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Abstract. We introduce the right (left) Gorenstein subcategory relative to an additive
subcategory C of an abelian category A , and prove that the right Gorenstein subcate-
gory rG(C ) is closed under extensions, kernels of epimorphisms, direct summands and finite
direct sums. When C is self-orthogonal, we give a characterization for objects in rG(C ), and
prove that any object in A with finite rG(C )-projective dimension is isomorphic to a kernel
(or a cokernel) of a morphism from an object in A with finite C -projective dimension to an
object in rG(C ). As an application, we obtain a weak Auslander-Buchweitz context related
to the kernel of a hereditary cotorsion pair in A having enough injectives.
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1. Introduction

As a nice generalization of finitely generated projective modules, Auslander and

Bridger in [2] introduced finitely generated modules having Gorenstein dimension

zero over commutative Noetherian rings. For arbitrary modules over general rings,

Enochs and Jenda in [10] introduced Gorenstein projective dimension, which coin-

cides with Gorenstein dimension for finitely generated modules over commutative

Noetherian rings; meanwhile, they also introduced Gorenstein injective modules as

the dual of Gorenstein projective modules. Since then, these modules have become

crucial research objects in Gorenstein homological algebra, and have been studied

extensively, see [2], [4], [6], [7], [8], [9], [10], [11], [16], and the references therein.

Let A be an abelian category and C an additive subcategory of A . As a common

generalization of Gorenstein projective and Gorenstein injective modules, Sather-
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Wagstaff et al. in [20] introduced the Gorenstein subcategoryG(C ) ofA relative toC .

It is shown that Gorenstein subcategories share many nice properties of the categories

of Gorenstein projective modules and Gorenstein injective modules, see [14], [17]

and [20]. In [20], Section 5 the authors asked: do some important properties of the

category of Gorenstein projective (injective) modules such as exactness, closure of

kernels of epimorphisms and cokernels of monomorphisms, hold true for Gorenstein

subcategories? In fact, we will answer this question negatively. Why are the answers

negative? From the definition of the Gorenstein subcategory G(C ), we know that

C should be simultaneously a generator and a cogenerator for G(C ). It leads to some

limitations. The aim of this paper is to overcome such limitations by modifying the

definition of Gorenstein subcategories. The paper is organized as follows.

In Section 2, we give some terminology and notation.

In Section 3, we introduce right (left) Gorenstein subcategories relative to a sub-

category C of an abelian category A , such that when C is self-orthogonal, the

Gorenstein subcategory coincides with the intersection of the left and the right

Gorenstein subcategories. We prove that the right Gorenstein subcategory rG(C )

is exact and closed under kernels of epimorphisms (see Proposition 3.3), however,

the Gorenstein subcategory does not possess such properties in general (see Exam-

ple 3.4), which answers in [20], Question 5.8 negatively. Under the assumption that

C is self-orthogonal, we give some equivalent conditions for objects in rG(C ) (see

Theorem 3.7), which shows that the subcategory rG(C ) has some kind of stability.

Moreover, we prove that an object in A with finite rG(C )-projective dimension is

isomorphic to a kernel (or a cokernel) of a morphism from an object in A with finite

C -projective dimension to an object in rG(C ) (see Theorem 3.11).

In Section 4, as an application of the above results, we prove that if a hereditary

cotorsion pair (U ,V ) with kernel C has enough injectives then (rG(C ),C -pd<∞,C )

is a weak Auslander-Buchweitz context, where C -pd<∞ is the subcategory of A

consisting of objects with finite C -projective dimension (see Theorem 4.8).

2. Preliminaries

In this paper, A is an abelian category and all subcategories of A are full, additive

and closed under isomorphisms.

For a subcategory X of A , we write
⊥
X := {A ∈ A : Ext>1

A
(A,X) = 0 for X ∈X },

X
⊥ := {A ∈ A : Ext>1

A
(X,A) = 0 for X ∈ X },

⊥1X := {A ∈ A : Ext1A (A,X) = 0 for X ∈X },

X
⊥1 := {A ∈ A : Ext1A (X,A) = 0 for X ∈X }.
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For subcategories X , Y of A , we write X ⊥ Y if Ext>1
A

(X,Y ) = 0 for any

X ∈ X and Y ∈ Y ; and X is called self-orthogonal if X ⊥X .

Let C ⊆X be subcategories of A . We say that C is a generator for X if for any

X ∈ X there exists an exact sequence

0→ X ′ → C → X → 0

in A with X ′ ∈X and C ∈ C . We say that C is a projective generator for X if C

is a generator for X and C ⊥ X . Dually, we say that C is a cogenerator for X if

for any X ∈ X there exists an exact sequence

0→ X → C → X ′ → 0

in A with C ∈ C and X ′ ∈ X . We say that C is an injective cogenerator for X

if C is a cogenerator for X and X ⊥ C .

Let X be a subcategory of A and A ∈ A . The X -projective dimension X -pdA

of A is defined to be the infimum integer n for which there exists an exact sequence

0→ Xn → . . .→ X1 → X0 → A→ 0

in A with all Xi in X , and we set X - pdA = ∞ if no such integer exists. Dually,

the X -injective dimension X - idA of A is defined to be the infimum integer n for

which there exists an exact sequence

0→ A→ X0 → X1 → . . .→ Xn → 0

in A with all X i in X , and we set X - idA = ∞ if no such integer exists. We use

X - pd<∞ and X - id<∞ to denote the subcategories of A consisting of objects with

finite X -projective and X -injective dimensions, respectively.

