gyr =gh = f.Wethengetthat A : M — KisaPr ~1(£)-preenvelope of M. O

It is a natural question at this point to ask about the closure of subprojectivity domains
under arbitrary direct sums. There is not a clear answer to this. In [15, Proposition 2.13] it
is shown that the subprojectivity domain of any finitely generated module is closed under
arbitrary direct sums. Now, we will see that the class for which subprojectivity domains are
closed under direct sums is larger than that of finitely generated modules, since it contains
that of small modules. Whether or not this is the largest class with this property we don’t
know, but it would be of a great interest to know to what point this class can be enlarged.

So suppose that <7 is an abelian category with direct sums and let M be an object in
o/, {N;}ics be a family of objects in Pt Q{/_I(M ) and consider a family of epimorphisms
P; — N;, where each P; is projective. We have the following commutative diagram

0 — =@ Hom(M, P;) — > Hom(M, ®ic; P;)) —> Cokergpp —— 0

| | g

0 —— ®iec;Hom(M, N;) T— Hom(M, ®;c;N;)) — Cokerpy ——= 0
N

Clearly, g is epic if and only if y is epic since « is an epimorphism. Consequently, if M
is a small object, that is, Hom (M, —) preserves direct sums, then the subprojectivity domain
of M is closed under direct sums.

4 Subprojectivity and the Ext-Orthogonal Classes

Throughout this section we will suppose A to have enough injectives.

The aim of this section is to establish the relation between the subprojectivity domains
and the Ext-orthogonal classes. The idea behind this result is inspired by the following
discussion. Fix a class £ and consider a short exact sequence 0 - K — P — N — 0 with
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P is projective. For every M € L, we have the exact sequence
... — Hom(M, P) — Hom(M, N) — Ext'(M, K) — Ext"(M, P) — ---

So if we assume that £ contains all projective objects, we get the following equivalence:
N € Pr V/*] (L) if and only if K € £1. However, it does not seem clear how to get new
results if we relate the subprojectivity domains with a property on kernels of epimorphisms.
But, if we suppose moreover that £ contains all projective objects and that it is closed
under kernels of epimorphisms, then £+ will be closed under cokernels of monomorphisms
(see [13, Lemma 1.2.8]). So by the above equivalence we get the following implication: if
N ePr (L) then N € £+, thatis, Pr_,~'(£) C L. In the following result we provide

a necessary and sufficient condition to have the equality Pr Ly =t

Theorem 4.1 Let L be a class of objects of </ which is closed under kernels of epimorphisms
and which contains the class Proj(</). Then, the following conditions are equivalent:

1. £t = gﬂ—l(o.
2. LN L+ = Proj(«) and every object in L has a special L-precover.

If, in addition, <f is a locally finitely generated Grothendieck category with a system of
projective generators then 1. and 2. above are equivalent to

3. Proj(A) C ct B A_l(ﬁ) is closed under cokernels of monomorphisms and every
M € L has an L*-preenvelope which is projective.

Proof 1. = 2. Let us prove first that L[ £L- C Proj(«/). f M € L[\ L+ then M €
B, ~1(£) by condition 1.,and then M € Pr » ~1(M). Hence, M is projective by Proposition
2.4. o

Conversely, any projective P holds in £ by the hypotheses, and of course P € Pr | ).
But Br_, ~'(£) = L+, soindeed P € L L.

To prove the second assertion let N € £+ and let us show that any epimorphism g : P —
N with P projective is indeed a special L£-precover.

That g is an L-precover is clear since, by assumption, P € Land N € Pr » ).

Now, for an object L € L, being Hom (L, P) — Hom, (L, N) — 0 exact and being
Ext_}?{ (L, P) = 0 implies that Ext}?j (L,ker g) =0, that is, ker g € Lt

2.= 1.Let N € £+, M € £ and consider a special £-precover

0—-—K—-L—->N-—=0

of N.

Since N and K arein £, L dotooandthenwe get L € £ (Lt But L[ Lt = Proj(«/)
so by Proposition 2.2, N € &0{_1 (M).

Conversely, let N € Pr Mfl (£) and let

0—-K—-P—->N-=0

be a short exact sequence with P projective. Forany L € L the associated long exact sequence
looks like

- — Ext!(L, P) — Ext'(L, N) = Ext*(L,K) — - -
But Ext! (L, P) = 0 since P is projective (so P € £+ by the hypothesis), so proving that
Ext?(L, K) = 0 will give N € £t
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Let0 - C — Q — L — 0 be a short exact sequence with Q projective. Since L is
closed under kernels of epimorphisms, O, L € £ implies C € L. Now, in the long exact
sequence

- — Ext!(C, K) - Ext*(L, K) — Ext*(Q,K) — - --
we have Ext! (C, K) = 0. Indeed, in the long exact sequence
Hom(C, P) — Hom(C, N) — Ext'(C, K) — Ext'(C, P) — - --

Ext'(C, P) = 0 (since P € £+ by the hypothesis) and the first morphism is epic (since
N e @/1(5) and C € £).Ontheotherhand, Ext?(Q, K) = 0,soindeed Ext*(L, K) = 0.

