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Introduction






This introduction, page numbered with small Roman numerals i-—xx, has three
sections:

1. THE STRUCTURE OF THIS THESIS.
2. SOME BACKGROUND MATERIAL ON (GORENSTEIN DIMENSIONS.
3. AN INTRODUCTION TO THE PAPERS IN THIS THESIS.

We begin with:

1. THE STRUCTURE OF THIS THESIS

This thesis consists of six parts which are numbered with capital Roman numerals
I—VI. Each part contains a paper, and has been given a headline identical to the
title of the paper it contains. The six papers are:

[I] H.Holm, Gorenstein homological dimensions, Journal of Pure and Applied
Algebra 189 (2004), 167-193.

[I1] H.Holm, Gorenstein derived functors, Proceedings of the American Math-
ematical Society 132 (2004), no.7, 1913-1923.

[IIT] H.Holm, Rings with finite Gorenstein injective dimension, Proceedings of
the American Mathematical Society 132 (2004), no. 5, 1279-1283.

[IV] L. W. Christensen, A.Frankild and H. Holm, On Gorenstein projective, in-
jective and flat dimensions — a functorial description with applications,
preprint 2003 (submitted), 39 pages, available from http://arXiv.org/
abs/math.AC/0403156.

[V] H.Holm and P. Jgrgensen, Cohen-Macaulay injective, projective, and flat
dimension, preprint (2004), 17 (+5) pages.

[VI] H.Holm and P. Jorgensen, Semi-dualizing modules and related Gorenstein
homological dimensions, preprint (2004), 25 pages.

The six papers are arranged chronologically, that is, the order of which the papers
are presented here reflects the order in which they were produced.

The paper in each part I—VI has its own local page numbering, using Arabic
numerals. For example, part IV is page numbered IV.1,1V.2,1V.3, .. ..

Each paper also has its own references. In this introduction, references [I] — [VI]
refer to the papers listed above, whereas other references refer to the bibliography
on page Xix.

Finally, as could be expected, the six papers have somewhat different layouts and
styles, making the typographical (but hopefully not the mathematical) look of
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this thesis slightly less homogeneous than one could wish for. This should have
little or no influence on the readability.

2. SOME BACKGROUND MATERIAL ON (GORENSTEIN DIMENSIONS

The purpose of this section is to give (to the best of the author’s understanding)
some historical background information about Gorenstein dimensions.

In 1966/67, Auslander introduces the G-class, G(A), for any commutative and
noetherian ring A. By [1, Définition p.55] it consists of all finitely generated
A-modules M satisfying the two conditions:

(1) ExtYy (M, A) = Ext’y(Homs(M, A), A) = 0 for all i > 0,
(2) The natural biduality homomorphism M — Hom(Homa(M, A), A) is
an isomorphism.

It is easy to see that every finitely generated projective A-module belongs to

G(A).

Using resolutions of modules from the class G(A), Auslander [1, Définition p. 60]
defines the G-dimension, G-dim 4 M, for any finitely generated module M. Among
other results, he proves the following nice properties for this new dimension:

Theorem A (measure formula). Let A be a commutative and noetherian
ring, and let M be a finitely generated A—module. If G-dim4M < oo, then:

G-dimsM = sup {t } Ext’, (M, A) # 0}.

Theorem B (refinement inequality). If A is a commutative and noetherian
ring, and M is a finitely generated A—module, then there is an inequality:

G-dims M < pd, M.
If pd 4, M < oo, then equality holds.

Theorem C (Auslander—Bridger formula). If (A,m, k) is a commutative,
noetherian and local ring, and M is a finitely generated A—module such that
G—dim M < oo, then:

G—dima M + depth,M = depth A.

Theorem D (characterization of Gorenstein rings). For a commutative,
noetherian and local ring (A, m, k), the following conditions are equivalent:

(i) A is Gorenstein,
(i) G-dima M < oo for all finitely generated A-modules M,
(7ii) G—dimak < oo.
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Theorems A, C and D are [1, Corollaire p.66], [1, Théoreme 2 p.60] and [1,
Théoreme 3 and Remarque p.64], respectively. Auslander does not formulate
Theorem B explicitly, but it follows from e.g. Theorem A. In the case where A is
local and Gorenstein, he mentions the result on [1, p.52].

Auslander’s ideas where developed even further in his work with Bridger [2],
where the base ring is only assumed to be associative and two-sided noetherian.
In this paper, the appropriate reference for Theorem A is [2, Remarks after (3.7)].

In the 1990’s, Christensen [6, Chapter 2] and Yassemi [23] studied the G—dimension
for complexes of A—modules, and developed a satisfactory theory.

It became clear that G—dim 4(—) was an interesting numerical invariant, but some
natural questions arose:

o If we call the modules in Auslander’s G—class for finitely generated Goren-
stein projective modules, then how does one define non-finite (or general)
Gorenstein projective modules?

e [s there also a notion of Gorenstein injective and Gorenstein flat modules?

Concerning the next result it is, as far as the author can tell, not possible to find
an exact reference; but reading the proof of the last claim in [1, Proposition 8
p.67], or of the equivalence (b) < (c) in [2, Proposition (4.11)], we get:

Theorem E. If A is an associative and two-sided noetherian ring, and M is a
finitely generated left A-module, then the following conditions are equivalent:

(i) M belongs to G(A), or equivalently, G-dim,M = 0,
(ii) There exists an exact sequence --- — Ly — Lg — L_1 — --- of finitely

generated free left A—modules such that M = Im(Ly — L_1) and such
that Hom4(—, A) leaves this complex exact.

With Theorem E in mind, Enochs-Jenda [9] defined in 1995 a notion of Gorenstein
projective and Gorenstein injective modules over an arbitrary associative ring R:

Definition F (Gorenstein projective modules). A left R—module M is said
to be Gorenstein projective if and only if there is an exact sequence:

=P P —>P4— -

of projective left R-modules such that M = Im(FP, — P-1) and such that
Hompg(—, P) leaves the complex above exact for any projective left R—module

P.

Definition G (Gorenstein injective modules). A left R-module N is said
to be Gorenstein injective if and only if there is an exact sequence:

NN 5 b BN N ) N
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of injective left R—modules such that N = Ker(E° — E') and such that Homg(E, —)
leaves the complex above exact for any injective left R—module E.

While Definition F is formulated very explicitly in [9, Definition 2.1], Definition
G is more hidden, but it can be read between the lines.

Furthermore, Enochs-Jenda-Torrecillas [11] introduced Gorenstein flat modules,
also over an arbitrary associative ring R:

Definition H (Gorenstein flat modules). A left R—module M is said to be
Gorenstein flat if and only if there is an exact sequence:

-—m - Fy—>F 4 — -

of flat left R—modules such that M = Im(F, — F_;) and such that [ ® p — leaves
the complex above exact for any injective right R—-module I.

Of course, one obvious problem remained for the Gorenstein projective modules:

e Assume that the associative ring R is two-sided noetherian, and that M
is a finitely generated R—module. Is it then true that M is Gorenstein
projective according to Enochs’ and Jenda’s Definition F, if and only if,
M satisfies the equivalent conditions of Theorem E?

At the end of the 1990’s, this problem was answered affirmatively by Avramov-
Buchweitz-Martsinkovsky-Reiten [3]. However, as far as this author is informed,
[3] was regrettably never published. Fortunately, Christensen included (with
proper credits, of course) the result of Avramov-Buchweitz-Martsinkovsky-Reiten
in [6, Theorem (4.2.6)]. Note that even though the ring is assumed to be commu-
tative in [6], the proof of [6, Theorem (4.2.6)] works, with obvious modifications,
in the associative case as well.

Building resolutions of the Gorenstein projective modules from Definition F, one
can introduce a new homological dimension:

Definition I (Gorenstein projective dimension). If

oM, oM
K3
= e e ——> Z+1% \{ZZ% \iililﬁvcv

(differentials are going to the right) is a complex of left R—modules which is
homologically right-bounded, then the Gorenstein projective dimension of M is

defined as

G is a genuinely right-bounded complex
GpdpM =inf ¢ sup{l € Z| Gy # 0} | of left R—modules with G ~ M in D(R),

and every Gy is Gorenstein projective



Here D(R) is the derived category of the abelian category of R—modules, and ~
denotes isomorphism in this category. If M is a left R—module, then the formula
specializes to:

GpdpM = inf {n € Ny

0—G,—-+— Gy— M — 0 is an exact sequence of
left R—modules, and every G, is Gorenstein projective |

There are, of course, similar definitions of the Gorenstein injective dimension,
Gidg(—), and of the Gorenstein flat dimension, Gfdg(—).

It is remarkable that Enochs and Jenda, as far as this author can tell, never
wrote down the definitions of Gpdg(—), Gidg(—) and Gfdg(—). The first time
these definitions are encountered in writing is in [6, Definitions (4.4.2), (6.2.2)

and (5.2.3)].

The reason why one impose the homological boundedness condition on M in
Definition I, is merely to ensure the existence of a projective resolution. This point
of view may be considered a bit “old fashioned”, and e.g. Veliche [21] introduces
Gpdg(—) without any boundedness conditions on the homology (using that every
complex has a semi-projective resolution).

With Definitions F, G, H and I at hand, homological algebra was ready for at
study of Gorenstein projective, Gorenstein injective and Gorenstein flat modules
and their related dimensions; a “Gorenstein homological algebra”, one could say.

Not surprisingly, it has turned out that the this new Gorenstein homological
algebra is very much related to “classical homological algebra”, in fact, there
seems to exist the following meta-theorem:

e Every result in classical homological algebra has a counterpart in Goren-
stein homological algebra.

Actually, one could say that the study of Gorenstein homological algebra boils
down to proving this meta-theorem (in sufficiently many cases).

Many authors have contributed to the theory of Gorenstein homological algebra:
Auslander, Avramov, Bridger, Buchweitz, Christensen, Enochs, Foxby, Frankild,
Gerko, Golod, Iyengar, Jenda, Jgrgensen, Khatami, Martsinkovsky, Reiten, Sather-
Wagstaff, Takahashi, Veliche, Yassemi, Yoshino and Xu, just to mention a few.

If someone feels offended by this list, because they unintentionally have been left
out, the mistake only reflects this authors forgetfulness or ignorance; and the
affected parties have his sincerest apologies.

The purpose of the following last section in this introduction is to describe the
contributions of [I] — [VI].
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3. AN INTRODUCTION TO THE PAPERS IN THIS THESIS

Each paper in this thesis, of course, has its own introduction, giving an overview
of its contents and main results. However, for the reader’s convenience, and to
outline the main thread of this manuscript, we have chosen to give a joint and
overall summary of all the papers [I] — [VI].

In describing the work in [I] — [VI], we will sometimes need to refer to other papers
for which this author can take no credit; such references will be made very clear.

We work in the following setup:

(3.1) Setup. Throughout this section, R is a fixed associative ring with unit, and
all R—modules are left R—modules.

In some of the theorems to follow, the ring is assumed to be commutative and
noetherian; and in the formulation of such results, we like to use A, rather than
R, to denote the base ring.

We often work within the derived category D(R) of the category of R—modules;
cf. e.g. [17, Chapter I] and [22, Chapter 10]; complexes M € D(R) have differen-
tials going to the right:

M
0; oM

M= --. M —5 M, M, | — -

We use D(R) with subscripts “J7, “C”, or “[J” to indicate that the homology
is bounded to the right, left, or in both directions; and with superscript “f” to
indicate that all the homology modules are finitely generated.

We consistently use the hyper-homological notation from [6, Appendix], in par-
ticular we use RHompg(—, —) for the right derived Hom functor, and — ®@% — for
the left derived tensor product functor.

~ O ~v

Let us start out by establishing some fundamental results about the classes
of Gorenstein projective, Gorenstein injective and Gorenstein flat modules. In
[I, Theorem (2.5)] we prove the following:

(3.2) Theorem. The Gorenstein projective R—modules have the following prop-
erties:

(1) If {M;}ics is a family of R-modules, then [[,., M; is Gorenstein projective
if and only if every M; is Gorenstein projective.

(2) If0 = M — M' — M" — 0 is a short exact sequence of R-modules, and
M" is Gorenstein projective, then M is Gorenstein projective if and only
if M'" is Gorenstein projective.
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There are of course similar results for the classes of Gorenstein injective and
Gorenstein flat modules; cf. [I, Theorems (2.6) and (3.7)].

By [I, Theorem (2.6)], the class of Gorenstein injective modules is always closed
under arbitrary direct products; but when R is commutative and noetherian
admitting a dualizing complex (please see (3.7) below), then [IV, Theorem (6.10)]
gives even more:

(3.3) Theorem. Assume that R is commutative and noetherian admitting a
dualizing complex. Then a filtered direct limit of Gorenstein injective R—modules
is again Gorenstein injective. In particular, the class of Gorenstein injective
modules is closed under arbitrary direct sums.

By [I, Theorem (3.7)], the class of Gorenstein flat modules is closed under count-
able filtered direct limits. By work of Enochs and Lépes-Ramos [13, Theorem
2.4] the class of Gorenstein flat modules is, in fact, closed under arbitrary filtered
direct limits.

Having brought up this theorem by Enochs and Lépes-Ramos, it is worth men-
tioning that we generalize exactly that result in [V, Lemma (5.10)], so that it also
holds for the class of C'~Gorenstein flat modules, where C' is any semi-dualizing
R-module (see also Definition (3.29) below).

~ O ~v

The above mentioned fundamental properties which the classes of Gorenstein
projective, injective and flat R—modules possess, are key ingredients in describing
the related Gorenstein dimensions:

By [2, (3.11)], the class of finitely generated R—modules M with G—dimgpM = 0
(here R is two-sided noetherian) has similar properties to the ones in Theorem

(3.2).

Using techniques from standard homological algebra and from [2], we are able to
get the following characterization [I, Theorem (2.20)] of the Gorenstein projective
dimension:

(3.4) Theorem. Let M be an R-module with finite Gorenstein projective di-
mension, and let n be an integer. Then the following conditions are equivalent.

(i) GpdpM < n.
(ii) Ext'(M,L) = 0 for all i > n, and all R-modules L with finite pdyL.
(iii) Ext’(M,Q) = 0 for all i > n, and all projective R-modules Q.
(iv) For every exact sequence 0 — K, — G,_1 — -+ — Gy — M — 0 of

R-modules, where Gy, ...,G,_1 are Gorenstein projective, then also K,
is Gorenstein projective.
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Consequently, the Gorenstein projective dimension of M is determined by the
formulas:

GpdpyM = sup{i€ Ny| IL: pdpL is finite and Ext'(M, L) # 0}
= sup{i € Ny| 3Q: Q is projective and Ext"(M,Q) #0}.

Combining Theorem (3.4) with the techniques in [6], we take in [III, Theorem
(2.2)] the step into the world of R—complexes:

(3.5) Theorem. Let M € D(R) be a complex of finite Gorenstein projective
dimension. For n € Z the following are equivalent:

(i) GpdyM < n.
(i) n > inf U —inf RHom(M, U) for all U € D(R) of finite projective or finite
injective dimension with H(U) # 0.
(#i) n > —inf RHom(M, Q) for all projective R—modules Q).
(iv) n > sup M and the cokernel C = Coker(A,,, — A,) is a Gorenstein

projective module for any genuinely right-bounded complex A ~ M of
Gorenstein projective modules.

Moreover, the following hold:
GpdzM = sup { inf U — inf RHom(M, U) | pdgU < oo and H(U) # 0}
= sup{ — inf RHom(M, Q) } Q is projective}
< FPD(R) + sup M.

Here FPD(R) is the (left) finitistic projective dimension of R. In reality, FPD(R)
should be replaced by the (left) finitistic Gorenstein projective dimension of R:

M is a left R—module with finite
Gorenstein projective dimension | ’

FGPD(R) = sup { GpdpM

but this agrees with FPD(R) by [I, Theorem (2.28)]:
(3.6) Theorem. There is an equality, FGPD(R) = FPD(R).

There are also Gorenstein injective and Gorenstein flat versions of Theorems
(3.4), (3.5) and (3.6) (in the Gorenstein flat case, R has to be right coherent).

From the previous theorems we see a distinguished feature of all three Gorenstein
dimensions: in order to determine the dimension of a given module or complex,
we have to know in advance that this dimension is finite.

So, how does one determine if a given complex has finite, say, Gorenstein injective
dimension? Omne approach to this problem is suggested in [IV], but before going
into that, it is necessary to introduce some notation:



ix

(3.7) Dualizing complexes. When A is commutative and noetherian, a complex
D € D(A) is said to be dualizing for A if it fulfills the requirements:

(1) D has finite homology, that is, D € D5(A).
(2) D has finite injective dimension.

(3) The canonical (homothety) morphism A — RHom (D, D) is an isomor-
phism in D(A).

If A is local, this definition coincides with the classical one [17, Chapter V, §2],
but we use definition (3.7) for local and non-local rings alike.

(3.8) Auslander and Bass classes. If C' is a semi-dualizing complex; cf. [7,
Definition (2.1)], for a commutative and noetherian ring A, then we can consider
the adjoint pair of functors,

D(A) —— D(A).

RHom4 (C,—)

As usual, let 1 denote the unit and e the counit of the adjoint pair, cf. [19,
Chapter 4].

The Auslander and Bass classes with respect to the semi-dualizing complex C' are
defined in terms of 7 and ¢ being isomorphisms. To be precise, the definition |7,
Definition (4.1)] of the Auslander class reads:

. = L .
Ac(A) = {M € Do(A4) ’ nv: M — RHomy(C, C @3 M) is an }7

isomorphism, and C' ®% M is bounded

while the definition of the Bass class reads:

en: C ®% RHomy(C, N) — N is an }

Bo(A) = {N € Po(4) isomorphism, and RHom 4 (C, N) is bounded

The Auslander and Bass classes are full triangulated subcategories of D(A), and
the adjoint pair (C ®% —, RHomy4(C, —)) provides quasi-inverse equivalences be-
tween the Auslander and Bass classes,

Ac(A) —— Bo(A).