A sequence E in A is called HomA (X ,−)-exact or HomA (−,X )-exact if

HomA (X,E) or HomA (E, X), respectively, is exact for any X ∈X . Following [20],

we write

res X̃ := {A ∈ A : there exists an exact HomA (X ,−)-exact sequence

. . .→ X1 → X0 → A→ 0 in A with all Xi inX },

and

cores X̃ := {A ∈ A : there exists an exact HomA (−,X )-exact sequence

0→ A→ X0 → X1 → . . . in A with all Xi in X }.
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Definition 2.1 ([20]). Let C be a subcategory of A . The Gorenstein subcate-

gory G(C ) of A relative to C is defined to be all G ∈ A such that there exists an

exact HomA (C ,−)-exact and HomA (−,C )-exact sequence

. . .→ C1 → C0 → C0 → C1 → . . .

in A with all Ci, C
i in C , such that G ∼= Im(C0 → C0).

The Gorenstein subcategory unifies the following notions: modules of Goren-

stein dimension zero (see [2]), Gorenstein projective modules, Gorenstein injective

modules ([10]), V -Gorenstein projective modules, V -Gorenstein injective modules

(see [12]), W -Gorenstein modules (see [14]), and so on; see [17] for the details.

Definition 2.2 ([19], Chapter 5.5). A category E is called exact if E is a full

subcategory of some abelian category A and it is closed under extensions.

3. One-sided Gorenstein subcategories

In this section, we fix a subcategory C of an abelian category A . Following [17],

Lemma 5.7, if C ⊥ C then

G(C ) = (⊥C ∩ cores C̃ ) ∩ (C ⊥ ∩ res C̃ ).

Motivated by this, we introduce right and left Gorenstein subcategories.

Definition 3.1. We call

rG(C ) := ⊥
C ∩ cores C̃ and lG(C ) := C

⊥ ∩ res C̃ ,

respectively, the right and left Gorenstein subcategory of A relative to C .

In the following example, all rings are associative with identities and all modules

are unitary. For a ring R, ModR is the category of left R-modules.

Example 3.2.

(1) In general, we have rG(C ) 6= lG(C ). Let R be a ring and let A = ModR. If C

is the subcategory of A consisting of projective modules, then rG(C ) is the

subcategory of A consisting of Gorenstein projective modules and lG(C ) = A .

If C is the subcategory of A consisting of injective modules, then rG(C ) = A

and lG(C ) is the subcategory of A consisting of Gorenstein injective modules.

(2) Let R,S be rings and RCS a semidualizing (R,S)-bimodule.
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(2.1) If A = ModR and C is the subcategory of A consisting of direct sum-

mands of direct sums of copies of C, then rG(C ) is the subcategory of A

consisting of GC -projective modules by [18], Proposition 2.4 (1), and lG(C )

is the Bass class BC(R) with respect to C by [21], Theorem 3.9.

(2.2) If A = ModS and C is the subcategory of A consisting of direct sum-

mands of direct products of copies of HomZ(C,Q/Z), where Z is the ad-

ditive group of integers and Q is the additive group of rational numbers,

then rG(C ) is the Auslander class AC(S) with respect to C by [22], Theo-

rem 3.11 (1) and [5], Proposition VI.5.1, and lG(C ) is the subcategory of A

consisting of GC -injective modules by [18], Proposition 2.4 (2).

In the following, we study the properties of rG(C ). The dual versions of all the

results on rG(C ) also hold true on lG(C ) by using completely dual arguments.

The following result shows that rG(C ) is an exact category, and has a quasi-

resolving structure that is closed under kernels of epimorphisms.

Proposition 3.3.

(1) The subcategory rG(C ) is closed under extensions, direct summands and finite

direct sums.

(2) The subcategory rG(C ) is closed under kernels of epimorphisms.

P r o o f. (1) Let

0→ L→M → N → 0

be an exact sequence in A with L,N ∈ rG(C ). Then it is HomA (−,C )-exact. Since

L,N ∈ rG(C ), we haveM ∈ ⊥C and there exist exact HomA (−,C )-exact sequences

0 −→ L
d′0

−→ C′0 d′1

−→ C′1 −→ . . . and 0 −→ N
d′′0

−→ C′′0 d′′1

−→ C′′1 −→ . . .

in A with all C′i and C′′i in C . It is trivial that all cokernels of d′
i
and d′′

i
are in

cores C̃ . Put C0 := C′0 ⊕ C′′0 and consider the diagram

0

��

0

��
0 // L

f
/ /

d′0

��

M
g

// N / /

d′′0

��

0

0 // C′0
(10) / / C0

(0 1)
// C′′0 / / 0.

Since the upper row in this diagram is HomA (−,C )-exact, we get an epimorphism

HomA (M,C′0) ։ HomA (L,C′0) and there exists α : M → C′0 such that d′
0
= αf .
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Putting d0 :=
(

α

d′′0g

)
, we obtain the following commutative diagram with exact

columns and rows:

0

��

0

� �✤
✤
✤ 0

��
0 / / L

f
//

d′0

��

M
α

ww

g
//

d0

��✤
✤
✤ N //

d′′0

��

0

0 / / C′0
(10) //

��

C0
(0 1)

//

��
✤
✤
✤ C′′0 / /

��

0

0 //❴❴❴ Cokerd′
0 //❴❴❴

��

Cokerd0 //❴❴❴

� �
✤
✤
✤ Cokerd′′

0 //❴❴❴

��

0

0 0 0.

It is easy to check that the bottom row and the middle column in this diagram

are HomA (−,C )-exact. Repeating this process, we get an exact HomA (−,C )-exact

sequence

0→M → C0 → C1 → . . .

in A with all Ci in C . Thus M ∈ cores C̃ and M ∈ rG(C ).

It is trivial that ⊥C is closed under direct summands. By [17], Theorem 4.6 (1),

cores C̃ is closed under direct summands. Thus rG(C ) is also closed under direct

summands.

It is easy to see that rG(C ) is closed under finite direct sums.