1. = 3. Clearly Proj(A) C gA—l(c) =
Now, let

0—-A—>B—>C—0

be exact with A, B € ‘Br -1 (£). To prove that C € ‘ﬁt -l (L) choose any L € L and
apply the functor Hom (L —) to the exact sequence. We get a long exact sequence

0 - Hom(L, A) - Hom(L, B) — Hom(L, C) — Extl(L, A)

with Ext!(L, A) = O since L € £ and A € Pr Afl(z:) = £+. Then Proposition 2.2
immediately gives that C € Pt , =" (£).

Finally, if M € Llet f : M — N be a Pr A_I(E)-preenvelope, which exists by Proposi-
tion 3.11 since £ is always closed under direct products.

Now, find an epimorphism g : P — N from a projective P. Since N € ‘Bt L)
there ex1sts a morphism 2 : M — P such that f = gh. We claim thath : M — P isa
;‘,LA (E) -preenvelope. Indeed, let k : M — N’ be a morphism with N’ € &A_l(ﬁ).
Since f : M — N is a@A’l(ﬂ)—preenvelope, there exists [ : N — N’ such that k = [f,
hence k = Igh. Therefore, h : M — P is a&A_l(L)-preenvelope.

3. = 1.Let N € £, choose any M € L, any morphism f : M — N and a £-
preenvelope g : M — Q of M with Q projective. Then there exists 4 : Q — N such that
f=hg,soN € @A_l (L) by Proposition 2.7.

Conversely, let N € Pr A_] (L), choose any M € £ and take its £+ -preenvelope g : M —

Q, where Q is projective. Of course every £+-preenvelope is injective since £+ contains the
class of injectives, so if C is the cokernel of g we get a long exact sequence

- —BExt!(Q, N) —— Ext!(M, N) —— Ext*(C, N) ——
Since Q is projective, showing that Ext’(C,N) = 0 would immediately give
Ext! (M, N) =0, so let’s prove that Ext' (C, N) =0, i =1, 2.

Choose then any morphism f : M — N and find an epimorphism 2 : P — N from a
projective P. Then, by the N-subprojectivity of M, then diagram
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can be completed commutatively by k. But P is projective (so it holds in £ by the hypothe-
ses), and g is a L*-preenvelope, so there is a morphism / : Q — P such that lg = k.
Therefore, f = hk = hlg and then Hom(g, N) is an epimorphism, so from the long exact
sequence

.+ ——= Hom(Q, N) — Hom(M, N) —— Ext!(C, N) —— Ext!/(Q,N) =0 —— - .-

we see that Ext! (C, N) = 0.
Now, if 0 > N — E — D — Qs exact and F is injective, we get an associated long
exact sequence

.— > Extl(C, D) ——=Ext*(C,N) —=Ext*(C,E) =0 ——> - -

But we have proved already that e &A_l(ﬁ), so E e &A_l(ﬁ), and N does too,
so since ‘Pr Afl (£) is closed under cokernels of monomorphisms we get that D is also in

Pr , =" (£). Hence, by the same arguments as before, Ext! (C, D) = Oand then Ext*(C, N) =
0. .

Theorem 4.1 can be used to characterize the subprojectivity domain of the class of exact
complexes £. We recall that every projective complex is exact, that the class € is closed under
kernels of epimorphisms and that it is special precovering in the whole category of complexes
(see [13, Theorem 2.3.17]). It is also known that £ () &L is the class of injective complexes
(see [13, Proposition 2.3.7]). So, by Theorem 4.1, we get the following result.

Corollary 4.2 The subprojectivity domain of the class of exact complexes of modules is E* if
and only if R is quasi-Frobenius.

The question of whether or not any object has a special GP-precover has been a subject of
many papers. Here, as a consequence of Corollary 2.29 and Theorem 4.1 (since it is known
that the class GP is closed under kernels of epimorphisms) we immediately get a partial
answer which has been recently known following different methods (see [24, Proposition
4.1]).

Corollary 4.3 If direct sums exist and they are exact then, every object in GP* has a special
GP-precover.

We end this paper with the following remark. One can see that the proof of the equiv-
alence (1) < (3) in Theorem 4.1 does not need the class £ to be closed under kernels of
epimorphisms since we can find an example of such a situation: we know that the class of
strongly Gorenstein projective objects is not closed under kernels of epimorphisms and by
Proposition 2.28, we have that the subprojectivity domain of SGP is closed under cokernels
of monomorphisms.
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