RHom4 (C,—)

This equivalence, introduced in [4], has come to be called Fozby equivalence.

By [7, Proposition (4.4)], all complexes of finite flat dimension belong to Ac(A),
while complexes of finite injective dimension belong to B¢ (A).

Having introduced Auslander and Bass classes, we are ready to state the two
important results from [IV, Theorems (4.3) and (4.5)]:



(3.9) Theorem. Let A be a commutative and noetherian ring. If A admits a
dualizing complex D, then for any M € D+(A), the following conditions are
equivalent:

(i) M belongs to the Auslander class, M € Ap(A).
(i) M has finite Gorenstein projective dimension, Gpd 4, M < oc.
(#i) M has finite Gorenstein flat dimension, GfdyM < oo.

(3.10) Theorem. Let A be a commutative and noetherian ring. If A admits
a dualizing complex D, then for any N € D-(A), the following conditions are
equivalent:

(i) N belongs to the Bass class, N € Bp(A).
(ii) N has finite Gorenstein injective dimension, GidyN < oo.

When (A, m, k) is commutative, noetherian, local and Cohen-Macaulay admitting
a dualizing module, Theorems (3.9) and (3.10) were proved by Enochs-Jenda-
Xu [12].

~ O ~v

From these general descriptions of the Gorenstein dimensions, we move on to
more specific formulas. The following dimension was introduce by Foxby [14]:

(3.11) Large restricted flat dimension. For a complex M € Dg(R), the large
restricted flat dimension is defined by:

RfdpM = sup { sup(T ®F M) } T is a (right) R-module with fdzT < co}.
When M is an R—module the definition reads:

Torf(T, M) # 0 for some (right)
R-module T with fdgT < oo '

In [6, Theorem (5.3.6)] it is proved that when A is commutative and noetherian,
then Rfd4(—) satisfies a Chouinard formula for any X € D(A):

Rfd4X = sup {depth Ay — depthy, X, ’ p € Spec A}.

The large restricted flat dimension and other related dimensions are studied fur-
ther in [8].

RfdpM = sup{i}O‘

In [I, Theorem (3.19)] we prove the following result for modules:

(3.12) Theorem. For any R—module M, we have two inequalities,
RfdpM < GfdgM < fdgM.
Now assume that A is a commutative and noetherian ring. If GfdsM is finite,

then:
RfdsM = Gfd4M.
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If fd4M is finite, then we have two equalities:
RfdaM = GfdaM = fd M.

(3.13) Remark. For the specific implication fdgM < oo = GfdgM = fdgM,
the ring R only needs to be associative (and not commutative and noetherian).

Using Theorem (3.12) above, we go even further in [IV, Theorem (6.11)] as we
prove:

(3.14) Theorem. Assume that A is commutative and noetherian. For a complex
M € Dg(A) of finite Gorenstein flat dimension, the next equality holds:

GfdyM = sup {depth Ay — depth 4 M, } p € Spec A}.
This result has the Gorenstein injective counterpart [IV, Theorem (6.9)]:

(3.15) Theorem. Assume that A is commutative and noetherian admitting a
dualizing complex. For a complex N € Dgp(A) of finite Gorenstein injective
dimension, the next equality holds:

GidgN = sup {depth Ap — width g, N, ‘ p € Spec A}.
It is also worth to emphasize the Gorenstein Bass formula [IV, Theorem (6.4)]:

(3.16) Theorem. Assume that (A, m, k) is commutative, noetherian and local,
admitting a dualizing complex. For any complex N € D5(A) of finite Gorenstein
injective dimension, the next equation holds,

GidyN = depth A — inf N.

In particular, if N is a finitely generated A—module of finite Gorenstein injective
dimension, then

GidyN = depth A.

Other results in this family may be found in e.g. [IV, Corollaries (6.8) and (6.14)]:

~ O ~v

The paper [II], although connected with [I], stands a little bit out, and thus
requires a somewhat independent introduction:

A definition which is essential in order to understand that paper is:

(3.17) Proper resolutions. Let & be a class of R—modules, and let M be any
R-module. We then define two types of resolutions:
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(a) An (augmented) proper left X —resolution of M is a complex,
=X -2 Xg—>M—0
(not necessarily exact) where X, X1,... € X and such that
- — Hompg(X, X;) — Hompg(X, Xo) — Hompg(X, M) — 0
is exact for every X € X.
(b) Similarly, an (augmented) proper right X -resolution of M is a complex,
0—-M— X" - X! —...
(not necessarily exact) where X° X! ... € X and such that
- — Homp(X"', X) — Homp(X", X) — Homp(M, X) — 0
is exact for every X € X.

We refer the reader to e.g. [10, Chapter 8.1-8.2] for more information about these
types of resolutions.

For a given class X, the question about existence of proper (left or right) X'—
resolutions is in general very difficult. However, in a special case we are able to
say something in [I, Theorem (2.10)]:

(3.18) Theorem. If M is an R—module such that n = GpdzM is finite, then M
admits a proper left Gorenstein projective resolution of the form:

0O—-P,—--—P—Gy— M—D0,

where G is Gorenstein projective and P, ..., P, are projective.

In [I, Theorems (2.15) and (3.23)] there are similar results about existence of
proper right Gorenstein injective resolutions and proper left Gorenstein flat res-
olutions.

Later, Enochs and Lépez-Ramos [13, Corollaries 2.7 and 2.11] have proved that
when R is left noetherian, there always exist proper right Gorenstein injective
resolutions; and if R is right coherent, there always exist proper left Gorenstein
flat resolutions.

In [VI, Theorems 5.6 and 5.11] we generalize these results to encompass proper
right C—Gorenstein injective and proper left C—Gorenstein flat resolution, where
C'is any semi-dualizing R—module; see also Theorem (3.38) below.

Furthermore, Jorgensen [18, Theorem 3.2] have proved that if A is commutative,
noetherian and admits a dualizing complex, then every A-module has a proper
left Gorenstein projective resolution.

The nice thing about proper resolutions is the following: If M and M’ both
have, say, a proper right X'-resolution, then every homomorphism M — M’ lifts
(uniquely up to homotopy) to a chain map of the given X-resolutions; see also
I, Proposition (1.8)].
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Consequently, proper resolutions, provided that they exist, can be used to (left
or right) derive additive (covariant or contravariant) functors on the category of
modules; cf. [II, Section 2.

And deriving functors is what we do in [II], as we introduce:

(3.19) Definition. Fix an R-module U. For any integer n we introduce the n’th
Gorenstein (projective) right derived of Hompg(—,U), and the n’th Gorenstein
(injective) right derived of Hompg(U, —); which are denoted

Extgp(—, U) and  Extg;(U,—),
respectively, in the following way:
For any R-module M which admits a (non-augmented) proper left Gorenstein
projective resolution, G = - -+ — G; — Gy — 0, we define:

Extgp(M,U) = H'Homg(G,U),
and for any R—module N which admits a (non-augmented) proper right Goren-
stein injective resolution, H = 0 — H° — H' — ... we define

Extg(U, N) := H"Hompg(U, H).

For the next result [II, Theorem (3.6) and Definition (3.7)], it is, as far as this
author can prove, unfortunately not enough to know that proper left Gorenstein
projective and proper right Gorenstein injective resolutions exist; they have to
exist in the special form of Theorem (3.18) and [I, Theorem (2.15)].

(3.20) Theorem. For all R-modules M and N such that GpdzM and GidgN
are finite, we have isomorphisms of abelian groups:

(%) Extln(M,N) = Extl (M, N),

which are functorial in M and N. In this situation, we write GExt,(M, N) for
the group (x).

Naturally we want to compare GExt with the classical Ext, and as might be
expected we get [II, Theorem (3.8)(iii)]:

(3.21) Theorem. Let M and N be R-modules such that GpdzM and GidgN
are finite. If either pdz M or idgy N is finite, then there are isomorphisms:

GExth(M, N) = Exti(M, N),

which are functorial in M and N.

We can also left derive the tensor product functor with proper left Gorenstein
flat or proper left Gorenstein projective resolutions, giving us gTorf(—, —) and
GTor(—, —), respectively. One can establish a theory for these functors which
is similar to that of GExt;(—, —), and this is the aim of [II, Section 4].

~ O ~v
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The are three central results in the short paper [I1I]; namely [I11, Theorems (2.1),
(2.2) and (2.6)]. The paper deals with associative rings but let us here just state
those three results for commutative rings:

(3.22) Theorem. Let A be a commutative ring, and let M be any A-module.
Then the following conclusions hold:

(1) If pdyM < oo, then GidyM =ids M.

(2) If idyM < oo, then Gpd,M = pd M.

(3) If A is noetherian with dim A < oo, then idsM < oo implies GfdyM =
fda M.

As a consequence of these three results, we derive the main result [I11, Corollary
(3.3)] of that paper:

(3.23) Theorem. A commutative, noetherian and local ring (A, m, k) is Goren-
stein if (and only if) there exists an A—module M with depth ;M < oo satisfying
one of the following two conditions:

(1) fdaM < oo and GidyM < oo, or
(2) idaM < oo and GfdyuM < oc.

This result is generalized in [VI, Theorem 2.18] to encompass complexes as well:

(3.24) Theorem. If (A, m, k) is commutative, noetherian and local, then the
following conditions are equivalent:

(i) A is Gorenstein.

(@) There exists an A—complex M such that all three numbers fd s M, Gid s M
and width s M are finite.

(#ii) There exists an A—complex N such that all three numbers ida N, Gpd 4N
and depth 4N are finite.

(iv) There exists an A—complex N such that all three numbers ido4 N, Gfd, N
and depth 4N are finite.

In the case where A admits a dualizing complex, [6, (3.3.5)] compared with
[VI, Theorems (4.3) and (4.5)] give Theorem (3.24) above.

(3.25) Remark. In connection with Theorem (3.24) above, it will be useful to
mention a few extra conditions, all of which are well-known to be equivalent with
(A, m, k) being Gorenstein:

(17") Gidg M is finite for all M € D(A).
(17") Gidak is finite.
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(i13") Gpd,M is finite for all M € Dg(A).

(73i") Gpdk is finite.

(1v") Gfd4M is finite for all M € Dg(A).
)

(Z'U/I

Gfd 4k is finite.

The are many ways to see this; but let us give one short argument: If (A, m, k)
is Gorenstein, then A is a dualizing module for A with

AA(A) = Ba(4) = Du(A).

Thus [6, Corollaries (6.2.5), (4.4.5) and (5.2.6)] (which are complex-versions of
the main results in [12]) imply that (ii'), (i7") and (iv") hold. Of course, the
primed statements imply the corresponding double primed ones. Note that we
always have
Gpd k = Gidak = Gidak.

The first equality is by [6, Theorems (4.2.6) and (5.1.11)], as k is finitely generated,
and the second equality is by [6, Theorem (6.4.2)], since Hom 4 (k, Ea(k)) = k by
e.g. [5, Proposition 3.2.12(a)]. As already pointed out, finiteness of Gpd 4k implies
that (A, m, k) is Gorenstein by [1, Théoreme 3 and Remarque p. 64].

However, Theorem (3.24) is definitely not where [VI] has its main emphasis, and
we will shortly return to its real focus.

Theorem (3.24) and Remark (3.25) characterize Gorenstein local rings in terms
of the three Gorenstein dimensions Gida(—), Gpd(—) and Gfd4(—). One could
ask and hope for a similar characterization of Cohen-Macaulay local rings, and
this is exactly what we do in [V], as we introduce [V, Definition 2.2]:

(3.26) Definition. Let A be a commutative and noetherian ring. For any semi-
dualizing A—module C; cf. [16] where the term suitable is used, we may consider
the trivial extension A x C; cf. [20, p.2], of A by C' (which, of course, is defined
for any module C).

Then, for any (appropriately homologically bounded) A—complex M we introduce
three numbers:

CMidy4M = inf { Gid g M ’ C' is a semi-dualizing A-module },
CMpd, M = inf { Gpdy oM ‘ C'is a semi-dualizing A-module },
CMfdsM = inf { GfdgxcM } C' is a semi-dualizing A—module },

called the Cohen-Macaulay injective, Cohen-Macaulay projective and Cohen-Macaulay
flat dimension of M, respectively.

In [V, Theorem 5.1] we prove that the three Cohen-Macaulay dimensions char-
acterize Cohen-Macaulay local rings (admitting a dualizing module) in the same
way as the three Gorenstein dimensions characterize Gorenstein local rings in

Theorem (3.24) and Remark (3.25) above:
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(3.27) Theorem. Let (A,m, k) be a commutative, noetherian and local ring.
Then the following conditions are equivalent.

(1) A is Cohen-Macaulay and admits a dualizing module.
(2) CMid4M is finite for all M € Dp(A).

(3) There exists an A—complex M such that all three numbers fd 4 M, CMid 4 M
and width 4 M are finite.

(4) CMidk is finite.
(5) CMpd M is finite for all M € Dg(A).

(6) There exists an A—complex M such that all three numbers id 4 M, CMpd 4 M
and depth 4, M are finite.

(7) CMpd 4k is finite.
(8) CMfdaM is finite for all M € Dg(A).

(9) There exists an A—complex M such that all three numbers id 4 M, CMfd 4 M
and depth 4, M are finite.

(10) CMfd sk is finite.

Gerko [15, Definition 3.2] has also introduced a Cohen-Macaulay dimension, de-
noted CM-dim4(—), defined for finitely generated A-modules. In [V, Theorem
5.4] we show that Gerko’s CM-dimension is a refinement of our Cohen-Macaulay
projective dimension:

(3.28) Theorem. Let (A, m, k) be a commutative, noetherian and local ring, and
let M be a finitely generated A-module. Then there are inequalities:

CM-dimaM < CMpd M < G-dims M,

and if one of these numbers is finite then the inequalities to its left are equalities.

Given an A—complex M and a semi-dualizing A-module C', we have just demon-
strated how useful it is to change rings from A to A x ', and then consider the
three “ring changed” Gorenstein dimensions:

GidA[xcM s GpdAGC’M and GfdA[XCM.

In [VI] we take these ideas further, as we give different interpretations of the “ring
changed” Gorenstein dimensions above. In the following we will mainly deal with
the, say, Gorenstein injective case.

Over a commutative and noetherian ring A, we introduce [VI, Definition 2.7] a
new class of modules:

(3.29) Definition. Let A be commutative and noetherian, and let C' be a semi-
dualizing A-module. An A-module M is called C'-Gorenstein injective if:

(11) Ext3'(Homy(C, I), M) = 0 for all injective A-modules 1.
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(I2) There exist injective A—modules I, I3, . . . together with an exact sequence:
- — Homy(C, I) — Homu(C, Iy) —» M — 0,

and also, this sequence stays exact when we apply to it the functor
Homy(Hom,(C, J), —) for any injective A-module J.

It turns out [VI, Example 2.8] that if I is an injective A—module, then I (together
with Hom,(C, 1)) is C—Gorenstein injective. Thus, we have existence of C—
Gorenstein injective resolutions. In analogy with Definition I in Section 2 we
may therefore define [VI, Definition 2.9]:

(3.30) Definition (C—Gorenstein injective dimension). Let A be commuta-
tive and noetherian, and let C' be a semi-dualizing A-module. For M € D-(A),
we define the C'~Gorenstein injective dimension as:

E' is a genuinely left-bounded complex
C-GidpM = inf S sup{f € Z| E_y # 0} | of A-modules with M ~ F in D(A), and ; .
every Fy is C—Gorenstein injective

If M is an A—module, then the formula specializes to:

C-GidpM = inf {n € No of A-modules, and every E’ is C—~Gorenstein injective

0—-M—E°— ... - E" - 0is an exact sequence }

(3.31) Remark. Note that if C' = A, then C-Gids(—) becomes the normal
Gida(—).

There is of course also a C—Gorenstein projective dimension, C-Gpd 4(—). Recall
that Christensen [7, Definition (3.11)] has introduced a G—dimension, G-dimsZ,
for any semi-dualizing A-complex C' and any complex Z € D5(A). We compare
this dimension with our C-Gpd4(—) in [VI, Proposition 3.1]:

(3.32) Proposition. Let A be commutative and noetherian, and let C' be a semi-

dualizing A-module. For any complex M € D5(A) we have:
C-GpdyM = G-dimcM.

The connection between the C'-Gorenstein injective dimension and the “ring
changed” Gorenstein injective dimension, Gidaxc(—) is settled in [VI, Theorem
2.16]:

(3.33) Theorem. Let A be commutative and noetherian, and let C' be a semi-
dualizing A—module. For any M € D-(A), we have:

C-GidyM = GidgxcM.

As a corollary [VI, Corollary 2.17] we derive:
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(3.34) Corollary. Let A be commutative and noetherian. For any M € D(A),
we have:

GidA,xAM = GidAm/(mQ)M = GldAM

Using [IV, Theorems (4.3) and (4.5)] (which are Theorems (3.9) and (3.10) in this
introduction), we prove the generalization [VI, Theorem 4.6]:

(3.35) Theorem. Let A be commutative and noetherian, admitting a dualizing
complex D. For a semi-dualizing A-module C' we consider the semi-dualizing
A-complex:

CT = RHomy(C, D).
Then, for any M € Do(A) and N € D-(A) we have:

(1) M € Aci(A) <= C-Gpd M < 0 <= C-GfdsM < 0.
(2) N e BCJ;<A) <— (C-GidyN < .

In the Theorem above, Aci(A) and Bgi(A) are the Auslander and Bass classes
with respect to CT; cf. (3.8). The Auslander class with respect to C' (and not CT)
is interesting for the following reason [VI, Theorem 4.2]:

(3.36) Theorem. Let A be commutative and noetherian with a semi-dualizing
module C. For any complex M € Ac(A) we have an equality:

C-GidyM = Gid,(C @5 M).

Finally, we introduce [VI, Definitions 5.1, 5.2 and 5.3] a proper variant of C-Gid 4(—)
for modules:

(3.37) Definition. Let A be commutative and noetherian with a semi-dualizing
module C. A proper right C—Gorenstein injective resolution of an A—module M
is an exact sequence:

(1) 0—-M—E"—> E'— ...