(2) Consider an exact sequence

0→ A→ A1 → A2 → 0

in A with A1, A2 ∈ rG(C ). First, it is HomA (−,C )-exact and A ∈ ⊥C . Moreover,

there exist exact HomA (−,C )-exact sequences

0→ A1 → C0
1 → C1

1 → . . .→ Cn
1 → . . . ,

0→ A2 → C0
2 → C1

2 → . . .→ Cn
2 → . . .

in A with all Ci
m in C . By [17], Theorem 3.8 (1), (5), we get an exact HomA (−,C )-

exact sequence

0→ A→ C0
1 → C1

1 ⊕ C0
2 → . . .→ Cn

1 ⊕ Cn−1
1 → . . .

that is, A ∈ cores C̃ . Thus A ∈ rG(C ), as desired. �
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Sather-Wagstaff, Sharif and White in [20], Question 5.8 posed the following ques-

tions: Is G(C ) always exact? Is G(C ) always closed under kernels of epimorphisms

or cokernels of monomorphisms? The following example answers these two questions

negatively.

Example 3.4. Let Λ = kQ be a finite-dimensional hereditary path algebra over

an algebraically closed field k, where Q is the quiver

1← 2← 3.

Then the Auslander-Reiten quiver of Λ is (see [1], Chapter IV, Example 4.10)

[S1]

��❄
❄❄

❄❄
[S2]

��❃
❃❃

❃❃
[S3]

[P2]

??⑧⑧⑧⑧⑧

��❄
❄❄

❄❄
[I2]

? ?�����

[P3],

??�����

where the symbol [M ] denotes the isomorphism class of a module M , and

(1) S1 = (k ← 0 ← 0), S2 = (0 ← k ← 0) and S3 = (0 ← 0 ← k) are all simple

modules;

(2) P1 = S1, P2 = (k ← k ← 0) and P3 = (k ← k ← k) are all indecomposable

projective modules;

(3) I1 = P3, I2 = (0 ← k ← k) and I3 = S3 are all indecomposable injective

modules.

Let A = Λ-mod be the category of finitely generated left Λ-modules.

(i) Let C = add(S1 ⊕ S2 ⊕ P3 ⊕ S3) be the full subcategory of A consisting of all

direct summands of finite direct sum of S1 ⊕ S2 ⊕ P3 ⊕ S3. By computation,

G(C ) = add(S1 ⊕ S2 ⊕ P3 ⊕ S3). From the exact sequence

0→ S1 → P2 → S2 → 0

we see that G(C ) is not exact; and from the exact sequences

0→ P2 → P3 → S3 → 0 and 0→ S1 → P3 → I2 → 0

we see that G(C ) is neither closed under kernels of epimorphisms nor closed

under cokernels of monomorphisms.
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(ii) Let C = add(S1 ⊕P3 ⊕ S3). In this case, C ⊥ C . To illustrate it, we only need

to check Ext1Λ(S3, S1) = 0. In fact, by [1], Chapter IV, Corollary 2.14 we have

Ext1Λ(S3, S1) ∼= DHomΛ(S1, τS3) ∼= DHomΛ(S1, S2) = 0,

whereD := Homk(−, k). Moreover, by computation, G(C )=add(S1 ⊕ P3 ⊕ S3).

Thus the second and third short exact sequences in (i) show that G(C ) is still

neither closed under kernels of epimorphisms nor closed under cokernels of

monomorphisms.

In the rest of this section, we always assume C ⊥ C . In this setting, C ⊆ rG(C ).

We have the following lemma.

Lemma 3.5. For an object L ∈ A , L ∈ rG(C ) holds if and only if there exists

an exact (HomA (−,C )-exact) sequence

0→ L→ C → N → 0

in A with C ∈ C and N ∈ rG(C ).

P r o o f. The necessity follows from Proposition 3.3 (2).

For the sufficiency, since L ∈ rG(C ), there exists an exact HomA (−,C )-exact

sequence

0→ L→ C → N → 0

in A with C ∈ C and N ∈ cores C̃ . Since C ⊥ C , we have N ∈ ⊥C and thus

N ∈ rG(C ). �

Proposition 3.6. If

0→ L→M → N → 0

is an exact sequence in A with L,M ∈ rG(C ), then N ∈ rG(C ) if and only if

N ∈ ⊥1C .

P r o o f. The necessity is trivial. In the following we prove the sufficiency. Let

0→ L→M → N → 0

be an exact sequence in A with L,M ∈ rG(C ) and Ext1A (N,C) = 0 for any C ∈ C .

Since L ∈ rG(C ), by Lemma 3.5 there exists an exact sequence

0→ L→ C → L′ → 0
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in A with C ∈ C and L′ ∈ rG(C ). Consider the push-out diagram

0

��

0

��✤
✤
✤

0 / / L //

��

M / /

��
✤
✤
✤ N

✤
✤
✤

✤
✤
✤

/ / 0

0 / /❴❴❴ C //❴❴❴

��

T / /❴❴❴

��✤
✤
✤ N / /❴❴❴ 0

L′ ❴❴❴ ❴❴❴

��

L′

��✤
✤
✤

0 0.

By Proposition 3.3(1), the middle column in this diagram shows that T ∈ rG(C ).

Since Ext1A (N,C) = 0 by assumption, the middle row in the above diagram splits.

Thus N is isomorphic to a direct summand of T , and hence it is in rG(C ) by Propo-

sition 3.3 (1). �

In the following, we give some equivalent conditions for objects in rG(C ).

Theorem 3.7. For any M ∈ A , the following statements are equivalent.

(1) M ∈ rG(C ).

(2) M ∈ ⊥C and for any subcategoryD ofA such that C is an injective cogenerator

for D there exists an exact HomA (−,C )-exact sequence

0→M → D0 → D1 → . . .

in A with all Di in D .

(3) There exists an exact HomA (−,C )-exact sequence

G := . . .→ G1 → G0 → G−1 → G−2 → . . .

in A with all Gi in rG(C ) such that M ∼= Ker(G−1 → G−2).

(4) For any subcategory D of A with C ⊆ D ⊆ rG(C ) there exists an exact

HomA (−,D)-exact sequence

G := . . .→ G1 → G0 → G−1 → G−2 → . . .

in A with all Gi in rG(C ) such that M ∼= Ker(G−1 → G−2).