)

where E°, E', ... are C—Gorenstein injective, and such that (1) stays exact when
we apply to it the functor Hom4(—, F) for every C—Gorenstein injective module

E; cf. Definition (3.17)(b).

If M has a proper right C'-Gorenstein injective resolution, then we define the
proper right C'—Gorenstein dimension dimension of M by:

0—-M— E°— ... - E" — 01is a proper }

C-GidyM = inf {n € No right C—Gorenstein injective resolution of M

In [VI, Theorem 5.6] we show:
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(3.38) Theorem. Let A be commutative and noetherian with a semi-dualizing
module C'. Then every A-module M has a proper right C—Gorenstein injective
resolution, and there is an equality:

C-GidgM = C-Gidy M.

Hopefully, this section gave the reader some idea of what the papers in this thesis
are about. For further details, one has of course to read on.
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GORENSTEIN HOMOLOGICAL DIMENSIONS
HENRIK HOLM

ABSTRACT. In basic homological algebra, the projective, injective and flat di-
mensions of modules play an important and fundamental role. In this paper, the
closely related Gorenstein projective, Gorenstein injective and Gorenstein flat
dimensions are studied.

There is a variety of nice results about Gorenstein dimensions over special commu-
tative noetherian rings; very often local Cohen—Macaulay rings with a dualizing
module. These results are done by Avramov, Christensen, Enochs, Foxby, Jenda,
Martsinkovsky and Xu among others. The aim of this paper is to generalize these
results, and to give homological descriptions of the Gorenstein dimensions over
arbitrary associative rings.

INTRODUCTION

Throughout this paper, R denotes a non-trivial associative ring. All modules are—if
not specified otherwise—Ileft R—modules.

When R is two-sided and noetherian, Auslander and Bridger [2] introduced in 1969
the G-dimension, G-dimgM, for every finite, that is, finitely generated, R—module
M (see also [1] from 1966/67). They proved the inequality G-dimgM < pdz M, with
equality G-dimpM = pdzM when pdzM is finite. Furthermore they showed the
generalized Auslander-Buchsbaum formula (sometimes known as the Auslander-
Bridger formula) for the G-dimension.

Over a general ring R, Enochs and Jenda defined in [9] a homological dimension,
namely the Gorenstein projective dimension, Gpdg(—), for arbitrary (non-finite)
modules. It is defined via resolutions with (the so-called) Gorenstein projective
modules. Avramov, Buchweitz, Martsinkovsky and Reiten prove that a finite mod-
ule over a noetherian ring is Gorenstein projective if and only if G-dimzM = 0 (see
the remark following [7, Theorem (4.2.6)]).

Section 2 deals with this Gorenstein projective dimension, Gpdg(—). First we
establish the following fundamental.

Theorem. The class of all Gorenstein projective modules is resolving, in the sense
that if 0 — M' — M — M" — 0 is a short exact sequence of R—modules, where
M" is Gorenstein projective, then M’ is Gorenstein projective if and only if M is
Gorenstein projective.

2000 Mathematics Subject Classification. 13D02, 13D05, 13D07, 16E05, 16E10, 16E30.
Key words and phrases. G-dimension, Gorenstein projective dimension, Gorenstein injective
dimension, Gorenstein flat dimension, (pre)covers, (pre)envelopes.
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This result is a generalization of [10, Theorems 10.2.8 and 11.5.6], and of [7, Corol-
lary (4.3.5)], which all put restrictions on either the base ring, or on the modules.
The result is also the main ingredient in the following important functorial descrip-
tion of the Gorenstein dimension.

Theorem. Let M be a (left) R—-module with finite Gorenstein projective dimen-
sion, and let n > 0 be an integer. Then the following conditions are equivalent.

(i) GpdpM < n.

(ii) Ext’ (M, L) = 0 for all i > n, and all R-modules L with finite pd L.
(i11) Ext’y(M,Q) = 0 for all i > n, and all projective R-modules Q.
)

(iv) For every exact sequence 0 — K, — Gp,_4 — -+ — Gog — M — 0, if
Gy, ...,G,_1 are Gorenstein projective, then also K, is Gorenstein projec-
tive.

Note that this theorem generalizes [7, Theorem (4.4.12)], which is only proved for
local noetherian Cohen—Macaulay rings admitting a dualizing module.

Next, we get the following generalization of [15, Theorem 5.5.6] (where the ring is
assumed to be local, noetherian and Cohen-Macaulay with a dualizing module):

Theorem. Let 0 — M’ — M — M"” — 0 be a short exact sequence of R—modules.
If any two of the modules M', M or M" have finite Gorenstein projective dimension,
then so has the third.

In Section 2 we also investigate Gorenstein projective precovers. Recall that a
Gorenstein projective precover of a module M is a homomorphism of modules,
G — M, where G is Gorenstein projective, such that the sequence

Hompg(Q,G) — Homg(Q, M) — 0

is exact for every Gorenstein projective module ). We show that every module
M with finite Gorenstein projective dimension admits a nice Gorenstein projective
precover:

Theorem. Let M be an R-module with finite Gorenstein projective dimension
n. Then M admits a surjective Gorenstein projective precover ¢: G — M where
K = Ker ¢ satisfies pdg K =n — 1 (if n = 0, this should be interpreted as K = 0).

Using these precovers, we show that there is an equality between the classical (left)

finitistic projective dimension, FPD(R), and the related (left) finitistic Gorenstein

projective dimension, FGPD(R), of the base ring R. The latter is defined as:
FGPD(R) = sup { Gpd M M is a left R—module with finite } '

Gorenstein projective dimension.

Important note. Above we have only mentioned the Gorenstein projective di-
mension for an R-module M. Dually one can also define the Gorenstein injective
dimension, GidgM. All the results concerning Gorenstein projective dimension
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(with the exception of Proposition (2.16) and Corollary (2.21)), have a Gorenstein
injective counterpart.

With some exceptions, we do not state or prove these “dual” Gorenstein injective
results. This is left to the reader.

Section 3 deals with Gorenstein flat modules, together with the Gorenstein flat
dimension, Gfdr(—), in a way much similar to how we treated Gorenstein projective
modules, and the Gorenstein projective dimension in Section 2.

For right coherent rings, a (left) R—module M is Gorenstein flat if, and only if, its
Pontryagin dual Homgz (M, Q/Z) is a (right) Gorenstein injective R—module (please
see Theorem 3.6). Using this we can prove the next generalization of [7, Theo-
rem (5.2.14)] and [10, Theorem 10.3.8].

Theorem. If R is right coherent, n > 0 is an integer and M is a left R—module with
finite Gorenstein flat dimension, then the following four conditions are equivalent.

(i) GfdgM < n.
(ii) Tor(L, M) = 0 for all right R-modules L with finite idgL, and all i > n.
(iii) Torf(I, M) = 0 for all injective right R-modules I, and all i > n.
(iv) For every exact sequence 0 — K, — T, 1 — -+ — Ty — M — 0 if
Ty, ..., T,_1 are Gorenstein flat, then also K, is Gorenstein flat.

Besides the Gorenstein flat dimension of an R—module M, also the large restricted
flat dimension, REdg M, is of interest. It is defined as follows:

R .
RfdpM — sup {2 >0 ) Tor;*(L, M) # 0 for some (right) } .

R-module with finite flat dimension.

This numerical invariant is investigated in [8, Section 2] and in [7, Chapters 5.3 —
5.4]. Tt is conjectured by Foxby that if GfdgM is finite, then RfdgM = Gfdgr M.
Christensen [7, Theorem (5.4.8)] proves this for local noetherian Cohen—Macaulay
rings with a dualizing module. We have the following extension.

Theorem. For any (left) R—module M there are inequalities,
RfdpM < GidpgM < fdgM.

Now assume that R is commutative and noetherian. If GfdgM is finite, then we
have equality RtdgM = Gfdg M. Iftdgr M is finite, then RtdgM = GfdgM = fdgM.

Furthermore we prove that every module, M, with finite Gorenstein flat dimension
admits a special Gorenstein flat precover, G — M, and we show that the classical
(left) finitistic flat dimension, FFD(R), is equal to the (left) finitistic Gorenstein
flat dimension, FGFD(R) of R.

Notation. By M(R) we denote the class of all R—modules, and by P(R), Z(R)
and F(R) we denote the classes of all projective, injective and flat R—modules
respectively. Furthermore we let P(R), Z(R) and F(R) denote the classes of all
R-modules with finite projective, injective and flat dimensions respectively.
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(Note that in the related paper [5] by Avramov and Martsinkovsky, studying finite
modules, the symbol F(R) denotes the class of finite modules, P(R) the class of

finite projective modules, and P(R) the class of finite modules with finite projective
dimension).

Acknowledgments. I would like to thank Professor Foxby for his numerous ad-
vices and helpful discussions. Also Professor Martsinkovsky has contributed with
ideas concerning the resolving properties of Gorenstein projective modules. Fur-
thermore, it is a pleasure to thank the referee for many considerable inputs and
suggestions, which have improved this paper.

1. RESOLVING CLASSES

This section contains some general remarks about resolving classes, which will be
important in our treatment of Gorenstein projective modules in the next section.

(1.1) Resolving classes. Inspired by Auslander-Bridger’s result [2, (3.11)], we
define the following terms for any class, X', of R—modules.

(a) We call X projectively resolving if P(R) C X, and for every short exact
sequence 0 — X’ — X — X” — 0 with X” € X the conditions X’ € X and
X € X are equivalent.

(b) We call X injectively resolving if Z(R) C X, and for every short exact se-
quence 0 — X' — X — X” — 0 with X’ € X the conditions X € X and
X" € X are equivalent.

Note that we do not require that a projectively/injectively class is closed under di-
rect summands, asin [2, (3.11)]. The reason for this will become clear in Proposition
(1.4) below.

(1.2) Orthogonal classes. For any class, X, of R—modules, we define the associ-
ated left orthogonal, respectively, right orthogonal, class by:

X = {M e M(R)|Exty(M,X)=0 forall X € X, and alli >0},
respectively,

Xt = {Ne M(R)|Exth(X,N)=0 forall X € X, and all i >0}.

(1.3) Example. It is well-known that P(R) = *M(R), and that P(R) and F(R)
both are projectively resolving classes, whereas Z(R) = M(R)* is an injectively
resolving class. Furthermore, it is easy to see the equalities,

P(R)="P(R)  and  I(R) =I(R)"-

In general, the class X is projectively resolving, and closed under arbitrary direct
sums. Similarly, the class X't is injectively resolving, and closed under arbitrary
direct products.

The next result is based on a technique of Eilenberg.
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(1.4) Proposition (Eilenberg’s swindle). Let X be a class of R—modules which
is either projectively resolving, or injectively resolving. If X is closed under count-
able direct sums, or closed under countable direct products, then X is also closed
under direct summands.

Proof. Assume that Y is a direct summand of X € X. We wish to show that
Y € X. Write X =Y @ Z for some module Z. If X is closed under countable
direct sums, then we define W =Y & Z@Y & Z & --- (direct sum), and note that
W=2XgXa---eX. If Xis closed under countable direct products, then we put
W=YXxZxY xZx--- (direct product), and note that W =X x X x--- € X.
In either case we have W = Y & W, so in particular the sum Y & W belongs
to X. If X is projectively resolving, then we consider the split exact sequence
0—=Y =YW —-W — 0, and if X is injectively resolving, then we consider
0—-W-—->Wa®dY — Y — 0. In either case we conclude that Y € X. O

(1.5) Resolutions. For any R—module M we define two types of resolutions.
(a) A left X-resolution of M is an exact sequence X = --- — X; — Xy —
M — 0 with X,, € X for all n > 0.
(b) A right X -resolution of M is an exact sequence X = 0 — M — X" —
X! — ... with X" € X for all n > 0.
Now let X be any (left or right) X-resolution of M. We say that X is proper
(respectively, co—proper) if the sequence Hompg(Y, X) (respectively, Homg(X,Y))
is exact for all Y € X.

In this paper we only consider proper left X-resolutions, and co—proper right

X-resolutions (and never proper right X-resolutions, or co—proper left X'—
resolutions).

It is straightforward to show the next result.

(1.6) Proposition. Let X' be a class of R—modules, and let {M;};c; be a family of
R-modules. Then the following hold.

(i) If X is closed under arbitrary direct products, and if each of the modules M;
admits a (proper) left X-resolution, then so does the product [[ M.

(i) If X is closed under arbitrary direct sums, and if each of the modules M;
admits a (co—proper) right X-resolution, then so does the sum [[ M;.

(1.7) Horseshoe lemma. Let X be a class of R-modules. Assume that X is closed
under finite direct sums, and consider an exact sequence 0 — M’ — M — M" — 0
of R—modules, such that

0 — Homgz(M",Y) — Hompg(M,Y) — Hompzr(M',Y) —=0

is exact for every Y € X. If both M' and M" admits (co—proper) right X-
resolutions, then so does M.

Proof. Dualizing the proof of [10, Lemma 8.2.1], we can construct the (co—proper)
resolution of M as the degreewise sum of the two given (co—proper) resolutions for
M’ and M". O
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(1.8) Proposition. Let f: M — M be a homomorphism of modules, and consider
the diagram,

0 M X0 X! X?
|
0 M X0 X! X2
where the upper row is a co-proper right X-resolution of M, and the lower row is
a right X-resolution of M. Then f: M — M induces a chain map of complexes,
(1) 0 XO Xl X2
T Vi
v v v
0 X0 X1 X2
with the property that the square,

M — XY

fl lfo

M—= X0
commutes. Furthermore, the chain map (1) is uniquely determined upto homotopy
by this property.

Proof. Please see [10, Exercise 2, p. 169], or simply “dualize” the argument following
[10, Proposition 8.1.3]. O

2. GORENSTEIN PROJECTIVE AND (GORENSTEIN INJECTIVE MODULES

In this section we give a detailed treatment of Gorenstein projective modules. The
main purpose is to give functorial descriptions of the Gorenstein projective dimen-
sion.

(2.1) Definition. A complete projective resolution is an exact sequence of projective
modules, P=--- — P, — Py — P’ — P! — ... such that Homp(P, Q) is exact
for every projective R—module Q).

An R-module M is called Gorenstein projective (G-projective for short), if there
exists a complete projective resolution P with M = Im(Py — P°). The class of all
Gorenstein projective R—modules is denoted GP(R).

Gorenstein injective (G-injective for short) modules are defined dually, and the class
of all such modules is denoted GZ(R).

(2.2) Observation. If P is a complete projective resolution, then by symmetry,
all the images, and hence also all the kernels, and cokernels of P are Gorenstein
projective modules. Furthermore, every projective module is Gorenstein projective.

Using the definitions, we immediately get the following characterization of Goren-
stein projective modules.
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(2.3) Proposition. An R—module M is Gorenstein projective if, and only if, M
belongs to the left orthogonal class *P(R), and admits a co—proper right P(R)-
resolution.

Furthermore, if P is a complete projective resolution, then Homg(P, L) is exact
for all R—modules L with finite projective dimension. Consequently, when M is
Gorenstein projective, then Ext’zy(M, L) = 0 for all i > 0 and all R-modules L with
finite projective dimension. 0

As the next result shows, we can always assume that the modules in a complete
projective resolution are free.

(2.4) Proposition. If M is a Gorenstein projective module, then there is a complete
projective resolution, F = --- — F} — Fy — F° — F!' — ... consisting of free
modules F,, and F" such that M = Im(F, — F?).

Proof. Only the construction of the “right half”, 0 — M — F° — F! — ... of F
is of interest. By Proposition (2.3), M admits a co—proper right P(R)-resolution,
say
OHM%QOHQ1—>"'.
We successively pick projective modules P°, P!, P?. ... such that all of the modules
F'=Q"g P’ and F'=Q"@® P" '@ P" for n>0,

are free. By adding 0 pi —— pi 0 to the co—proper right P(R)-
resolution above in degrees 7 and 7 + 1, we obtain the desired sequence. U

Next we set out to investigate how Gorenstein projective modules behave in short
exact sequences. The following theorem is due to Foxby and Martsinkovsky, but
the proof presented here differs somewhat from their original ideas. Also note that
Enochs and Jenda in [10, Theorems 10.2.8 and 11.5.6], have proved special cases of
the result.

(2.5) Theorem. The class GP(R) of all Gorenstein projective R-modules is pro-
jectively resolving. Furthermore GP(R) is closed under arbitrary direct sums and
under direct summands.

Proof. The left orthogonal class *P(R) is closed under arbitrary direct sums, by
Example (1.3), and so is the class of modules which admit a co-proper right P(R)—
resolution, by Proposition (1.6)(i7). Consequently, the class GP(R) is also closed
under arbitrary direct sums, by Proposition (2.3).

To prove that GP(R) is projectively resolving, we consider any short exact sequence
of R—modules, 0 — M’ — M — M" — 0, where M" is Gorenstein projective.

First assume that M’ is Gorenstein projective. Again, using the characterization in
Proposition (2.3), we conclude that M is Gorenstein projective, by the Horseshoe
lemma (1.7), and by Example (1.3), which shows that the left orthogonal class
LP(R) is projectively resolving.

Next assume that M is Gorenstein projective. Since -P(R) is projectively resolving,
we get that M’ belongs to TP (R). Thus, to show that M’ is Gorenstein projective,
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we only have to prove that M’ admits a co—proper right P(R)-resolution. By
assumption, there exists co—proper right P(R)-resolutions,

M=0—-M-—-P -P' —... and M'=0—-M'—-P"°—P"—....

Proposition (1.8) gives a chain map M — M"| lifting the homomorphism M —
M". We let C denote the mapping cone of M — M", and we note the following
properties:

Since M — M" is a quasi-isomorphism (both M and M" are exact), the long exact
sequence of homology for the mapping cone shows that C' is exact. Furthermore,
if @) is any projective module, then Homg(C, @) is isomorphic to (a shift of) the
mapping cone of the quasi—isomorphism,

HOIHR(M”, Q) - HOIDR(M, Q)7

and thus, also Homg(C, Q) is exact. Next note that we have a short exact sequence
of complexes,

(2)

00— P"O@ pl=——=pPOgp!

o

0 P M" ¢ P° M 0
0 M’ M M 0
0 0 0
I [ I
0 M’ C D 0

We claim that the first column, M’ is a co-proper right P(R)-resolution of M’.
Since both C' and D are exact, the long exact sequence in homology shows that
M’ is exact as well. Thus M’ is a right P(R)-resolution of M’.

To see that it is co—proper, we let () be any projective module. Applying
Hompg(—, @) to (2) we obtain another exact sequence of complexes,

0 — Homz(D, Q) — Homz(C, Q) — Homgr(M', Q) — 0.
For the first row,
0— HOII]R(M”, Q) - HOI’I]R(M, Q) - HOI’I]R(M,, Q) - 07

exactness follows from Proposition (2.3), since M” is Gorenstein projective, and
for the remaining rows exactness is obvious. As already noticed, Homg(C, @) is
exact, and obviously, so is Homg(D, Q). Thus, another application of the long
exact sequence for homology shows that Homg(M', Q) is exact as well. Hence M’
is co—proper.
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Finally we have to show that the class GP(R) is closed under direct summands.
Since GP(R) is projectively resolving, and closed under arbitrary direct sums, the
desired conclusion follows from Proposition (1.4). U

Here is the first exception to the “Important note” on page 2. We state, but do not
prove, the Gorenstein injective version of Theorem (2.20) above (as we will need it
in Section 3, when we deal with Gorenstein flat modules).

(2.6) Theorem. The class GZ(R) of all Gorenstein injective R—modules is injec-
tively resolving. Furthermore GI(R) is closed under arbitrary direct products and
under direct summands.

(2.7) Proposition. Let M be any R—-module and consider two exact sequences,

0— K, — G, Gy M 0,
O—>f(:n—>én71 é;0 M O’
where Gy, ...,G,_1 and éo, - én,l are Gorenstein projective modules. Then K,

is Gorenstein projective if and only if I}n is Gorenstein projective.

Proof. Since the class of Gorenstein projective modules is projectively resolving and
closed under arbitrary sums, and under direct summands, by Theorem (2.5), the
stated result is a direct consequence of [2, Lemma (3.12)]. U

At this point we introduce the Gorenstein projective dimension:

(2.8) Definition. The Gorenstein projective dimension, Gpdp M, of an R—module
M is defined by declaring that GpdzM < n (n € Np) if, and only if, M has a
Gorenstein projective resolution of length n. We use GP(R) to denote the class of
all R—modules with finite Gorenstein projective dimension.

Similarly, one defines the Gorenstein injective dimension, GidgpM, of M, and we
use GZ(R) to denote the class of all R—modules with finite Gorenstein injective
dimension.

Hereafter, we immediately deal with Gorenstein projective precovers, and proper
left GP(R)-resolutions. We begin with a definition of precovers.

(2.9) Precovers. Let X be any class of R-modules, and let M be an R-module.
An X —precover of M is an R—homomorphism ¢: X — M, where X € X, and such
that the sequence,

Homp(X',p)

Hompg (X', X)

Hompg (X', M) —0
is exact for every X’ € X'. (X—preenvelopes of M are defined “dually”.)

For more details about precovers (and preenvelopes), the reader may consult [10,
Chapters 5 and 6] or [15, Chapter 1]. Instead of saying GP(R)-precover, we shall
use the term Gorenstein projective precover.
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In the case where (R, m, k) is a local noetherian Cohen—Macaulay ring admitting
a dualizing module, special cases of the results below can be found in [12, Theo-
rem 2.9 and 2.10].

(2.10) Theorem. Let M be an R—module with finite Gorenstein projective dimen-
sion n. Then M admits a surjective Gorenstein projective precover, ¢: G — M,
where K = Ker ¢ satisfies pdp K = n — 1 (if n = 0, this should be interpreted as
K =0).

In particular, M admits a proper left Gorenstein projective resolution (that is, a
proper left GP(R)-resolution) of length n.

Proof. Pick an exact sequence, 0 - K' — P,  — -+ — By — M — 0, where
Py, ..., P, are projectives. Then K’ is Gorenstein projective by Proposition (2.7).
Hence there is an exact sequence 0 — K’ — Q° — --- — Q" ! — G — 0, where
Q°, ...,Q" ! are projectives, G is Gorenstein projective, and such that the functor
Hompg(—, Q) leaves this sequence exact, whenever () is projective.

Thus there exist homomorphisms, Q* — P,_,_; fori =0,...,n — 1, and G — M,
such that the following diagram is commutative.

(3) 0 K’ Q° Q' —G——0
|
0 K’ P e Py M 0
This diagram gives a chain map between complexes,
0 Q° . Q" — =G —=0
0— P e Py M 0

which induces an isomorphism in homology. Its mapping cone is exact, and all the

modules in it, except for Py @ G (which is Gorenstein projective), are projective.

Hence the kernel K of ¢: Py G — M satisfies pdp K < n—1 (and then necessarily

Since K has finite projective dimension, we have Ext}(G’, K) = 0 for any Goren-

stein projective module G’, by Proposition (2.3), and thus the homomorphism
Hompg (G, ¢): Homg(G', Py & G) — Homg(G', M)

is surjective. Hence ¢: Py & G — M is the desired precover of M. U

(2.11) Corollary. Let 0 — G' — G — M — 0 be a short exact sequence where
G and G’ are Gorenstein projective modules, and where Exty(M,Q) = 0 for all
projective modules (). Then M is Gorenstein projective.

Proof. Since GpdzM < 1, Theorem (2.10) above gives the existence of an exact
sequence 0 — @ — G—> M — 0, where () is projective, and G is Gorenstein
projective. By our assumption Exty (M, Q) = 0, this sequence splits, and hence M
is Gorenstein projective by Theorem (2.5). OJ
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(2.12) Remark. If R is left noetherian and M is finite, then all the modules ap-
pearing in the proof of Theorem (2.10) can be chosen to be finite. Consequently,
the module G in the Gorenstein projective precover ¢: G — M of Theorem (2.10)
(and hence also K) can be chosen to be finite. Let us write it out:

(2.13) Corollary. Every finite R-module N with finite Gorenstein projective di-
mension has a finite surjective Gorenstein projective precover, 0 — K — G —
N — 0, such that the kernel K has finite projective dimension.

(2.14) Observation. Over a local noetherian ring (R, m, k) admitting a dualizing
module, Auslander and Buchweitz introduces in their paper [3]

(i) a mazimal Cohen-Macaulay approzimation, 0 — Iy — My — N — 0, and
(1) a hull of finite injective dimension, 0 — N — IV — MY — 0

for every finite R-module N. Here My and M* are finite maximal Cohen-Macaulay
modules, and I, IV have finite injective dimension.

Note how the sequence 0 - K — G — N — 0 from Corollary (2.13) resembles
their maximal Cohen-Macaulay approximation.

(2.15) Theorem. Let N be an R-module with finite Gorenstein injective dimension
n. Then N admits an injective Gorenstein injective preenvelope, p: N — H, where
C' = Coker ¢ satisfies idrC' = n — 1 (if n = 0, this should be interpreted as C' = 0).

In particular, N admits a co—proper right Gorenstein injective resolution (that is,
a co—proper right G (R)-resolution) of length n. O

Using completely different methods, Enochs and Jenda proved in [9, Theorem 2.13]
the Gorenstein injective dual version of Proposition (2.11) above. However, Propo-
sition (2.11) itself is only proved for (left) coherent rings and finitely presented
(right) modules in [10, Theorem 10.2.8].

We now wish to prove how the Gorenstein projective dimension, which is defined
in terms of resolutions, can be mesured by the Ext-functors in a way much similar
to how these functors mesures the ordinary projective dimension.

(2.16) Proposition. Assume that R is left noetherian, and that M is a finite (left)
R-module with Gorenstein projective dimension m (possibly m = oc). Then M
has a Gorenstein projective resolution of length m, consisting of finite Gorenstein
projective modules.

Proof. Simply apply Proposition (2.7) to a resolution of M by finite projective
modules. O

Using Propositions (2.3) and (2.7) together with standard arguments, we immedi-
ately obtain the next two results.

(2.17) Lemma. Consider an exact sequence 0 — K, — G, — -+ — Gy —
M — 0 where Gy, ...,G,_1 are Gorenstein projective modules. Then

Ext%(K,, L) = Ext™™(M, L)
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for all R—modules L with finite projective dimension, and all integers v > 0. U

(2.18) Proposition. Let 0 — K — G — M — 0 be an exact sequence of R—
modules where G is Gorenstein projective. If M is Gorenstein projective, then so
is K. Otherwise we get GpdpK = GpdpM —1 > 0. O

(2.19) Proposition. If (M))aea is any family of R-modules, then we have an equal-
ity
Gpdx([[M)) = sup{ GpdzM, | A € A }.

Proof. The inequality ‘<’ is clear since GP(R) is closed under direct sums by The-
orem (2.5). For the converse inequality ‘>’, it suffices to show that if M’ is any
direct summand of an R—module M, then Gpdz M’ < Gpdz M. Naturally we may
assume that Gpdz M = n is finite, and then proceed by induction on n.

The induction start is clear, because if M is Gorenstein projective, then so is M’,
by Theorem (2.5). If n > 0, we write M = M’ @& M" for some module M”. Pick
exact sequences 0 - K' - G — M —0and 0 —» K" — G" — M" — 0, where G’
and G" are Gorenstein projectives. We get a commutative diagram with split-exact
rOws,

0 0 0
0 M’ M M" 0
0 G’ G od" G" 0
0— K —K @ K" K" 0
0 0 0

Applying Proposition (2.18) to the middle column in this diagram, we get that
Gpdz(K' @ K") = n — 1. Hence the induction hypothesis yields that Gpdz K’ <
n — 1, and thus the short exact sequence 0 — K’ — G’ — M’ — 0 shows that
GpdpM' < n, as desired. O

(2.20) Theorem. Let M be an R-module with finite Gorenstein projective dimen-
sion, and let n be an integer. Then the following conditions are equivalent.

(i) GpdpM < n.
i) Exty, (M, L) =0 for all i > n, and all R-modules L with finite pd L.
R R
i) Ext'>(M,Q) = 0 for all i > n, and all projective R-modules Q.
R
(iv) For every exact sequence 0 — K, — G,_1 — -+ — Gg — M — 0 where

Gy, ...,G,_1 are Gorenstein projectives, then also K,, is Gorenstein projec-
tive.
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Consequently, the Gorenstein projective dimension of M is determined by the for-
mulas:

GpdpM = sup{i€ Ny |3L € P(R): Exth(M,L)#0}
= sup{i €Ny | 3Q € P(R): Exti(M,Q) #0}.

Proof. The proof is ‘cyclic’. Obviously (i7) = (iii) and (iv) = (i), so we only have
to prove the last two implications.

To prove (i) = (ii), we assume that GpdzM < n. By definition there is an exact
sequence, 0 — G, — -+ — Gg — M — 0, where Gy, ...,GH, are Gorenstein
projectives. By Lemma (2.17) and Proposition (2.3), we conclude the equalities
Ext(M,L) = Extly"(G,, L) = 0 whenever i > n, and L has finite projective
dimension, as desired.

To prove (i) = (iv), we consider an exact sequence,
(4) 0—-K,—-G,.q1—-—Gy— M —0,

where Gy, ...,G,_1 are Gorenstein projectives. Applying Lemma (2.17) to this
sequence, and using the assumption, we get that Ext%(Kn, Q) = EXJEZ];—”(M, Q)=0
for every integer ¢ > 0, and every projective module ). Decomposing (4) into short
exact sequences, and applying Proposition (2.18) successively n times, we see that
Gpdgp K, < o0, since GpdpyM < oo. Hence there is an exact sequence,

0—-G, —- - —Gy— K, —0,
where Gj,...,G! are Gorenstein projectives. We decompose it into short exact
sequences, 0 — C% — G, — Cj_; — 0, for j = 1,...,m, where C}, = G, and
C{ = K,. Now another use of Lemma (2.17) gives that

Exty(Ci_y, Q) = Ext’(K,,Q) = 0

for all 7 = 1,...,m, and all projective modules (). Thus Proposition (2.11) can
be applied successively to conclude that C/ ... C{ (in that order) are Gorenstein
projectives. In particular K,, = C{ is Gorenstein projective.

The last formulas in the theorem for determination of GpdzM are a direct conse-
quence of the equivalence between (i) — (ii4). O

(2.21) Corollary. If R is left noetherian, and M is a finite (left) module with finite
Gorenstein projective dimension, then

GpdpM =sup{i € Ny | Extiz(M, R) #0}.

Proof. By Theorem (2.20), it suffices to show that if Ext% (M, Q) # 0 for some
projective module @, then also Ext’% (M, R) # 0. We simply pick another module
P, such that Q@ P = RW for some index set A, and then note that Ext’, (M, R)?) =
Exty (M, Q) & Exti (M, P) # 0. O

(2.22) Theorem. Let N be an R-module with finite Gorenstein injective dimen-
sion, and let n be an integer. Then the following conditions are equivalent.
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(ii) Ext’ (L, N) =0 for all i > n, and all R-modules L with finite idrL.

(ii1) Ext’ (I, N) =0 for all i > n, and all injective R-modules I.

(i) For every exact sequence 0 — N — H° — ... — H" 1 — C™ — 0 where
H°, ...,H" ' are Gorenstein injective, then also C™ is Gorenstein injective.

Consequently, the Gorenstein injective dimension of N is determined by the formu-
las:
GidgN = sup{i € Ny | IL € Z(R): Exth(L,N) #0}
= sup{i €Ny | 3T € Z(R): Extz(I,N)#0}.

Comparing Theorem (2.22) above with Matlis’ Structure Theorem on injective mod-
ules we get the next result.

(2.23) Corollary. If R is commutative and noetherian, and N is a module with
finite Gorenstein injective dimension, then

GidgN = sup{i € Ny| 3p € Spec R : Ext’y(Er(R/p), N) #0}.
Here Er(R/p) denotes the injective hull of R/p. O

(2.24) Theorem. Let 0 — M' — M — M" — 0 be a short exact sequence of R—
modules. If any two of the modules M, M', or M" have finite Gorenstein projective
dimension, then so has the third.

Proof. The proof of [5, Proposition 3.4] shows that this theorem is a formal conse-
quence of Proposition (2.7). O

(2.25) Theorem. Let 0 — N’ — N — N” — 0 be a short exact sequence of R—
modules. If any two of the modules N, N', or N” have finite Gorenstein injective
dimension, then so has the third. O

(2.26) Remark. The theory of Gorenstein projective modules is particularly nice
when the ring (R, m, k) is local, noetherian, Cohen—Macaulay and has a dualizing
module. In that case we can consider the Auslander class A(R), defined in [4, (3.1)].
See also [15, Definition 5.5.1].

From [12, Corollary 2.4], the following implications are known for any R-module
M:

M e A(R) < GpdpM <0 <= GpdpM < dimR.
In this case the previous Theorem (2.24) is trivial, as it is easy to see that A(R) is

closed under short exact sequences (this can be found in e.g [15, Theorem 5.5.6]).

Similar remarks are to be said about the Bass class B(R) and the Gorenstein injec-
tive dimension.

It is only natural to investigate how much the usual projective dimension differs
from the Gorenstein projective one. The answer follows easily from Theorem (2.20).
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(2.27) Proposition. If M is an R-module with finite projective dimension, then
GpdpM = pdizM. In particular there is an equality of classes GP(R) N P(R) =
P(R).

Proof. Assume that n = pd; M is finite. By definition, there is always an inequality
GpdzM < pdpyM, and consequently, we also have GpdyM < n < co. In order to
show that GpdzM = n, we need, by Theorem (2.20), the existence of a projective
module P, such that Exty (M, P) # 0.

Since pdpM = n, there is some module, N, with Ext, (M, N) # 0. Let P be any
projective module which surjects onto N. From the long exact homology sequence,
it now follows that also Exty (M, P) # 0, as desired. O

Using relative homological algebra, Enochs and Jenda have shown similar results
to Proposition (2.27) above in [10, Propositions 10.1.2 and 10.2.3].

We end this section with an applications of Gorenstein projective precovers. We
compare the (left) finitistic Gorenstein projective dimension of the base ring R,

B M is a (left) R-module with finite

FGPD(R) = sup { GpdpM Gorenstein projective dimension. } ’

with the usual, and well-investigated, (left) finitistic projective dimension, FPD(R).

(2.28) Theorem. For any ring R there is an equality FGPD(R) = FPD(R).

Proof. Clearly FPD(R) < FGPD(R) by Proposition (2.27). Note that if M is
a module with 0 < GpdzM < oo, then Theorem (2.10) in particular gives the
existence of a module K with pdz K = GpdzM — 1, and hence we get FGPD(R) <
FPD(R)+1. Proving the inequality FGPD(R) < FPD(R), we may therefore assume
that

0 < FGPD(R) = m < 0.

Pick a module M with Gpdz M = m. We wish to find a module L with pdzL = m.
By Theorem (2.10) there is an exact sequence 0 — K — G — M — 0 where G is
Gorenstein projective, and pdzp K = m — 1. Since G is Gorenstein projective, there
exists a projective module () with G C @), and since also K C G, we can consider
the quotient L = )/ K. Note that M = G/K is a submodule of L, and thus we get
a short exact sequence 0 — M — L — L/M — 0.