(5) There exists an exact HomA (−, rG(C ))-exact sequence

G := . . .→ G1 → G0 → G−1 → G−2 → . . .

in A with all Gi in rG(C ) such that M ∼= Ker(G−1 → G−2).
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P r o o f. The implications (1)⇒ (2) and (5)⇒ (4)⇒ (3) are trivial.

(2)⇒ (1) Let M ∈ ⊥C and

0→M → D0 → D1 → . . .

be an exact HomA (−,C )-exact sequence in A with all Di in D . Put M1 :=

Im(D0 → D1). Since C is an injective cogenerator for D by assumption, we have

M1 ∈ ⊥C and there exists an exact sequence

0→ D0 → C0 → D′ → 0

in A with C0 ∈ C and D′ ∈ D . Consider the push-out diagram:

0

��

0

��
✤
✤
✤

0 // M

✤
✤
✤

✤
✤
✤

// D0

� �

// M1

� �
✤
✤
✤

/ / 0

0 //❴❴❴ M //❴❴❴ C0 / /❴❴❴

��

M ′

��
✤
✤
✤

/ /❴❴❴ 0

D′ ❴❴❴ ❴❴❴

��

D′

��✤
✤
✤

0 0.

Since D′,M1 ∈ ⊥C , we have that M ′ ∈ ⊥C and therefore the middle row is

HomA (−,C )-exact. Similarly, we get an exact HomA (−,C )-exact sequence

0→M ′ → C1 →M ′′ → 0

in A with M ′′ ∈ ⊥C . Continuing this process, we obtain an exact HomA (−,C )-

exact sequence

0→M → C0 → C1 → . . .

in A with all Ci in C , as desired.

(1)⇒ (5) It holds by setting

G := . . . −→ 0 −→M
id
−→M −→ 0 −→ . . . .

(3)⇒ (1) Let

G := . . .→ G1 → G0 → G−1 → G−2 → . . .

492



be an exact HomA (−,C )-exact sequence in A with all Gi in rG(C ) and M ∼=

Ker(G−1 → G−2). It is easy to see that M−i ∈
⊥C , where M−i := Ker(G−(i+1) →

G−(i+2)) for any i > 0 (note: M0 = M).

Since G−1 ∈ rG(C ), by Lemma 3.5 there exists an exact HomA (−,C )-exact se-

quence

0→ G−1 → C−1 → G′

−1 → 0

in A with C−1 ∈ C and G′
−1 ∈ rG(C ). Consider the push-out diagram

0

��

0

� �
✤
✤
✤

0 // M

✤
✤
✤

✤
✤
✤

/ / G−1

��

// M−1

��
✤
✤
✤

// 0

0 //❴❴❴ M / /❴❴❴ C−1
//❴❴❴

��

Q−1

� �
✤
✤
✤

//❴❴❴ 0

G′
−1

❴❴❴ ❴❴❴

� �

G′
−1

� �✤
✤
✤

0 0.

Then Q−1 ∈
⊥C and the middle row in this diagram is HomA (−,C )-exact. Now

consider the push-out diagram

0

��

0

��
✤
✤
✤

0 / / M−1
//

��

Q−1
//

��
✤
✤
✤

G′
−1

✤
✤
✤

✤
✤
✤

/ / 0

0 / /❴❴❴ G−2
/ /❴❴❴

��

T−2
//❴❴❴

� �✤
✤
✤

G′
−1

/ /❴❴❴ 0

M−2
❴❴❴ ❴❴❴

� �

M−2

��✤
✤
✤

0 0.

Since G′
−1, G−2 ∈ rG(C ), we have T−2 ∈ rG(C ) by Proposition 3.3 (1). Since

M−2 ∈
⊥C , the middle column in the above diagram is HomA (−,C )-exact and we

get an exact HomA (−,C )-exact sequence

0→ Q−1 → T−2 → G−3 → G−4 → . . .
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in A . We repeat the argument by replacing M with Q−1 to get an exact

HomA (−,C )-exact sequence

0→ Q−1 → C−2 → Q−2 → 0

in A with C−2 ∈ C . Continuing this process, we obtain an exact HomA (−,C )-exact

sequence

0→M → C−1 → C−2 → . . .

in A with all Ci in C . It implies M ∈ rG(C ). �

We write rG2(C ) to be a subcategory of A consists of all A ∈ A such that there

exists an exact HomA (−,C )-exact sequence

. . .→ G1 → G0 → G0 → G1 → . . .

in A with all Gi, G
i in rG(C ) and A ∼= Im (G0 → G0). The next result is an

immediate consequence of Theorem 3.7, which generalizes [18], Theorem 2.9.

Corollary 3.8. rG2(C ) = rG(C ).

The next result shows that under some conditions, objects in rG(C ) possess the

symmetry just as objects in G(C ) do.

Corollary 3.9. If rG(C ) has a projective generator P, then the following state-

ments are equivalent for any G ∈ A .

(1) G ∈ rG(C ).

(2) There exists an exact HomA (−,C )-exact sequence

. . .→ P1 → P0 → C0 → C1 → . . .

in A with all Pi in P and Ci in C such that G ∼= Im(P0 → C0).

(3) There exists an exact HomR(−,C )-exact sequence

. . .→ W1 →W0 →W 0 →W 1 → . . .

in A with all Wi,W
i ∈ C ∪P and G ∼= Im(W0 →W 0).

P r o o f. The implications (1)⇔ (2)⇒ (3) are clear. Since C ∪P ⊆ rG(C ) by

assumption, the implication (3)⇒ (1) follows from Corollary 3.8. �
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In the following, we will give some criteria for computing the G(C )-projective

dimension of an object in A . We need the following lemma.