If L is Gorenstein projective, then Proposition (2.18) will imply that Gpdz(L/M) =
m + 1, since GpdgM = m > 0. DBut this contradict the fact that m =
FGPD(R) < oo. Hence L is not Gorenstein projective, in particular, L is not
projective. Therefore the short exact sequence 0 — K — Q — L — 0 shows that
pdpLl =pdpK +1=m. 0

For the (left) finitistic Gorenstein injective dimension, FGID(R), and the usual
(left) finitistic injective dimension, FID(R), we of course also have:

(2.29) Theorem. For any ring R there is an equality FGID(R) = FID(R). O
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3. (GORENSTEIN FLAT MODULES

The treatment of Gorenstein flat R—modules is different from the way we handled
Gorenstein projective modules. This is because Gorenstein flat modules are defined
by the tensor product functor — ® g — and not by Homg(—, —). However, over a
right coherent ring there is a connection between Gorenstein flat left modules and
Gorenstein injective right modules, and this allow us to get good results.

(3.1) Definition. A complete flat resolution is an exact sequence of flat (left) R—
modules, FF = --- — [} — Fy — F° — F' — ... such that [ ®p F is exact for
every injective right R—module I.

An R-module M is called Gorenstein flat (G-flat for short), if there exists a com-
plete flat resolution F with M = Im(F, — F°). The class of all Gorenstein flat
R-modules is denoted GF(R).

There is a nice connection between Gorenstein flat and Gorenstein injective mod-
ules, and this enable us to prove that the class of Gorenstein flat modules is pro-
jectively resolving. We begin with:

(3.2) Proposition. The class GF(R) is closed under arbitrary direct sums.

Proof. Simply note that a (degreewise) sum of complete flat resolutions again is a
complete flat resolution (as tensor products commutes with sums). 0

(3.3) Remark. From Bass [6, Corollary 5.5], and Gruson—Raynaud [14, Seconde
partie, Theorem (3.2.6)], we have that FPD(R) = dim R, when R is commutative
and noetherian.

(3.4) Proposition. If R is right coherent with finite left finitistic projective dimen-
sion, then every Gorenstein projective (left) R—module is also Gorenstein flat.

Proof. 1t suffices to prove that if P is a complete projective resolution, then I® g P is
exact for all injective right modules /. Since R is right coherent, F' = Homgz(I, Q/Z)
is a flat (left) R—module by [15, Lemma 3.1.4]. Since FPD(R) is finite, Jensen [13,
Proposition 6] implies that F' has finite projective dimension, and consequently
Hompg (P, F) is exact by Proposition (2.3). By adjointness,

Homy (I ®r P,Q/Z) = Homg(P, F),
and the desired result follows. O

(3.5) Example. Let R be any integral domain which is not a field, and let K denote
the field of fractions of R. Then K is a flat (and hence Gorenstein flat) R—module
which is not contained in any free R—module, in particular, K cannot be Gorenstein
projective.

. eorem. For any (left —module M, we consider the following conditions.
3.6) Th F left) R dule M id he followi diti
(i) M is a Gorenstein flat (left) R—module.
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(ii) The Pontryagin dual Homy(M,Q/Z) is a Gorenstein injective right R—
module.

(#i1) M admits a co—proper right flat resolution (that is, a co—proper right F(R)—
resolution), and Tor®(I, M) = 0 for all injective right R-modules I, and all
integers 1 > 0.

Then (i) = (ii). If R is right coherent, then also (ii) = (iii) = (i), and hence all
three conditions are equivalent.

Proof. As the theorem is stated, it is an extended non-commutative version of [7,
Theorem (6.4.2)], which deals with commutative, noetherian rings. However, a
careful reading of the proof, compared with basic facts about the Pontryagin dual,
gives this stronger version. 0

(3.7) Theorem. If R is right coherent, then the class GF(R) of Gorenstein flat
R-modules is projectively resolving and closed under direct summands.

Furthermore, if My — M, — M, — --- is a sequence of Gorenstein flat modules,
then the direct limit lim M, is again Gorenstein flat.

Proof. Using Theorem (2.6) together with the equivalence (i) < (i) in Theorem
(3.6) above, we see that GF(R) is projectively resolving. Now, comparing Propo-
sition (3.2) with Proposition (1.4), we get that GF(R) is closed under direct sum-
mands.

Concerning the last statement, we pick for each n a co—proper right flat resolution
G, of M, (which is possible by Theorem (3.6)(iii)), as illustrated in the next
diagram.

(5) Gy = 0— M, G Gl G2

!
G, =0 My G G Gt

By Proposition (1.8), each map M, — M, can be lifted to a chain map G, —
G, of complexes. Since we are dealing with sequences (and not arbitrary direct
systems), each column in (5) is again a direct system. Thus it makes sense to apply
the exact functor lim to (5), and doing so, we obtain an exact complex,

G = 1limG, = O—>1imMn—>limG2—>1imG%L—> cee
— — — —

where each module G* = @Gfm k=0,1,2,...1is flat. When [ is injective right
R-module, then I ® G, is exact because: since F' = Homy([,Q/Z) is a flat (left)
R-module (recall that R is right coherent), we get exactness of

Hompg(G,, F) = Homg(G,,Homy(I,Q/Z)) = Homz(I ®r G,,Q/Z),
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and hence of I ®r G, since Q/Z is a faithfully injective Z—module. Since lim
commutes with the homology functor, we also get exactness of

Ior G = lim(I @ G,).
Thus we have constructed the “right half”, G, of a complete flat resolution for
li_I)nMn. Since M, is Gorenstein flat, we also have
Torf(I,lim M,,) = lim Tor®(1, M,) = 0
— [—

for ¢ > 0, and all injective right modules I. Thus hi>n M, is Gorenstein flat. ([l

(3.8) Proposition. Assume that R is right coherent, and consider a short exact
sequence of (left) R-modules 0 — G' — G — M — 0, where G and G’ are
Gorenstein flats. If Tor®(I, M) = 0 for all injective right modules I, then M is
G-flat.

Proof. Define H = Homy(G,Q/Z) and H' = Homy(G',Q/Z), which are Gorenstein
injective by the general implication (i) = (¢¢) in Theorem (3.6). Applying the dual
of Proposition (2.11) (about Gorenstein injective modules) to the exact sequence

0 — Homg(M,Q/Z) — H — H' — 0,
and noting that we have an isomorphism,
Extp (I, Homy(M,Q/7Z)) = Homg(Torf (I, M),Q/Z) = 0
for all injective right modules I, we see that Homy (M, Q/Z) is Gorenstein injective.

Since R is right coherent, we conclude that M is Gorenstein flat. U

Next we introduce the Gorenstein flat dimension via resolutions, and show how the
Tor-functors can be used to measure this dimension when R is right coherent.

(3.9) Gorenstein flat dimension. As done in [11] (and similar to the Gorenstein
projective case), we define the Gorenstein flat dimension, GtdgM, of a module M
by declaring that Gfdg M < n if, and only if, M has a resolution by Gorenstein flat
modules of length n. We let GF(R) denote the class of all R—modules with finite
Gorenstein flat dimension.

(3.10) Proposition (Flat base change). Consider a flat homomorphism of com-
mutative rings R — S (that is, S is flat as an R-module). Then for any (left)
R-module M we have an inequality,

Gfds(S ®r M) < Gfdg M.
Proof. It F is a complete flat resolution of R-modules, then S @z F' is an exact

(since S is R-flat) sequence of flat S—modules. If I is an injective S-module, then,
since S is R—flat, [ is also an injective R—module. Thus we have exactness of

I@s(S@rF) = (I®sS)@rF = IR F,

and hence S ®g F' is a complete flat resolution of S—modules. O
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(3.11) Proposition. For any (left) R—-module M there is an inequality,
GidgHomy (M, Q/Z) < Gfdp M.

If R is right coherent, then we have the equality,
GidgHomy(M,Q/Z) = Gfdg M.

Proof. The inequality follows directly from the implication (z) = (é¢) in Theorem
(3.6). Now assume that R is right coherent. For the converse inequality, we may
assume that GidgHomgz (M, Q/Z) = m is finite. Pick an exact sequence,

0—- K, —»Gpq1—-—Gy— M —0,

where Gy, ..., G,,_1 are Gorenstein flats. Applying Homy(—, Q/Z) to this sequence,
we get exactness of

0 — Homgz(M,Q/Z) — H® — .- — H™ ! — O™ — 0,

where we have defined H* = Homgz(G;, Q/Z) for i = 0,...,m — 1, together with
C™ = Homgz(K,,,Q/Z). Since H ..., H™ ! are Gorenstein injective, Theorem
(2.22) implies that C™ = Homg(K,,, Q/Z) is Gorenstein injective. Now another
application of Theorem (3.6) gives that K, is Gorenstein flat (since R is right
coherent), and consequently GfdgM < m = GidgHompg(M,Q/Z). O

Using the connection between Gorenstein flat and Gorenstein injective dimension,
which Proposition (3.11) establishes, together the Gorenstein injective versions of
Propositions (2.18) and (2.19)), we get the next two results.

(3.12) Proposition. Assume that R is right coherent. Let 0 - K — G — M — 0
be a short exact sequence of R—modules where G is Gorenstein flat, and define
n = GfdgM. If M is Gorenstein flat, then so is K. If otherwise n > 0, then
GdeK =n-—1.

(3.13) Proposition. Assume that R is right coherent. If (M))ea Is any family of
(left) R—modules, then we have an equality,

GIdg([[My) = sup{ GfdgM, | A € A }.

The next theorem is a generalization of [7, Theorem (5.2.14)], which is proved
only for (commutative) local, noetherian Cohen—-Macaulay rings with a dualizing
module.

(3.14) Theorem. Assume that R is right coherent. Let M be a (left) R-module
with finite Gorenstein flat dimension, and let n > 0 be an integer. Then the
following four conditions are equivalent.

(i) GfdgM < n.
(i) Tor(L, M) = 0 for all right R-modules L with finite idgL, and all i > n.
(i33) TorF(I, M) = 0 for all injective right R-modules I, and all i > n.
(iv) For every exact sequence 0 — K, — Gp,_1 — -+ — Gog — M — 0, where
G, ...,G,_1 are Gorenstein flats, then also K,, is Gorenstein flat.
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Consequently, the Gorenstein flat dimension of M is determined by the formulas:

GfdgkM = sup{i e Ny |3IL € Z(R): Tor®(L,M)#0}

= sup{i € Ny | 31 € Z(R): Tor’(I,M) #0}.
Proof. Combine the adjointness isomorphism,
Homy (Torf (L, M), Q/Z) = Exth(L, Homz(M,Q/Z))
for right R—modules L, together with the identity from Proposition (3.11),
GidgHomy(M,Q/7Z) = GfdgM,

and use Theorem (2.22). O

(3.15) Theorem. Assume that R is right coherent. If any two of the modules
M, M’ or M" in a short exact sequence 0 — M' — M — M" — 0 have finite
Gorenstein flat dimension, then so has the third.

Proof. Consider 0 — Homz(M",Q/Z) — Homgz(M,Q/Z) — Homyz(M’',Q/Z) — 0.
Using Proposition (3.11) together with Theorem (2.25), the desired conclusion easily
follows. O

Next, we examine the large restricted flat dimension, and relate it to the usual flat
dimension, and to the Gorenstein flat dimension.

(3.16) Large restricted flat dimension. For a R-module M, we consider the
large restricted flat dimension, which is defined by
Tor®(L, M) # 0 for some (right) }

R-module with finite flat dimension.

RfdgM = sup{i}O)

(3.17) Lemma. Assume that R is right coherent. Let M be any R-module with
finite Gorenstein flat dimension n. Then there exists a short exact sequence 0 —
K — G — M — 0 where G is Gorenstein flat, and where fdg K =n — 1 (ifn = 0,
this should be interpreted as K = 0).

Proof. We may assume that n > 0. We start by taking an exact sequence,
0—-K —F, —-—Fy— M—0,

where Fy, ..., F,_ 1 are flats. Then K’ is Gorenstein flat by Theorem (3.14), and
hence Theorem (3.6)(iii) gives an exact sequence 0 — K’ — GY — ... — G"1 —
G' — 0, where G°,...,G"! are flats, G’ is Gorenstein flat, and such that the
functor Hompg(—, F') leaves this sequence exact whenever I is a flat R-module.

Consequently, we get homomorphisms, G* — F,_;_;,i=0,...,n—1,and G’ — M,
giving a commutative diagram:
0 K GO Gl e GT?,*I Gl 0
|
0—K —=F, 1 ——=F,» F M 0

The argument following diagram (3) in the proof of Theorem (2.10) finishes the
proof. 0



GORENSTEIN HOMOLOGICAL DIMENSIONS 1.21

(3.18) Remark. As noticed in the proof of Theorem (2.10), the homomorphism
G — M in a short exact sequence 0 - K — G — M — 0 where pdz K is finite, is
necessarily a Gorenstein projective precover of M.

But the homomorphism G — M in the exact sequence 0 — K — G — M —
0 established above in Lemma (3.17), where fdgK is finite, is not necessarily a
Gorenstein flat cover of M, since it is not true that Ext, (T, K) = 0 whenever T is
Gorenstein flat and fdgz K is finite.

We make up for this loss in Theorem (3.23). Meanwhile, we have the application
below of the simpler Lemma (3.17).

The large restricted flat dimension was investigated in [8, Section 2| and in [7,
Chapters 5.3 — 5.4]. It is conjectured by Foxby that if GfdgM is finite, then
RfdgM = GfdgM. Christensen [7, Theorem (5.4.8)] proves this for local noetherian
Cohen-Macaulay rings with a dualizing module. We have the following extension:

(3.19) Theorem. For any R—module M, we have two inequalities,
RfdgM < GfdgM < fdgM.
Now assume that R is commutative and noetherian. If GfdgM is finite, then:
RfdgM = GifdgrM.
If fdg M is finite, then we have two equalities:
RfdpM = GfdgM = fdrM.

Proof. The last inequality GfdgM < fdgM is clear. Concerning RfdgM < GfdgM,
we may assume that n = Gfdg M is finite, and then proceed by induction on n > 0.

If n = 0, then M is Gorenstein flat. We wish to prove that Tor’(L, M) = 0 for all
¢ > 0, and all right modules L with finite flat dimension. Therefore assume that
¢ =1fdgL is finite. Since M is Gorenstein flat, there exists an exact sequence,

0—-M-G"—...-G"1=>T-0,
where GY, ... G*7! are flats (and T is Gorenstein flat). By this sequence we con-
clude that Tor;'(—, M) = Torf,(—,T) for all i > 0, in particular we get that
Torf (L, M) = Tor: ,(L,T) = 0 for all i > 0, since i + ¢ > fdgL.
Next we assume that n > 0. Pick a short exact sequence 0 — K — T — M — 0
where T' is Gorenstein flat, and Gfdg K = n — 1. By induction hypothesis we have
Rfdp K < GfdgK = n—1,

and hence Torf(L,K) = 0 for all j > n — 1, and all (right) R-modules L with
finite flat dimension. For such an L, and an integer i > n, we use the long exact
sequence,

0 = Tor(L,T) — Tor*(L, M) — Tor? (L, K) =0,
to conclude that Tor?(L, M) = 0. Therefore RfdgM < n = GfdgM.

Now assume that R is commutative and noetherian. If fdgM is finite, then [7,
Proposition (5.4.2)] implies that RfdgM = fdgM, and hence also RfdgM =
GfdgM = fdr M.
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Next assume that GfdgM = n is finite. We have to prove that RfdgM > n.
Naturally we may assume that n > 0. By Lemma (3.17) there exists a short exact
sequence, say 0 — K — T"'— M — 0, where T' is Gorenstein flat and fdg K = n—1.
Since T is Gorenstein flat, we have a short exact sequence 0 = T — G — T' — 0
where G is flat and 7" is Gorenstein flat. Since K C T' C G, we can consider the
residue class module @ = G/K.

Because G is flat and fdg K = n — 1, exactness of 0 - K — G — Q — 0
shows that fdr@ < n. Note that M = T/K is a submodule of Q = G/K with
Q/M = (G/K)/(T/K) = G/T = T, and thus we get a short exact sequence
0> M — @Q — T"— 0. Since GfdgM = n, Theorem (3.14) gives an injective
module I with Tor?(I, M) # 0. Applying [ ®z —to 0 — M — Q — T" — 0, we
get

0 = Torf, (I, T') — Tori(I, M) — Tor’(I,Q),

showing that Tor®(I,Q) # 0. Since GfdrQ < fdgQ < n < oo, Theorem (3.14)
gives that Gfdg() > n. Therefore {dgz() = n, and consequently RfdzQ) = fdzQ) = n.

Thus we get the existence of an R-module L with finite flat dimension, such that
Torf(L, Q) # 0. Since T" is Gorenstein flat, then RfdzT’ < 0, and so the exactness
of Tor’(L, M) — Tor®(L, Q) — Tor®(L,T") = 0 proves that also Tor’(L, M) # 0.
Hence Rfdg M > n, as desired. O

Our next goal is to prove that over a right coherent ring, every (left) module M
with finite Gfdg M, admits a Gorenstein flat precover.

This result can be found in [12, Theorem 3.5] for local noetherian Cohen—Macaulay
rings (R, m, k), admitting a dualizing module. Actually the proof presented there
almost works in the general case, when we use as input the strong results about
Gorenstein flat modules from this sections.

(3.20) Cotorsion modules. Xu [15, Definition 3.1.1], calls an R—module K for
cotorsion, if Extp(F, K) = 0 for all flat R—modules F. In [15, Lemma 2.1.1] it is
proved that if ¢: F' — M is a flat cover of any module M, then the kernel K = Ker ¢
is cotorsion. Furthermore, if R is right coherent, and M is a left R—module with
finite flat dimension, then M has a flat cover by [15, Theorem 3.1.11].

(3.21) Pure injective modules. Recall that a short exact sequence,
0—-A—-B—-C—0,

of (left) modules is called pure exact if 0 - X®A - X®B — X ®C — 0 is exact
for every (right) module X. In this case we also say that A is a pure submodule of
B. A module H is called pure injective if the sequence

0 — Hompg(C, H) — Hompg(B, H) — Hompg(A, H) —= 0

is exact for every pure exact sequence 0 — A — B — C' — 0. By [15, Theorem
2.3.8], every R—module M has a pure injective envelope, denoted PE(M), such
that M C PE(M). If R is right coherent, and F' is flat, then both PE(F) and
PE(F)/F are flat too, by [15, Lemma 3.1.6]. Also note that every pure injective
module is cotorsion.
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(3.22) Proposition. Assume that R is right coherent. If T'is a Gorenstein flat
R-module, then Exty (T, K') = 0 for all integers i > 0, and all cotorsion R-modules
K with finite flat dimension.