Lemma 3.10. If

0→ K → G1
f
−→ G0 → A→ 0

is an exact sequence in A with G0, G1 ∈ rG(C ), then there exists an exact sequence

0→ K → C → G→ A→ 0

in A with C ∈ C and G ∈ rG(C ).

P r o o f. Since G1 ∈ rG(C ), by Lemma 3.5 there exists an exact sequence

0→ G1 → C → G′ → 0

in A with C ∈ C and G′ ∈ rG(C ). The push-out diagram

0

��

0

� �✤
✤

✤

0 // K

✤

✤

✤

✤

✤

✤
/ / G1

��

// Im f

��✤
✤

✤
// 0

0 //❴❴❴ K //❴❴❴ C

� �

//❴❴❴❴ L

� �
✤
✤

✤
//❴❴❴❴ 0

G′

� �

❴❴❴❴ ❴❴❴❴ G′

� �✤
✤

✤

0 0

yields a push-out diagram

0

� �

0

��✤
✤

✤

0 / / Im f

��

// G0

��
✤

✤

✤
// A

✤

✤

✤

✤

✤

✤
/ / 0

0 //❴❴❴❴ L

� �

//❴❴❴❴ G

��
✤

✤

✤
//❴❴❴ A / /❴❴❴ 0

G′

��

❴❴❴❴ ❴❴❴❴ G′

��✤
✤

✤

0 0.
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By Proposition 3.3 (1), the middle column in the last diagram implies that G ∈

rG(C ). Splicing the middle rows of the two diagrams above, we get the desired exact

sequence. �

The following result provides some criteria for computing the G(C )-projective

dimension of an object in A , which shows that any object in A with finite rG(C )-

projective dimension is isomorphic to a kernel (a cokernel) of a morphism from an

object in A with finite C -projective dimension to an object in rG(C ).

Theorem 3.11. For any A ∈ A and n > 0, the following statements are equiva-

lent.

(1) rG(C )-pdA 6 n.

(2) There exists an exact sequence

0→ H → G→ A→ 0

in A with G ∈ rG(C ) and C -pdH 6 n− 1.

(3) There exists an exact (HomA (−,C )-exact) sequence

0→ A→ H ′ → G′ → 0

in A with G′ ∈ rG(C ) and C -pdH ′ 6 n.

P r o o f. (1) ⇒ (2) We proceed by induction on n. If n = 0 then H = 0 and

G = A give the desired exact sequence. If n = 1 then there exists an exact sequence

0→ G1 → G0 → A→ 0

in A with G0, G1 ∈ rG(C ). Applying Lemma 3.10 with K = 0, we get an exact

sequence

0→ C → G′

0 → A→ 0

in A with C ∈ C and G′
0 ∈ rG(C ). Now suppose n > 2. Then there exists an exact

sequence

0→ Gn → Gn−1 → . . .→ G0 → A→ 0

in A with all Gi in rG(C ). Set T := Im(G1 → G0). By the induction hypothesis,

we get the exact sequence

0→ Cn → Cn−1 → Cn−2 → . . .→ C2 → G′

1 → T → 0
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in A with all Ci in C and G′
1 ∈ rG(C ). Set B := Im(C2 → G′

1). By Lemma 3.10,

we get an exact sequence

0→ B → C1 → G→ A→ 0

in A with C1 ∈ C and G ∈ rG(C ). Thus we get the desired exact sequence

0→ Cn → Cn−1 → Cn−2 → . . .→ C1 → G→ A→ 0.

Then we get the desired exact sequence by putting H := Coker(C2 → C1).

(2)⇒ (3) Let

0→ H → G→ A→ 0

be an exact sequence in A with G ∈ rG(C ) and C -pdH 6 n− 1. Since G ∈ rG(C ),

by Lemma 3.5 there exists an exact HomA (−,C )-exact sequence

0→ G→ C → G′ → 0

in A with C ∈ C and G′ ∈ rG(C ). Consider the following push-out diagram:

0

��

0

��✤
✤

✤

0 // H

✤

✤

✤

✤

✤

✤
// G

��

// A

��✤
✤

✤
/ / 0

0 //❴❴❴ H //❴❴❴ C

��

//❴❴❴ H ′

� �
✤

✤

✤
/ /❴❴❴ 0

G′

��

❴❴❴ ❴❴❴ G′

��
✤
✤

✤

0 0.

By the middle row in this diagram, we have C -pdH ′ 6 n. Moreover, since G′ ∈

rG(C ), the rightmost column is HomA (−,C )-exact. Thus we get the desired exact

sequence.

(3)⇒ (1) Let

0→ A→ H ′ → G′ → 0

be an exact sequence in A with G′ ∈ rG(C ) and C -pdH ′ 6 n. Then there exists an

exact sequence

0→ Cn → . . .→ C1 → C0 → H ′ → 0
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in A with all Ci in C . Set K := Ker(C0 → H ′). Then C -pdK 6 n − 1. Consider

the pull-back diagram

0

� �
✤
✤
✤ 0

��
K ❴❴❴ ❴❴❴

� �✤
✤
✤ K

��
0 //❴❴❴ G

� �✤
✤
✤

/ /❴❴❴ C0

��

//❴❴❴ G′

✤
✤
✤

✤
✤
✤

//❴❴❴ 0

0 / / A

��
✤
✤
✤

// H ′ / /

��

G′ // 0

0 0.

Applying Proposition 3.3 (2) to the middle row in this diagram yields G ∈ rG(C ).

Thus rG(C )-pdA 6 n by the leftmost column in the above diagram. �

4. Weak Auslander-Buchweitz contexts

Following the approximation theory of Auslander-Buchweitz (see [3]), Hashimoto

(see [15]) introduced the following definition.

Definition 4.1 ([15]). A triple (X ,Y , ω) of subcategories of A is called a weak

Auslander-Buchweitz context in A if the following conditions are satisfied.

(1) X is closed under extensions, kernels of epimorphisms and direct summands.

(2) Y ⊆X -pd<∞ and Y is closed under extensions, cokernels of monomorphisms

and direct summands.