Proof. We use induction on the finite number fdg K = n. If n = 0, then K is flat.
Consider the Pontryagin duals K* = Homy(K,Q/Z), and K** = Homy(K*, Q/Z).
Since R is right coherent, and K* is injective, then K** is flat, by [15, Lemma 3.1.4].
By [15, Proposition 2.3.5], K is a pure submodule of K**, and hence K**/K is flat.
Since K is cotorsion, Exty(K**/K, K) = 0, and consequently,

0—-K—K"—K"/K—0

is split exact. Therefore, K is a direct summand of K™, which implies that
Extyp (T, K) is a direct summand of

Exth (T, K*) = Exth(T, Homz(K*,Q/Z)) = Homg(Torl(K*,T),Q/Z) = 0,
where Tor?(K*,T) = 0, since T is Gorenstein flat, and K* is injective.

Now assume that n = fdg K > 0. By the remarks (3.20) above, we can pick a short
exact sequence 0 — K' — F — K — 0, where ' — K is a flat cover of K, and
K’ is cotorsion with fdg K’ = n — 1. Since both K’ and K are cotorsion, then so
is I, by [15, Proposition 3.1.2]. Applying the induction hypothesis, the long exact
sequence,

0 = Exty(T, F) — Exty(T, K) — ExtZ (T, K') = 0,

gives the desired conclusion. O

(3.23) Theorem. Assume that R is right coherent ring R, and that M is an R—
module with finite Gorenstein flat dimension n. Then M admits a surjective Goren-
stein flat precover ¢: T — M, where K = Ker ¢ satisfies fdg K =n — 1 (if n = 0,
this should be interpreted as K = 0).

In particular, M admits a proper left Gorenstein flat resolution (that is, a proper
left GF (R)-resolution) of length n.

Proof. We may assume that n > 0. By Proposition (3.22), it suffices to construct
an exact sequence 0 — K — T'— M — 0 where K is cotorsion with fdp K =n —1.
By Lemma (3.17) there exists a short exact sequence 0 — K’ — 17" — M — 0
where T” is Gorenstein flat and fdgp K’ = n — 1. Since fdr K’ is finite, then K’ has
a flat cover by the remarks in (3.20), say ¢: F' — K', and the kernel C' = Ker 1) is
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cotorsion. Now consider the pushout diagram,

0 0
0 C F K’ 0
| |
0——=(C - PE(F) ......................... - K 0
PE(F)/F —— PE(F)/F
0 0

In the sequence 0 — C' — PE(F) — K — 0, both C' and PE(F’) are cotorsion, and
hence also K is cotorsion by [15, Proposition 3.1.2]. Furthermore, since PE(F)/F
is flat, the short exact sequence 0 — K’ — K — PE(F')/F — 0 shows that

deK = deKI =n-—1.

Finally we consider the pushout diagram,

(6) 0 0
0 K’ T M 0
v H
0 | G - T ..................... > M —0
PE(F)/F == PE(F)/F
0 0

In the second column in (6), both 77 and PE(F')/F are Gorenstein flat, and hence
also T'is Gorenstein flat, since the class GF(R) is projectively resolving by Theorem
(3.7). Therefore the lower row in diagram (6), 0 — K — T — M — 0, is the desired

sequence.

0

Finally we may compare the (left) finitistic Gorenstein flat dimension of the base

ring R, defined by

FGFD(R) = sup { GpdyM

M is a (left) R—module with }

finite Gorenstein flat dimension.

with the usual (left) finitistic flat dimension, FFD(R).

(3.24) Theorem. If R is right coherent, then FGFD(R) = FFD(R).
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Proof. Analogous to the proof of Theorem (2.28), using Proposition (3.12) instead
of (2.18), and Theorem (3.23) above instead of (2.10). O

10.

11.

12.

13.
14.

15.
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GORENSTEIN DERIVED FUNCTORS

HENRIK HOLM

ABSTRACT. Over any associative ring R it is standard to derive Hom g(—, —) using projective
resolutions in the first variable, or injective resolutions in the second variable, and doing
this, one obtains Ext%(—,—) in both cases. We examine the situation, where projective
and injective modules are replaced by Gorenstein projective and Gorenstein injective ones,
respectively. Furthermore we derive the tensor product —® r— using Gorenstein flat modules.

1. INTRODUCTION

When R is a two-sided Noetherian ring, Auslander and Bridger [2] introduced in 1969 the G-
dimension, G-dimgM, for every finite, that is, finitely generated R-module M. They proved
the inequality G-dimpM < pdp M, with equality G-dimrM = pdp M when pdrM < oo, along
with a generalized Auslander-Buchsbaum formula (sometimes known as the Auslander-Bridger
formula) for the G-dimension.

The (finite) modules with G-dimension zero are called Gorenstein projectives. Over a general
ring R, Enochs and Jenda defined in [6] Gorenstein projective modules. Avramov, Buchweitz,
Martsinkovsky and Reiten prove that if R is two-sided Noetherian, and G is a finite Goren-
stein projective module, then the new definition agrees with that of Auslander and Bridger,
see the remark following [4, Theorem (4.2.6)]. Using Gorenstein projective modules, one can
introduce the Gorenstein projective dimension for arbitrary R-modules. At this point we need
to introduce:

(1.1) Notation. Throughout this paper, we use the following notation:

e R is an associative ring. All modules are—if not specified otherwise—left R-modules,
and the category of all R-modules is denoted M. We use A for the category of abelian
groups (that is, Z-modules).

e We use GP, GZ and GF for the categories of Gorenstein projective, Gorenstein injective
and Gorenstein flat R-modules; please see [6] and [8], or Definition (2.7) below.

e Furthermore, for each R-module M we write GpdzM, GidpM and GfdgrM for the
Gorenstein projective, Gorenstein injective, and Gorenstein flat dimension of M, re-
spectively.

Now, given our base ring R, the usual right derived functors Ext(—, —) of Homp(—,—) are
important in homological studies of R. The material presented here deals with the Gorenstein
right derived functors, Extgp(—, —) and Extgz(—, —), of Hompg(—, —).

More precisely, let N be a fixed R-module. For an R-module M which has a proper left
GP-resolution G =--- — G1 — Go — 0 (please see (2.1) below for the definition of proper
resolutions), we define

Extgp(M,N) := H"(Homg(G,N)).

2000 Mathematics Subject Classification. 13D02, 13D05, 13D07, 13H10, 16E05, 16E10, 16E30.
Key words and phrases. Gorenstein dimensions, homological dimensions, derived functors, Tor-modules,
Ext-modules.
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From (2.4) it will follow that Ext;p(—, V) is a well-defined contravariant functor, defined on
the full subcategory, LeftResp((GP), of M, consisting of all R-modules which have a proper
left GP-resolution.

For fixed R-module M’, there is a similar definition of the functor Extgz(M’, —), which is
defined on the full subcategory, RightRes(GZ), of M, consisting of all R-modules which have
a proper right GZ-resolution. Now, the best one could hope for is the existence of isomorphisms,

Extgp(M,N) = Extgz(M,N),

which are functorial in each variable M € LeftResp(GP) and N € RightResp((GZ). The aim
of this paper, is to show a slightly weaker result.

When R is n-Gorenstein (meaning that R is both left and right Noetherian, with self-injective
dimension < n from both sides), Enochs and Jenda [9, Theorem 12.1.4] have proved the ex-
istsence of such functorial isomorphisms Extgp (M, N) = Extgz(M, N), for all R-modules M
and N.

It is important to note that for an n-Gorenstein ring R, we have GpdpM < oo, GidrM < oo,
and also GIdgp M < oo for all R-modules M; please see [9, Theorems 11.2.1, 11.5.1, 11.7.6]. For
any ring R, [12, Theorem 2.15] (which is restated in this paper as Proposition (3.1)) implies
that the category LeftResa(GP) contains all R-modules M with GpdzM < oo, that is, every
R-module with finite G-projective dimension has a proper left GP-resolution. Also every R-
module with finite G-injective dimension has a proper right GZ-resolution, so RightResa(GZ)
contains all R-modules N with Gidg N < oo.

Theorem (3.6) in this text, proves that the functorial isomorphisms Ext&p (M, N) = Extgz (M, N)
holds over arbitrary rings R, provided that GpdpM < oo and GidgN < co. By the remarks
above, this result generalizes that of Enochs and Jenda.

Furthermore, Theorems (4.8) and (4.10) give similar results about the Gorenstein left derived
of the tensor product — ® g —, using proper left GP-resolutions and proper left GF-resolutions.
This has also been proved by Enochs and Jenda [9, Theorem 12.2.2] in the case when R is
n-Gorenstein.

Acknowledgments. 1 would like express my gratitude to my Ph.D. advisor Hans-Bjorn Foxby
for his support, and our helpful discussions. Furthermore I would like to thank the referee for
correcting many of the authors misprints.

2. PRELIMINARIES

Let T: C — & be any additive functor between abelian categories. One usually derives T" using
resolutions consisting of projective or injective objects (if the category C has enough projectives
or injectives). This section is a very brief note on how to derive functors T' with resolutions
consisting of objects in some subcategory X C C. The general discussion presented here will
enable us to give very short proofs of the main theorems in the next section.

(2.1) Proper Resolutions. Let X C C be a full subcategory. A proper left X -resolution of

M € Cis acomplex X =--- — X; — Xg — 0 where X; € X, together with a morphism
Xo — M, such that X* :=-.- - X; — Xy — M — 0 is also a complex, and such that the
sequence

Home(X,XT) = -+ — Home(X, X;) — Home (X, Xo) — Home (X, M) — 0
is exact for every X € X. We sometimes refer to X* = ... - X; — Xy — M — 0 as an

augmented proper left X-resolution. We do not require that X itself is exact. Furthermore,
we use

LeftResc(X)
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to denote the full subcategory of C, consisting of those objects which have a proper left X-
resolution. Note that X is a subcategory of LeftResc(X).

Proper right X -resolutions are defined dually, and the full subcategory of C, consisting of those
objects which have a proper right X-resolution, is denoted RightResc(X).

The importance of working with proper resolutions comes from the following;:

(2.2) Proposition. Let f: M — M’ be a morphism in C, and consider the diagram

X X3 Xo M 0
f A  fo lf

v v v
X} X/ X} M’ 0

where the upper row is a complex with X,, € X for alln > 0, and the lower row is an augmented
proper left X-resolution of M'. Then the following conclusions hold:

(i) There exists morphisms f,: X, — X], for all n > 0, making the diagram above com-
mutative. The chain map {f}n>0 is called a lift of f.

(#9) If{f] }n>o0 is another lift of f, then the chain maps { f, }n>0 and { f, } n>0 are homotopic.

Proof. The proof is an exercise, please see [9, Exercise 8.1.2]. (I

(2.3) Remark. A few comments are in order:

e In our applications, the class X contains all projectives. Consequently, all the aug-
mented proper left X'-resolutions occuring in this paper will be exact. Also all aug-
mented proper right Y-resolutions will be exact, when ) is a class of R-modules con-
taining all injectives.

e Recall (see [15, Definition 1.2.2]) that an X-precover of M € C is a morphism ¢: X —
M, where X € X, such that the sequence

Home (X',¢)

Home (X', X) Home (X', M) ——0

is exact for every X’ € X. Hence, in an augmented proper left X-resolution Xt of M,
the morphisms X; 11 — Ker(X; — X;_1), ¢ > 0, and Xo — M are X-precovers.

e What we have called proper X-resolutions, Enochs and Jenda [9, Definition 8.1.2] simply
denote X -resolutions. We have adopted the terminology proper from [3, Section 4].

(2.4) Derived Functors. Consider an additive functor T': C — & between abelian categories.
Let us assume that T is covariant, say. Then (as usual) we can define the n*! left derived
functor

LYT: LeftResc(X) — &
of T', with respect to the class X, by setting L:XT'(M) = H,,(T(X)), where X is any proper left
X-resolution of M € LeftResc(X). Similarly, the n'! right derived functor

RYT: RightResc(X) — &

of T with respect to X, is defined by R3T(N) = H,(T(Y)), where Y is any proper right
X-resolution of N € RightRes¢(X). These constructions are well-defined and functorial in the
arguments M and N by Proposition (2.2).

The situation where T is contravariant is handled similarly. We refer to [9, Section 8.2] for a
more detailed discussion on this matter.
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(2.5) Balanced Functors. Next we consider yet another abelian category D, together with a
full subcategory Y C D and an additive functor F': C X D — &£ in two variables. We will assume
that F' is contravariant in the first variable, and covariant in the second variable.

Actually, the variance of the variables of F is not important, and the definitions and results
below can easily be modified to fit the situation, where F is covariant in both variables, say.

For fixed M € C and N € D we can then consider the two right derived functors as in (2.4):
RYF(—,N): LeftResc(X) — &€ and RY,F(M,—): RightResp(Y) — £.

If furthermore M € LeftResc(X) and N € RightResp()), we can ask for a sufficient condition
to ensure that

RYF(M,N) = Ry F(M,N),
functorial in M and N. Here we have written R% F'(M, N) for the functor R% F(—, N) applied
to M. Another, and perhaps better, notation could be

RAF (=, N)[M].

Enochs and Jenda have in [5] developed a machinery for answering such questions. They operate
with the term left/right balanced functor (hence the headline), which we will not define here
(but the reader might consult [5, Definition 2.1]). Instead we shall focus on the following result:

(2.6) Theorem. Consider the functor F': C x D — £ which is contravariant in the first variable
and covariant in the second variable, together with the full subcategories X C C and )Y C D.
Assume that we have full subcategories X and Y of LeftRes¢ (X)) and RightResp ()), respectively,
satisfying:

(i) X CX and Y C ).

(i1) Every M € X has an augmented proper left X-resolution --- — X1 — Xg — M — 0,
such that 0 — F(M,Y) — F(X,,Y) — F(X1,Y) — --- isexact for allY € Y.

(iii) Every N € Y has an augmented proper right Y-resolution 0 — N — Y0 — Y1 — ...
such that 0 — F(X,N) — F(X,Y?) — F(X,Y!) — ... is exact for all X € X.

Then we have functorial isomorphisms
RYF(M,N) = R},F(M,N),
foraHME/fandNEJj.

Proof. Please see [5, Proposition 2.3]. That the isomorphisms are functorial follows from the
construction. The functoriality becomes more clear if one consults the proof of [9, Proposition
8.2.14], or the proofs of [14, Theorems 2.7.2 and 2.7.6]. O

In the next paragraphs we apply the results above to special categories X, X , C and ), )7,
D, including the categories mentioned in (1.1). For completeness we include a definition of
Gorenstein projective, Gorenstein injective and Gorenstein flat modules:

(2.7) Definition. A complete projective resolution is an exact sequence of projective modules,

P = ...*)PlHPOHpilﬂ...

)

such that Hompg(P, Q) is exact for every projective R-module ). An R-module M is called
Gorenstein projective (G-projective for short), if there exists a complete projective resolution
P with M = Im(Py — P_1). Gorenstein injective (G-injective for short) modules are defined
dually.
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A complete flat resolution is an exact sequence of flat (left) R-modules,

F=. .. -F—>F—>F—---

)

such that I® g F is exact for every injective right R-module I. An R-module M is called Goren-
stein flat (G-flat for short), if there exists a complete flat resolution F' with M = Im(Fy — F_1).

3. GORENSTEIN DERIVING Homp(—, —)

We now return to categories of modules. We use QA7/3, gAi and ng to denote the class of R-
modules with finite Gorenstein projective dimension, finite Gorenstein injective dimension, and
finite Gorenstein flat dimension, respectively.

Recall that every projective module is Gorenstein projective. Consequently, GP-precovers are
always surjective, and GP contains all modules with finite projective dimension.

We now consider the functor Homp(—, —): M x M — A, together with the categories
X =GP, X =GP and Y =¢GI,Y = GI.
In this case we define, in the sense of Derived Functors (2.4),
Extgp(—,N) = RgpHompg(—,N) and Extgr (M, —) = RGzHomp(M, —),
for fixed R-modules M and N. We wish, of course, to apply Theorem (2.6) to this situation.
Note that by [12, Theorem 2.15], we have:

(3.1) Proposition. If M is an R-module with Gpd M < oo, then there exists a short exact
sequence 0 - K — G — M — 0, where G — M is a GP-precover of M (please see Remark
(2.3)), and pdr K = GpdyM — 1 (in the case where M is Gorenstein projective, this should be
interpreted as K = 0).

Consequently, every R-module with finite Gorenstein projective dimension has a proper left
GP-resolution (that is, there is an inclusion GP C LeftResa(GP)).

Furthermore we will need the following from [12, Theorem 2.22]:

(3.2) Theorem. Let M be any R-module with Gpdz M < co. Then
GpdpM = {n>0|Extk(M,L)# 0 for some R-module L with pdpL < 0o }.
(3.3) Remark. I may be useful to compare Theorem (3.2) to the classical projective dimension,
which for an R-module M is given by:
pdgM = {n>0]|Extk(M,L)# 0 for some R-module L }.
It also follows that if pdp M < oo, then every projective resolution of M is actually a proper

left GP-resolution of M.

(3.4) Lemma. Assume that M is an R-module with finite Gorenstein projective dimension,
and let GT = -.. - Gy — Gy — M — 0 be an augmented proper left GP-resolution of M
(which exists by Proposition (3.1)). Then Homg(G™, H) is exact for all Gorenstein injective
modules H.

Proof. We split the proper resolution G into short exact sequences. Hence it suffices to show
exactness of Homp (S, H) for all Gorenstein injective modules H, and all short exact sequences

S=0-K—->G—->M-—-0,
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where G — M is a GP-precover of some module M with GpdzM < oo (recall that GP-precovers
are always surjective). By Proposition (3.1), there is a special short exact sequence,

L s

S =0 K’ el M 0,

where 7: G — M is a GP-precover and pdp K’ < cc.