(3) ω = X ∩ Y and ω is an injective cogenerator for X .

A weak Auslander-Buchweitz context (X ,Y , ω) is called an Auslander-Buchweitz

context if A = X -pd<∞.

Definition 4.2 ([13]). Let U ,V be subcategories of A .

(1) The pair (U ,V ) is called a cotorsion pair in A if U = ⊥1V and V = U ⊥1 ; in

this case, C := U ∩ V is called the kernel of (U ,V ).

(2) A cotorsion pair (U ,V ) is said to have enough injectives if for any A ∈ A there

exists an exact sequence

0→ A→ V → U → 0
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in A with V ∈ V and U ∈ U . Dually, a cotorsion pair (U ,V ) is said to have

enough projectives if for any A ∈ A there exists an exact sequence

0→ V ′ → U ′ → A→ 0

in A with V ′ ∈ V and U ′ ∈ U .

(3) A cotorsion pair (U ,V ) is called hereditary if one of the following equivalent

conditions is satisfied.

(3.1) U ⊥ V .

(3.2) U is resolving in the sense that U contains all projectives in A , U is

closed under extensions and kernels of epimorphisms.

(3.3) V is coresolving in the sense that V contains all injectives in A , V is

closed under extensions and cokernels of monomorphisms.

In what follows, (U ,V ) is a hereditary cotorsion pair and C := U ∩ V is its

kernel. The following is a standard observation.

Lemma 4.3. For any A ∈ A and n > 0, the following statements are equivalent.

(1) U -pdA 6 n.

(2) Extn+1
A

(A, V ) = 0 for any V ∈ V .

(3) Ext>n+1
A

(A, V ) = 0 for any V ∈ V .

Lemma 4.4. If (U ,V ) has enough injectives, then C is an injective cogenerator

for U .

P r o o f. If (U ,V ) has enough injectives, then for any U ∈ U there exists an

exact sequence

0→ U → V → U1 → 0

in A with V ∈ V and U1 ∈ U . Since U is closed under extensions, we have V ∈ U

and so V ∈ C . Since U ⊥ C clearly, C is an injective cogenerator for U . �

The following result is used for obtaining our main result (Theorem 4.8).

Proposition 4.5. If (U ,V ) has enough injectives, then we have

(1) rG(C ) ∩U -pd<∞ = U .

(2) C -pd<∞ = U -pd<∞ ∩V .

(3) C -pd<∞ is closed under extensions, cokernels of monomorphisms and direct

summands.
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P r o o f. (1) It is easy to see that U ⊆ rG(C ) ∩U -pd<∞ by Lemma 4.4.

Conversely, let A ∈ rG(C ) ∩ U -pd<∞. We will prove A ∈ U by induction on

n := U -pdA. The case for n = 0 is trivial. Now let n > 1 and let

0→ L→ U0 → A→ 0

be an exact sequence in A with U0 ∈ U (⊆ rG(C )) and U -pdL 6 n − 1. By

Proposition 3.3 (2), we have L ∈ rG(C ). Thus L ∈ U by the induction hypothesis.

By Lemma 4.4, we have an exact sequence

0→ L→ C → U → 0

in A with C ∈ C and U ∈ U . Consider the push-out diagram

0

� �

0

��
✤
✤
✤

0 / / L / /

��

U0
//

��✤
✤
✤ A

✤
✤
✤

✤
✤
✤

/ / 0

0 //❴❴❴ C / /❴❴❴

��

Q //❴❴❴

� �
✤
✤
✤

A / /❴❴❴ 0

U ❴❴❴ ❴❴❴

��

U

��✤
✤
✤

0 0.

By the middle column in this diagram, we have Q ∈ U . Since A ∈ rG(C ) and

C ∈ C , it follows that Ext1A (A,C) = 0 and the middle row in the above diagram

splits. Thus A is isomorphic to a direct summand of Q and A ∈ U .

(2) Clearly, C -pd<∞ ⊆ U -pd<∞. Since V is closed under cokernels of monomor-

phisms, we have C -pd<∞ ⊆ V . Thus C -pd<∞ ⊆ U -pd<∞ ∩V .

Conversely, let A ∈ U -pd<∞ ∩V and U -pdA = n(< ∞). Since U ⊆ rG(C ), by

Theorem 3.11 there exists an exact sequence

0→ H → G→ A→ 0

in A with G ∈ rG(C ) and C -pdH 6 n − 1. By Lemma 4.3, we have U -pdG 6 n.

Then G ∈ U by (1). Since V is closed under cokernels of monomorphisms and

extensions, we have H ∈ V , and hence G ∈ V . Thus G ∈ C (= U ∩ V ) and

C - pdA 6 n.
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(3) By Lemma 4.3, U -pd<∞ is closed under direct summands. Since V is closed

under direct summands, so is C -pd<∞ by (2).

Since C ⊥ C , we have C -pd<∞ ⊆ C⊥ by the dimension shifting. Then any short

exact sequence in A with the first term in C -pd<∞ is HomA (C ,−)-exact. Therefore

by [17], Lemma 3.1 (1) we get C -pd<∞ is closed under extensions, and by [17],

Theorem 3.6 (1), we get C -pd<∞ is closed under cokernels of monomorphisms. �

As a consequence, we have the following proposition.

Proposition 4.6. Assume that (U ,V ) has enough injectives. If (rG(C ),C -

pd<∞,C ) is an Auslander-Buchweitz context, then

(rG(C ),U -pd<∞ ∩V ) = (rG(C ),C - pd<∞)

is a cotorsion pair.

P r o o f. By Proposition 4.5 (2), U -pd<∞ ∩V = C -pd<∞. It is easy to see that

rG(C ) ⊥ C -pd<∞ by the dimension shifting. Thus rG(C ) ⊆ ⊥1(C -pd<∞) and C -

pd<∞ ⊆ rG(C )⊥1 . Since (rG(C ),C -pd<∞,C ) is an Auslander-Buchweitz context

by assumption, we have A = rG(C )-pd<∞.