It is easy to see (as in Proposition (2.2)) that the complexes S and S’ are homotopy equivalent,
and thus so are the complexes Hompg(S, H) and Hompg(S’, H) for every (Gorenstein injective)
module H. Hence it suffices to show the exactness of Hompg(S’, H), whenever H is Gorenstein
injective.

Now let H be any Gorenstein injective module. We need to prove the exactness of

Homp (¢, H)

HOHIR(GI,H) HOHIR(K/,H)%O .

To see this, let a: K’ — H be any homomorphism. We wish to find ¢: G’ — H such that
ot = a. Now pick an exact sequence

g

0 H E H 0,

where FE is injective, and H is Gorenstein injective (the sequence in question is just a part
of the complete injective resolution which defines H). Since H is Gorenstein injective and
pdp K’ < oo, we get Exth(K', H) = 0 by [7, Lemma 1.3, and thus a lifting ¢: K’ — F with
ge = a.

K ——=G'

e
Ve oF

H <g— E
Next, injectivity of E gives €: G’ — E with €0 = €. Now ¢ = g&: G’ — H is the desired
map. (I

With a similar proof we get:

(3.5) Lemma. Assume that N is an R-module with finite Gorenstein injective dimension, and
let H" =0 - N — H° — H' — ... be an augmented proper right GI-resolution of N
(which exists by the dual of Proposition (3.1)). Then Homg(G, H") is exact for all Gorenstein
projective modules G. O

Comparing Proposition (3.4) and (3.5) with Theorem (2.6), we obtain:

(3.6) Theorem. For all R-modules M and N with GpdzM < oo and GidgN < oo, we have
isomorphisms

Extgp(M,N) = Extgz(M, N),
which are functorial in M and N. g

(3.7) Definition of GExt. Let M and N be R-modules with Gpd M < oo and GidgN < 0.
Then we write

GExtz(M,N) = Extgp(M,N) = Extgz(M,N)
for the isomorphic abelian groups in Theorem (3.6) above.

Naturally we want to compare GExt with the classical Ext. This is done in:

(3.8) Theorem. Let M and N be any R-modules. Then the following conclusions hold:
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(i) There are natural isomorphisms Extgp (M, N) = Ext’z(M, N) under each of the condi-
tions

(1) pdgM < 0 or (1) M € LeftRespm(GP) and idrN < oo.

(it) There are natural isomorphisms Extg,(M, N) = Extz(M, N) under each of the condi-
tions

() idgN < o0 or (1) N € RightResp(GZ) and pdpM < oo.

(131) Assume that GpdpM < oo and GidgN < oco. If either pdpM < oo or idgN < oo,
then
GExt}, (M, N) = Extz (M, N)
functorial in M and N.

Proof. (i) Assume that pdzM < oo, and pick any projective resolution P of M. By Remark
(3.3), P is also a proper left GP-resolution of M, and thus

Extp(M,N) = H"(Homg(P,N)) = Extyi(M,N).
In the case where M € LeftResp(GP) and idgN = m < oo, we see that Gorenstein projective

modules are acyclic for the functor Hompg(—, N), that is, Ext’ (G, N) = 0 (the usual Ext) for
every Gorenstein projective module GG, and every integer 7 > 0.

This is because, if G is a Gorenstein projective module, and ¢ > 0 is an integer, then there exists
an exact sequence 0 - G — QY — -+ — Q™! — C — 0, where Q°,...,Q™ ! are projective
modules. Breaking this exact sequence into short exact ones, and applying Hompg(—, N), we
get Extl (G, N) = Ext3 T (C, N) = 0, as claimed.

Therefore [11, Proposition 1.2A] implies that Extz(—, N) can be computed using (proper) left
Gorenstein projective resolutions of the argument in the first variable, as desired.

The proof of (i4) is similar. The claim (i) is a direct consequence of (i) and (i7), together with
the Definition (3.7) of GExt%(—, —). O

4. GORENSTEIN DERIVING — ®p —

Dealing with the tensor product we need of course both left and right R-modules. Thus the
following addition to Notation (1.1) is needed:

If C is any of the categories in Notation (1.1) (M, GP, etc.), we write rC, respectively, Cg, for
the category of left, respectively, right, R-modules with the property describing the modules in C.

Now we consider the functor — ® g —: Mg x M — A. For fixed M € Mg and N € gpM we
define, in the sense of Derived Functors (2.4):

Torg”n(—,N) = L{P*(=@r N)  and  Torf9"(M,-) := LE9P(M ®r —),
together with
Tor9*®(—,N) := LI%r(—@r N) and  Torf9"(M,-) := Lr9% (M @p —).

The first two Tors uses proper left Gorestein projective resolutions, and the last two Tors uses
proper left Gorenstein flat resolutions. In order to compare these different Tors, we wish, of
course, to apply (a version of) Theorem (2.6) to different combinations of

(X, X) = (GPr, GPr) or (GFr, GFR),
and

(¥V,Y) = (RGP, RGP) or (rGF , rGF).
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Namely the covariant-covariant version of Theorem (2.6), instead of the stated contravariant-
covariant version. We will need the classical notion:

(4.1) Definition. The left finitistic projective dimension LeftFPD(R) of R is defined as
LeftFPD(R) = sup{ pdzM | M is a left R-module with pdzM < oo }.
The right finitistic projective dimension RightFPD(R) of R is defined similarly.

(4.2) Remark. When R is commutative and Noetherian, LeftFPD(R) and RightFPD(R) equals
the Krull dimension of R, by [10, Théoreme (3.2.6) (Seconde partie)].

We will need the following three results, [12, Proposition 3.4], [12, Theorems 3.6 and 3.23],
respectively:

(4.3) Proposition. If R is right coherent with finite LeftFPD(R), then every Gorenstein pro-
jective left R-module is also Gorenstein flat. That is, there is an inclusion RGP C rGF. O

(4.4) Theorem. For any left R-module M, we consider the following three conditions:
(¢) The left R-module M is G-flat.
(i¢) The Pontryagin dual Homz(M,Q/Z) (which is a right R-module) is G-injective.

(iii) M has an augmented proper right resolution 0 — M — F° — F' — ... consisting
of flat left R-modules, and Torf”([, M) = 0 for all injective right R-modules I, and all

1> 0.
The implication (i) = (i1) always holds. If R is right coherent, then also (ii) = (iii) = (i),
and hence all three conditions are equivalent. O

(4.5) Proposition. Assume that R is right coherent. If M is a left R-module with GfdgM <
00, then there exists a short exact sequence 0 — K — G — M — 0, where G — M is a
rGF-precover of M, and fdgK = GfdgM — 1 (in the case where M is Gorenstein flat, this
should be interpreted as K = 0).

In particular, every left R-module with finite Gorenstein flat dimension has a proper left RGF-
resolution (that is, there is an inclusion RGF C LeftRes, m(rGF)). O

Qur first result is:

(4.6) Lemma. Let M be a left R-module with Gpd z M < oo, and let GT = -+ — G — Gy —
M — 0 be an augmented proper left rGP-resolution of M (which exists by Proposition (3.1)).
Then the following conclusions hold:

(i) T ®r G is exact for all Gorenstein flat right R-modules T'.
(ii) If R is left coherent with finite Right FPD(R), then T ® r G™ is exact for all Gorenstein
projective right R-modules T'.

Proof. (i) By Theorem (4.4) above, the Pontryagin dual H = Homg(T,Q/Z) is a Gorenstein
injective left R-module. Hence Homgz(G™, H) = Homz(T ®r G*,Q/Z) is exact by Proposition
(3.4). Since Q/Z is a faithfully injective Z-module, T ®r G is exact too.

(#4) With the given assumptions on R, the dual of Proposition (4.3) implies that every Goren-
stein projective right R-module also is Gorenstein flat. O

(4.7) Lemma. Assume that R is right coherent with finite LeftFPD(R). Let M be a left R-
module with GfdgM < oo, and let G = --- — G, — Gy — M — 0 be an augmented proper
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left RGF-resolution of M (which exists by Proposition (4.5), since R is right coherent). Then
the following conclusion hold:

(i) Homp(G™, H) is exact for all Gorenstein injective left R-modules H.
(ii) T ®@r G* is exact for all Gorenstein flat right R-modules T

(#3i) If R is also left coherent with finite RightFPD(R), then T ®@r G™ is exact for all
Gorenstein projective right R-modules T

Proof. (i) Since GfdgM < oo and R is right coherent, Proposition (4.5) gives a special short
exact sequence 0 — K’ — G’ — M — 0, where G’ — M is a rGF-precover of M, and
fdr K’ < oo. Since R has LeftFPD(R) < oo, [13, Proposition 6] implies that also pd z K’ < oo.
Now the proof of Proposition (3.4) applies.

(#4) If T is a Gorenstein flat right R-module, then the left R-module H = Homgz (T, Q/Z) is
Gorenstein injective; by (the dual of) Theorem (4.4) above. By the result (¢), just proved, we
have exactness of

Homp(G", H) = Homz(T ®r G*,Q/Z).
Since Q/Z is a faithfully injective Z-module, we also have exactness of T @ g G, as desired.
(#i7) Under the extra assumptions on R, the dual of Proposition (4.3) implies that every

Gorenstein projective right R-module is also Gorenstein flat. Thus (¢47) follows from (i7). O

(4.8) Theorem. Assume that R is both left and right coherent, and that both LeftFPD(R)
and RightFPD(R) are finite. For every right R-module M, and every left R-module N, the
following conclusions hold:

(i) If GFdgM < oo and GfdgN < oo, then
Tor9” 7 (M, N) = Tor?9% (M, N).
(#3) If GpdyM < oo and GfdgrN < oo, then
TordP2 (M, N) = Tor9”# (M, N) = Tor29% (M, N).
(#93) If GIdrM < oo and GpdpN < oo, then
Tord” 7 (M, N) = Tor?9% (M, N) = Tor?97 (M, N).
(iw) If GpdrM < oo and Gpdp N < oo, then
Tor9" (M, N) = Tor9”#(M, N) = Tor29” (M, N) = Tor?9% (M, N).
All the isomorphisms are functorial in M and N.

Proof. Use Lemma (4.6) and (4.7) as input in the covariant-covariant version of Theorem (2.6).
(]

(4.9) Definition of gTor and GTor. Assume that R is both left and right coherent, and that
both LeftFPD(R) and RightFPD(R) are finite. Furthermore, let M be a right R-module, and
let N be a left R-module. If GfdgM < oo and GfdgN < oo, then we write

gTor® (M, N) := Tor9”77(M,N) = Tor?9" (M, N)

for the isomorphic abelian groups in Theorem (4.8)(i). If GpdzM < oo and GpdzN < oo,
then we write

GTor®(M,N) := Tor9”=(M,N) = Tor?9" (M, N)
for the isomorphic abelian groups in Theorem (4.8)(iv).

We can now reformulate some of the contents of Theorem (4.8):
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(4.10) Theorem. Assume that R is both left and right coherent, and that both LeftFPD(R)
and RightFPD(R) are finite. For every right R-module M with Gpd M < oo, and for every
left R-module N with Gpdpy N < 0o, we have isomorphisms:

gTor®(M,N) = GTor®(M,N),
which are functorial in M and N.

Finally we compare gTor (and hence GTor) with the usual Tor.

(4.11) Theorem. Assume that R is both left and right coherent, and that both LeftFPD(R)
and RightFPD(R) are finite. Furthermore, let M be a right R-module with GfdgM < oo, and
let N be a left R-module with Gfdr N < oo. If either fdrM < oo or fdg N < oo, then there are
isomorphisms

gTor (M, N) = Tor’ (M, N),
which are functorial in M and N.

Proof. Tf fdg M < oo, then also pdzM < oo by [13, Proposition 6] (since RightFPD(R) < o0).
Let P be any projective resolution of M. As noted in the Remark (3.3), P is also a proper left
GP r-resolution of M. Hence, Theorem (4.8)(i7) and the definitions give:

gTor®B(M,N) = Tor9P=(M,N) = H,(P®r N) = Tor®(M,N),
as desired. [l
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RINGS WITH FINITE GORENSTEIN INJECTIVE DIMENSION

HENRIK HOLM

ABSTRACT. In this paper we prove that for any associative ring R, and for any left R-module
M with finite projective dimension, then the Gorenstein injective dimension Gidg M equals
the usual injective dimension idg M. In particular, if GidgR is finite, then also idgrR is
finite, and thus R is Gorenstein (provided that R is commutative and Noetherian).

1. INTRODUCTION

It is well-known that among the commutative local Noetherian rings (R, m, k), the Gorenstein
rings are characterized by the condition idgR < oo. From the dual of [10, Proposition 2.27] ([6,
Proposition 10.2.3] is a special case) it follows that the Gorenstein injective dimension Gidg(—)
is a refinement of the usual injective dimension idg(—) in the following sense:

For any R-module M there is an inequality GidrM < idgM, and if idgM < oo, then there is
an equality GidgM = idr M.

Now, since the injective dimension idg R of R measures Gorensteinness, it is only natural to
ask what does the Gorenstein injective dimension Gidg R of R measures? As a consequence of
Theorem (2.1) below, it turns out that

An associative ring R with GidgR < oo also has idgR < oo (and hence R is Gorenstein, pro-
vided that R is commutative and Noetherian).

This result is proved by Christensen [2, Theorem (6.3.2)] in the case where (R, m, k) is a com-
mutative local Noetherian Cohen-Macaulay ring with a dualizing module. The aim of this
paper is to prove Theorem (2.1), together with a series of related results. Among these results
is Theorem (3.2), which has the nice, and easily stated Corollary (3.3):

Assume that (R, m, k) is a commutative local Noetherian ring, and let M be an R-module of
finite depth, that is, Ext’y (k, M) # 0 for some m € Ny (this happens for example if M # 0 is
finitely generated). If either

(1) GfdgM < 0o and idpM < o0 or (#) fdpM < 0o and GidpM < oo,
then R is Gorenstein.
This corollary is also proved by Christensen [2, Theorem (6.3.2)] in the case where (R, m, k) is

Cohen-Macaulay with a dualizing module. However, Theorem (3.2) itself (dealing not only with
local rings), is a generalization of [8, Proposition 2.10] (in the module case) by Foxby from 1979.

We should briefly mention the history of Gorenstein injective, projective and flat modules:
Gorenstein injective modules over an arbitrary associative ring, and the related Gorenstein
injective dimension, was introduced and studied by Enochs and Jenda in [3]. The dual concept,
Gorenstein projective modules, was already introduced by Auslander and Bridger [1] in 1969,

2000 Mathematics Subject Classification. 13D02, 13D05, 13D07, 13H10, 16E05, 16E10, 16E30.
Key words and phrases. Gorenstein dimensions, homological dimensions, Gorenstein rings.
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but only for finitely generated modules over a two-sided Noetherian ring. Gorenstein flat
modules was also introduced by Enochs and Jenda; please see [5].

(1.1) Setup and notation. Let R be any associative ring with a non-zero multiplicative iden-
tity. All modules are—if not specified otherwise—left R-modules. If M is any R-module, we
use pdpM, fdg M, and idg M to denote the usual projective, flat, and injective dimesion of M,
respectively. Furthermore we write Gpdpy M, GfdrM, and GidrM for the Gorenstein projec-
tive, Gorenstein flat, and Gorenstein injective dimesion of M, respectively.

Acknowledgments. 1 would like express my gratitude to my Ph.D. advisor Hans-Bjgrn Foxby
for his support, and our helpful discussions.

2. RINGS WITH FINITE GORENSTEIN INJECIVE DIMENSION

(2.1) Theorem. If M is an R-module with pdzM < oo, then GidgM = idrM. In particular, if
GidrR < o0, then also idgrR < oo (and hence R is Gorenstein, provided that R is commutative
and Noetherian).

Proof. Since GidgM < idrM always, it suffices to prove that idgM < GidgM. Naturally, we
may assume that GidgM < oo.

First consider the case where M is Gorenstein injective, that is, GidgM = 0. By definition, M
is a kernel in a complete injective resolution. This means that there exists an exact sequence
E=..-—FE — Ey — E_; — - of injective R-modules, such that Hompg(I, E) is exact
for every injective R-module I, and such that M = Ker(E; — Ep). In particular, there exists
a short exact sequence 0 — M’ — E — M — 0, where FE is injective, and M’ is Gorenstein
injective. Since M’ is Gorenstein injective and pdz M < oo, it follows by [4, Lemma 1.3] that
Extyp(M,M') = 0. Thus 0 — M’ — E — M — 0 is split-exact, so M is a direct summand of
the injective module E. Therefore M itself is injective.

Next consider the case where Gidg M > 0. By [10, Theorem 2.15] there exists an exact sequence
0—> M — H — C — 0 where H is Gorenstein injective and idrC = GidgM — 1. As in the
previous case, since H is Gorenstein injective, there exists a short exact sequence 0 — H' —
I — H — 0 where I is injective and H' is Gorenstein injective. Now consider the pull-back
diagram with exact rows and columns:

0 0
0 M H o 0
|
0 P I C 0
H —H
0 0

Since I is injective and idgrC = Gidg — 1 we get idrP < GidrM by the second row. Since
H' is Gorenstein injective and pdzM < oo, it follows (as before) by [4, Lemma 1.3] that
Extp(M, H') = 0. Consequently, the first column 0 — H’ — P — M — 0 splits. Therefore
P>~ M® H’, and hence idpM < idrP < GidgpM. O

The theorem above has, of course, a dual counterpart:
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(2.2) Theorem. If M is an R-module with idgM < oo, then GpdpyM = pdz M. O

Theorem (2.6) below is a “flat version” of the two previous theorems. First recall the following:

(2.3) Definition. The left finitistic projective dimension LeftFPD(R) of R is defined as
LeftFPD(R) = sup{ pdzM | M is a left R-module with pdzM < oo }.

The right finitistic projective dimension RightFPD(R) of R is defined similarly.