Let A ∈ ⊥1(C -pd<∞). Then rG(C )-pdA <∞. By Theorem 3.11, there exists an

exact sequence

0→ H → G→ A→ 0

in A with G ∈ rG(C ) and C -pdH < ∞. Thus this exact sequence splits, and

hence A is isomorphic to a direct summand of G. Then by Proposition 3.3 (1) we

have A ∈ rG(C ) and ⊥1(C -pd<∞) ⊆ rG(C ).

Now let A ∈ rG(C )⊥1 . Note that rG(C )-pdA < ∞. By Theorem 3.11, there

exists an exact sequence

0→ A→ H ′ → G′ → 0

in A with G′ ∈ rG(C ) and C -pdH ′ < ∞. Thus this exact sequence splits, and

hence A is isomorphic to a direct summand of H ′. Then by Proposition 4.5 (3) we

have C -pdA <∞ and rG(C )⊥1 ⊆ C -pd<∞. �

We also need the following easy observation.

Lemma 4.7.

(1) C is an injective cogenerator for rG(C ).

(2) rG(C ) ∩ C -pd<∞ = C .

P r o o f. The assertion (1) is trivial. Since C ⊥ C , we have ⊥C ∩ C -pd<∞ = C

by the dimension shifting, so the assertion (2) follows. �
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Now we are in a position to give the following theorem.

Theorem 4.8. If (U ,V ) has enough injectives, then (rG(C ),C -pd<∞,C ) is

a weak Auslander-Buchweitz context.

P r o o f. It follows from Propositions 3.3 and 4.5 (3), and Lemma 4.7. �

By Theorem 4.8 and [15], Theorem 1.12.10, we immediately get the following

corollary.

Corollary 4.9. If (U ,V ) has enough injectives, then:

(1) C is a unique additive injective cogenerator for rG(C ) in the sense that if E

is an injective cogenerator for rG(C ), then addE = C , where addE is the

subcategory of A consisting of direct summands of finite direct sums of objects

in E .

(2) For any A ∈ rG(C )-pd<∞, the following statements are equivalent.

(i) A ∈ rG(C );

(ii) A ∈ ⊥(C -pd<∞);

(iii) A ∈ ⊥1(C -pd<∞);

(iv) A ∈ ⊥C .

(3) For any A ∈ rG(C )-pd<∞, the following statements are equivalent.

(i) A ∈ C -pd<∞;

(ii) A ∈ rG(C )⊥;

(iii) A ∈ rG(C )⊥1 ;

(iv) rG(C )- idA <∞ and A ∈ C⊥.

(4) For any A ∈ rG(C )-pd<∞, we have

rG(C )- pdA = inf{n : Extn+1
A

(A,C) = 0 for any C ∈ C )}

= inf{n : Extn+1
A

(A,W ) = 0 for any W ∈ C - pd<∞}.

(5) For any A ∈ C -pd<∞, we have rG(C )- pdA = C - pdA.

(6) For an exact sequence

0→ L→M → N → 0

in A , if any two of L, M and N are in rG(C )-pd<∞, then so is the third.

As a dual of Definition 4.1, we give the following definition.
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Definition 4.10. A triple (X ,Y , ω) of subcategories of A is called a weak co-

Auslander-Buchweitz context if the following conditions are satisfied.

(1) X is closed under extensions, cokernels of monomorphisms and direct sum-

mands.

(2) Y ⊆ X -id<∞ and Y is closed under kernels of epimorphisms, extensions and

direct summands.

(3) ω = X ∩ Y and ω is a projective generator for X .

A weak co-Auslander-Buchweitz context (X ,Y , ω) is called a co-Auslander-

Buchweitz context if X -id<∞ = A.

By using arguments completely dual to those in the proofs of Proposition 4.6 and

Theorem 4.8, we have the following proposition.

Proposition 4.11. Assume that (U ,V ) has enough projectives. If (lG(C ),C -

id<∞,C ) is a co-Auslander-Buchweitz context, then

(lG(C ),U ∩ V - id<∞) = (rG(C ),C - id<∞)

is a cotorsion pair.

Theorem 4.12. If (U ,V ) has enough projectives, then (lG(C ),C -id<∞,C ) is

a weak co-Auslander-Buchweitz context.
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[1] I.Assem, D. Simson, A. Skowroński: Elements of the Representation Theory of Asso-
ciative Algebras. Vol. 1. Techniques of Representation Theory. London Mathematical
Society Student Texts 65, Cambridge University Press, Cambridge, 2006. zbl MR doi

[2] M.Auslander, M.Bridger: Stable module theory. Mem. Am. Math. Soc. 94 (1969), 146
pages. zbl MR doi

[3] M.Auslander, R.-O.Buchweitz: The homological theory of maximal Cohen-Macaulay
approximations. Mém. Soc. Math. Fr., Nouv. Sr. 38 (1989), 5–37. zbl MR doi

[4] L.L. Avramov, A.Martsinkovsky: Absolute, relative, and Tate cohomology of modules
of finite Gorenstein dimension. Proc. Lond. Math. Soc., III. Ser. 85 (2002), 393–440. zbl MR doi

[5] H.Cartan, S. Eilenberg: Homological Algebra. Princeton Landmarks in Mathematics,
Princeton University Press, Princeton, 1999. zbl MR doi

[6] L.W.Christensen: Gorenstein Dimensions. Lecture Notes in Mathematics 1747, Sprin-
ger, Berlin, 2000. zbl MR doi

[7] L.W.Christensen, H.-B. Foxby, H.Holm: Beyond totally reflexive modules and
back. A survey on Gorenstein dimensions. Commutative Algebra: Noetherian and
Non-Noetherian Perspectives (M. Fontana et al., eds.). Springer, New York, 2011,
pp. 101–143. zbl MR doi

503

https://zbmath.org/?q=an:1092.16001
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2197389
http://dx.doi.org/10.1017/CBO9780511614309
https://zbmath.org/?q=an:0204.36402
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR0269685
http://dx.doi.org/10.1090/memo/0094
https://zbmath.org/?q=an:0697.13005
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1044344
http://dx.doi.org/10.24033/msmf.339
https://zbmath.org/?q=an:1047.16002
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1912056
http://dx.doi.org/10.1112/S0024611502013527
https://zbmath.org/?q=an:0933.18001
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1731415
http://dx.doi.org/10.1515/9781400883844
https://zbmath.org/?q=an:0965.13010
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1799866
http://dx.doi.org/10.1007/BFb0103980
https://zbmath.org/?q=an:1225.13019
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2762509
http://dx.doi.org/10.1007/978-1-4419-6990-3_5


[8] L.W.Christensen, A.Frankild, H.Holm: On Gorenstein projective, injective and flat
dimensions—a functorial description with applications. J. Algebra 302 (2006), 231–279. zbl MR doi

[9] L.W.Christensen, S. Iyengar: Gorenstein dimension of modules over homomorphisms.
J. Pure Appl. Algebra 208 (2007), 177–188. zbl MR doi

[10] E.E. Enochs, O.M.G. Jenda: Gorenstein injective and projective modules. Math. Z. 220
(1995), 611–633. zbl MR doi

[11] E.E. Enochs, O.M.G. Jenda: Relative Homological Algebra. de Gruyter Expositions in
Mathematics 30, de Gruyter, Berlin, 2000. zbl MR doi

[12] E.E. Enochs, O.M.G. Jenda, J. A. López-Ramos: Covers and envelopes by V -Gorenstein
modules. Commun. Algebra 33 (2005), 4705–4717. zbl MR doi

[13] E.E. Enochs, L.Oyonarte: Covers, Envelopes and Cotorsion Theories. Nova Science
Publishers, New York, 2002.

[14] Y.Geng, N.Ding: W-Gorenstein modules. J. Algebra 325 (2011), 132–146. zbl MR doi
[15] M.Hashimoto: Auslander-Buchweitz Approximations of Equivariant Modules. London

Mathematical Society Lecture Note Series 282, Cambridge University Press, Cambridge,
2000. zbl MR doi

[16] H.Holm: Gorenstein homological dimensions. J. Pure Appl. Algebra 189 (2004),
167–193. zbl MR doi

[17] Z.Huang: Proper resolutions and Gorenstein categories. J. Algebra 393 (2013), 142–169. zbl MR doi
[18] Z.Liu, Z. Huang, A.Xu: Gorenstein projective dimension relative to a semidualizing

bimodule. Commun. Algebra 41 (2013), 1–18. zbl MR doi
[19] J. J. Rotman: An Introduction to Homological Algebra. Universitext, Springer, New

York, 2009. zbl MR doi
[20] S. Sather-Wagstaff, T. Sharif, D.White: Stability of Gorenstein categories. J. Lond.

Math. Soc., II. Ser. 77 (2008), 481–502. zbl MR doi
[21] X.Tang, Z. Huang: Homological aspects of the dual Auslander transpose. Forum Math.

27 (2015), 3717–3743. zbl MR doi
[22] X.Tang, Z. Huang: Homological aspects of the adjoint cotranspose. Colloq. Math. 150

(2017), 293–311. zbl MR doi

Authors’ addresses: We i l i n g S o n g, Department of Applied Mathematics, College of
Science, Nanjing Forestry University, 159 Longpan Road, Nanjing 210037, Jiangsu Province,
P.R. China, e-mail: songwl@njfu.edu.cn; T i w e i Z h a o (corresponding author), School
of Mathematical Sciences, Qufu Normal University, 57 Jingxuan West Road, Qufu 273165,
Shandong Province, P.R. China, e-mail: tiweizhao@qfnu.edu.cn; Z h a oy o n g H u a n g,
Department of Mathematics, Nanjing University, Gulou Campus, No. 22, Hankou Road,
Gulou District, Nanjing 210093, Jiangsu Province, P. R.China, e-mail: huangzy@nju.edu.cn.

504

https://zbmath.org/?q=an:1104.13008
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2236602
http://dx.doi.org/10.1016/j.jalgebra.2005.12.007
https://zbmath.org/?q=an:1105.13014
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2269838
http://dx.doi.org/10.1016/j.jpaa.2005.12.005
https://zbmath.org/?q=an:0845.16005
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1363858
http://dx.doi.org/10.1007/BF02572634
https://zbmath.org/?q=an:0952.13001
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2857612
http://dx.doi.org/10.1515/9783110803662
https://zbmath.org/?q=an:1087.16002
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2188336
http://dx.doi.org/10.1080/00927870500328766
https://zbmath.org/?q=an:1216.18015
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2745532
http://dx.doi.org/10.1016/j.jalgebra.2010.09.040
https://zbmath.org/?q=an:0993.13007
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1797672
http://dx.doi.org/10.1017/CBO9780511565762
https://zbmath.org/?q=an:1050.16003
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2038564
http://dx.doi.org/10.1016/j.jpaa.2003.11.007
https://zbmath.org/?q=an:1291.18022
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3090064
http://dx.doi.org/10.1016/j.jalgebra.2013.07.008
https://zbmath.org/?q=an:1287.16015
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3010518
http://dx.doi.org/10.1080/00927872.2011.602782
https://zbmath.org/?q=an:1157.18001
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2455920
http://dx.doi.org/10.1007/b98977
https://zbmath.org/?q=an:1140.18010
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2400403
http://dx.doi.org/10.1112/jlms/jdm124
https://zbmath.org/?q=an:1405.16004
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3420357
http://dx.doi.org/10.1515/forum-2013-0196
https://zbmath.org/?q=an:1397.18032
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3719463
http://dx.doi.org/10.4064/cm7121-12-2016