(2.4) Remark. When R is commutative and Noetherian, LeftFPD(R) and RightFPD(R) equals

the Krull dimension of R, by [9, Théoreme (3.2.6) (Seconde partie)].

Furthermore, we will need the following result from [10, Proposition 3.11]:

(2.5) Proposition. For any (left) R-module M there is an inequality GidgHomgz(M,Q/Z) <

GfdgM. If R is right coherent, then we have the equality GidgHomyz(M,Q/Z) = GfdrM.
([l

We are now ready to state:

(2.6) Theorem. For any R-module M, the following conclusions hold:
(1) Assume that LeftFPD(R) is finite. If fdgM < oo, then GidgM = idpM.

(#7) Assume that R is left and right coherent with finite RightFPD(R). IfidgM < oo, then
GfdpM = fdr M.

Proof. (i) IffdgM < oo, then also pd M < oo, by [11, Proposition 6] (since LeftFPD(R) < c0).
Hence the desired conclusion follows from Theorem (2.1) above.

(i4) Since R is left coherent we have fdgHomgz(M,Q/Z) < idgM < oo, by [12, Lemma
3.1.4]. By assumption, RightFPD(R) < oo, and therefore also pd pHomz (M, Q/Z) < oo, by [11,
Proposition 6]. Now Theorem (2.1) gives that Gid gHomgz (M, Q/Z) = idgHomz (M, Q/Z). 1t is
well-known that fdgM = idgHomgz (M, Q/Z) (without assumptions on R), and by Proposition
(2.5) above, we also get GfdpM = GidrHomgz(M,Q/Z), since R is right coherent. The proof
is done. O

3. A THEOREM ON GORENSTEIN RINGS BY FOXBY
We end this paper by generalizing a theorem [8, Proposition 2.10] on Gorenstein rings by Foxby

from 1979. For completeness, we briefly recall:

(3.1) The small support. Assume that R is commutative and Noetherian. For an R-module
M, an integer n, and a prime ideal p in R, we write 82 (p, M), respectively, u'(p, M), for the
nth Betti number, respectively, n*"* Bass number, of M at p.

Foxby [8, Definition p. 157] or [7, (14.8)] defines the small (or homological) support of an
R-module M to be the set

supprM = { p € Spec R | In € Ny: g (p, M) #0 }.

Let us mention the most basic results about the small support, all of which can be found in [8,
p. 157 — 159] and [7, Chapter 14]:

(a) The small support, suppyp M, is contained in the usual (large) support, SupppM, and
supppM = Suppz M if M is finitely generated. Also, if M # 0, then suppz M # 0.

(b) supppM = { p € Spec R | In € No: p(p, M) #0 }.



II1.4 HENRIK HOLM

(c) Assume that (R, m, k) is local. If M is an R-module with finite depth, that is,
depthp M :=inf{ m € Ny | Extg (k,M) #0 } < o0

(this happens for example if M # 0 is finitely generated), then m € supppM, by (b)
above.

Now, given these facts about the small support, and the results in the previous section, the
following generalization of [8, Proposition 2.10] is immediate:

(3.2) Theorem. Assume that R is commutative and Noetherian. Let M be any R-module,
and assume that either of the following four conditions are satisfied:

(1) GpdpM < oo and idpM < oo,
(17) pdpM < oo and GidpM < oo,
(#41) R has finite Krull dimension, and GfdpM < oo and idpM < oo,
(iv) R has finite Krull dimension, and fdgM < co and GidgM < co.
Then R, is a Gorenstein local ring for all p € supppM. O

(3.3) Corollary. Assume that (R, m, k) is a commutative local Noetherian ring. If there exists
an R-module M of finite depth, that is,

depthy M :=inf{ m € Ny | Ext’y (k, M) # 0 } < oo,
and which satisfies either
(1) GIdrgM < o0 and idgM < oo, or
(73) fdrM < 0o and GidrpM < oo,
then R is Gorenstein. O
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ON GORENSTEIN PROJECTIVE, INJECTIVE AND
FLAT DIMENSIONS — A FUNCTORIAL DESCRIPTION
WITH APPLICATIONS

LARS WINTHER CHRISTENSEN, ANDERS FRANKILD, AND HENRIK HOLM

ABSTRACT. For a large class of rings, including all those encountered in algebraic
geometry, we establish the conjectured Morita-like equivalence between the full sub-
category of complexes of finite Gorenstein flat dimension and that of complexes of
finite Gorenstein injective dimension.

This functorial description meets the expectations and delivers a series of new
results, which allows us to establish a well-rounded theory for Gorenstein dimensions.

Dedicated to Professor Christian U. Jensen

INTRODUCTION

For any pair of adjoint functors,

F
C D,
G

there is a natural way to single out two full subcategories, A of C and B of D, such that
the restrictions of F' and G provide a quasi-inverse equivalence of categories,

F

(f) A B.

G

However, we typically study categories A and B that a priori do not arise from a pair
of adjoint functors. This is, indeed, the situation in this paper, and the motivation
for seeking an equivalence between A and B is clear: The literature abounds with
evidence that new insight can be been gained from the functorial machinery (), if one
can successfully make the categories at hand fit into this setup. Examples close to the
nature of this paper are provided by Morita [35], Rickard [38], Dwyer and Greenlees [13],
and Avramov and Foxby [6].
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sion, Gorenstein flat dimension, Auslander class, Bass class, Foxby equivalence, Auslander-Buchsbaum
formula, Bass formula, local cohomology, local homology.
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In the late 1960’s, Auslander and Bridger [2,3] introduced the G-dimension (“G” for
Gorenstein) for finitely generated modules over an associative and two-sided noether-
ian ring; and they immediately established a powerful theory for this new dimension.
Among its most celebrated features are the Gorenstein parallel [3, thm. (4.20)] of the
Auslander—-Buchsbaum—Serre characterization of regular local rings, and the general-
ized Auslander-Buchsbaum formula [3, thm. (4.13)(b)].

After that, twenty years were to elapse before any real progress was made on extend-
ing the G—dimension to non-finitely generated modules. This work was initiated by
Enochs and Jenda [16, 18]; over any associative ring they introduced Gorenstein pro-
jective, Gorenstein injective, and Gorenstein flat modules. In [4] Avramov, Buchweitz,
Martsinkovsky, and Reiten prove that the Gorenstein projective dimension agrees with
the G—dimension for finitely generated modules over an associative and two-sided noe-
therian ring.

On one hand, the Gorenstein projective dimension is a natural refinement of the classical
projective dimension, on the other hand the definition is highly non-functorial, and it is,
in general, not possible to measure the dimension in terms of vanishing of appropriate
functors. Only when the Gorenstein projective dimension of a module is known to be
finite, i.e. a finite resolution exists, may we measure the dimension in terms of vanishing
of certain Ext modules. The situation is the same for the Gorenstein injective and
flat dimensions, and this is, in fact, the Achilles’ heel of the theory for Gorenstein
dimensions.

One way to remedy this problem is to realize the category of modules of finite Gorenstein
projective dimension as A in a setup like (). Partial results in this direction were
established in [10, 19,23]. In this paper we establish a firm connection between the
Gorenstein dimensions and the well-understood Auslander and Bass classes studied by
Avramov and Foxby [6]. In their setting, the underlying category is C = D = D(R), the
derived category of a commutative, noetherian and local ring R admitting a dualizing
complex D. The quasi-inverse equivalence is

D% —

A(R) B(R),
RHompg(D,—)

where A(R) is the so-called Auslander class and B(R) the Bass class with respect to
the dualizing complex D.

The central result of this paper is the following (theorem (4.3)):

Theorem A. Let R be a commutative and noetherian ring. If R admits a dualizing
complex, then the following conditions are equivalent for any right-bounded complex

X.

(i) X belongs to the Auslander class, X € A(R).
(i) X has finite Gorenstein projective dimension, Gpdp X < oc.
(#i) X has finite Gorenstein flat dimension, Gfdr X < co.

Theorem A has the following counterpart (theorem (4.5)):
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Theorem B. Let R be a commutative and noetherian ring. If R admits a dualizing
complex, then the following conditions are equivalent for any left-bounded complex Y.

(i) Y belongs to the Bass class, Y € B(R).
(i) Y has finite Gorenstein injective dimension, GidgY < oo.

Theorems A and B are established in section 4; one immediate consequence of theo-
rem A is a Gorenstein version of the classical Gruson—Raynaud—Jensen theorem (see [31,
prop. 6] and [37, Seconde partie, thm. (3.2.6)]):

Theorem C. Let R be a commutative and noetherian ring. If R admits a dualizing
complex then, for any right-bounded complex X, there is a biimplication

Gfdp X <00 & GpdpX < oo.

While the Gorenstein parallel of the Auslander-Buchsbaum-—Serre theorem was one
of the original motivations for studying G—dimension, the Gorenstein equivalent of
another classic, the Bass formula, has proved more elusive. It was first established over
Gorenstein rings [17, thm. 4.3], later over local Cohen—Macaulay rings with dualizing
module [10, thm. (6.2.15)], and in section 6 we now prove (theorem (6.4)):

Theorem D. Let R be a commutative, noetherian, local ring, and assume that R
admits a dualizing complex. If N is a non-trivial finitely generated R—module of finite
Gorenstein injective dimension, then

Gidg N = depth R.

For non-finite modules, the natural generalization of the Auslander—-Buchsbaum and
Bass formulas are Chouinard’s formulas for flat and injective dimensions. Again, a sim-
ilar formula for the Gorenstein flat dimension has been around for some time, while the
Gorenstein injective version (theorem (6.9)) established here is new. As an important
application of this theorem we prove (theorem (6.10)):

Theorem E. Let R be a commutative and noetherian ring, admitting a dualizing
complex. A filtered, direct limit of Gorenstein injective R—modules is then Gorenstein
injective.

The functorial description in section 4 draws on some fundamental properties of Goren-
stein dimensions. In section 2 we synthesize these properties in three theorems; we do it
in the most general setting possible today: over associative rings with unit. In fact, this
is only a minor effort, as these three theorems build on the same technical machinery
as the main theorems in section 4. These technical results have been grouped together
in section 3.
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1. NOTATION AND PREREQUISITES

In this paper, we work within the derived category of the module category over a
ring R. For some technical results we do, however, need go back to the category of
R—complexes. When we work in greatest generality, R is just associative with unit;
our most restrictive case is when R is commutative, noetherian and local, admitting a
dualizing complex. Unless otherwise explicitly stated, all modules in this paper are left
modules. If R is associative with unit, R°PP will denote the opposite ring. Recall that
a right R—module is a left R°PP—module.

We consistently use the notation found in the appendix of [10]. In particular, the
category of R—complexes is denoted C(R), and we use subscripts C, J, and O to
denote genuine boundedness conditions. Thus, C5(R) is the full subcategory of C(R)
of genuine right-bounded complexes.

The derived category is denoted D(R), and we use subscripts C, J, and O to denote
homological boundedness conditions. Thus, D—(R) denotes the full subcategory of
D(R) of homologically right-bounded complexes. Henceforth, we shall reserve the term
bounded to signify homological boundedness. The symbol “~” will be used to designate
isomorphisms in D(R) and quasi-isomorphisms in C(R).

We also use superscript “f” to signify that the homology modules are degreewise finitely
generated. A complex X is said to have finite homology if and only if it is homologically
bounded and all the homology modules are finitely generated, that is, X € DfD(R).

For the derived category and derived functors, the reader is referred to the original
texts, Verdier’s thesis [40] and Hartshorne’s notes [28], and further to excellent modern
accounts: Gelfand and Manin’s book [26] and Neeman’s book on triangulated categories

[36].

Next, we recall the definition of dualizing complexes and review some technical con-
structions and results for later use.

(1.1) Definition (Dualizing Complex). When R is commutative and noetherian, a
complex D € D(R) is said to be dualizing for R if it fulfills the requirements:

(1) D has finite homology.
(2) D has finite injective dimension.

3) The canonical (homothety) morphism x%: R — RHompg(D, D) is an isomor-
D
phism in D(R).

If R is local, this definition coincides with the classical one [28, chap. V, §2], and in

this paper we use definition (1.1) for local and non-local rings alike.

(1.2) Dagger duality. If R has a dualizing complex D, we may consider the functor
—T = RHompg(—, D).

It is safe to say that the functor —' has been studied extensively ever since it was
conceived by Grothendieck and appeared in Hartshorne’s notes [28]. Observe that X T
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has finite homology whenever X has finite homology, that is, we have the diagram

_t

DL (R) —————=DL,(R).

The endofunctor —! furnishes a quasi-inverse duality on DfD(R), that is, for any X €
DL (R) the canonical biduality morphism

(1.2.1) X = X" = RHomr(RHompz(X, D), D)
is an isomorphism, cf. [28, prop. V.2.1].

(1.3) Foxby equivalence. If D is a dualizing complex for a commutative and noe-
therian ring R, then we can consider the adjoint pair of functors,

(D ®% — RHompg(D, —)).
As usual, let  denote the unit and ¢ the counit of the adjoint pair, cf. [33, chap. 4].

The Auslander and Bass classes with respect to the dualizing complex D are defined
in terms of 77 and € being isomorphisms. To be precise, the definition of the Auslander
class reads

A(R) = {X € Dy(R)

nx : X — RHomp(D, D @% X) is an
isomorphism, and D ®% X is bounded ’

while the definition of the Bass class reads

ey : D ®% RHompg(D,Y) — Y is an }

B =<YeD
(F) { € Da(F) isomorphism, and RHompg(D,Y) is bounded

The Auslander and Bass classes are full triangulated subcategories of D(R), and the
adjoint pair (D ®% —,RHompg(D, —)) provides quasi-inverse equivalences between the
Auslander and Bass classes,
D%~
A(R) B(R).
RHompg(D,—)

This equivalence, introduced in [6], has come to be called Foxby equivalence.

Note that all complexes of finite flat dimension belong to A(R), while complexes of
finite injective dimension belong to B(R).

(1.4) Finitistic dimensions. We write FPD(R) for the (left) finitistic projective di-
mension of R, i.e.

FPD(R) = sup { pd M M is an R—module of }

finite projective dimension

Similarly, we write FID(R) and FFD(R) for the (left) finitistic injective and (left)
finitistic flat dimension of R.

If R is commutative and noetherian, then it is well known, cf. [8, cor. 5.5] and [37,
seconde partie, thm. (3.2.6)], that

(1.4.1) FID(R) = FFD(R) < FPD(R) = dimR.
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2. MEASURING GORENSTEIN DIMENSIONS

In this section we state and prove three fundamental theorems. Mimicking the style
of Cartan and Eilenberg, these theorems characterize complexes of finite Gorenstein
dimension in terms of resolutions and show how to determine them in terms of vanishing
of certain derived functors.

Such results have previously in [10, 15, 16, 18, 29] been established in more restrictive
settings, and the purpose of this section is to present them in the most general setting
possible today. Certain technical results — corollaries (3.10), (3.11), and (3.15) — are
required for the proofs in this section; in the interest of readability, these have been
grouped together in section 3.

Throughout this section, R is an associative ring with unit.

We start by investigating the Gorenstein projective dimension. The definitions in (2.1)
go back to [10,16].

(2.1) Gorenstein projective dimension. Let P be a complex of projective modules
with H(P) = 0. We say that P is a complete projective resolution if and only if
H(Hompg(P,Q)) = 0 for every projective R—module Q.

A module M is said to be Gorenstein projective if and only if there exists a complete
projective resolution with a cokernel isomorphic to M.

The Gorenstein projective dimension, Gpdgr X, of X € Do(R) is defined as
A € C5(R) is isomorphic to X in D(R) }

and every Ay is Gorenstein projective

Gpdp X = inf { sup{l € Z | A; # 0}

(2.2) Theorem. Let X € D5(R) be a complex of finite Gorenstein projective dimen-
sion. For n € Z the following are equivalent:

(i) Gpdp X < n.
(ii) n > infU — inf RHomp(X,U) for all U € D(R) of finite projective or finite
injective dimension with H(U) # 0.
(#i) n > —inf RHompg(X, Q) for all projective R—modules Q.

(iv) n > sup X and the cokernel C2* = Coker(A,1 — Ay,) is a Gorenstein projective
module for any genuine right-bounded complex A ~ X of Gorenstein projective
modules.

Moreover, the following hold:
Gpdp X = sup{inf U — inf RHompr(X,U) | pdpU < co and H(U) # 0}
= sup {— inf RHomp (X, Q) | Q is projective}
< FPD(R) + sup X.

Proof. The proof of the first part is cyclic. clearly, (i) is stronger than (i), and this
leaves us three implications to prove.
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(i) = (41): Choose a complex A € Co(R) consisting of Gorenstein projective modules,
such that A ~ X and Ay = 0 for £ > n. First, let U be a complex of finite projective di-
mension with H(U) # 0. Set ¢ = inf U and choose a bounded complex P ~ U of projec-
tive modules with P, = 0 for £ < i. By corollary (3.10) the complex Hom (A, P) is iso-
morphic to RHomp (X, U) in D(Z); in particular, inf RHom (X, U) = inf Homp(A4, P).
For ¢ <i—mn and q € Z, either ¢ > n or g+ ¢ < n+ £ < i, so the module
HOHIR(A, P)g = H HOHIR(Aq, Pqug)
qEZL

vanishes. Hence, Hy(Hompg(A, P)) =0 for ¢ < i —n, and inf RHomg(X,U) >i—n =
inf U — n as desired.

Next, let U be a complex of finite injective dimension and choose a bounded complex
I ~ U of injective modules. Set ¢ = inf U and consider the soft truncation V = I;D.
The modules in V' have finite injective dimension and U ~ V', whence Homp(A, V') ~
RHompz(X,U) by corollary (3.10), and the proof continues as above.

(#i1)=(4v): This part evolves in three steps. First we establish the inequality n > sup X,
next we prove that the n’th cokernel in a genuine bounded complex A ~ X of Gorenstein
projectives is again Gorenstein projective, and finally we give an argument that allows
us to conclude the same for A € CH(R).

To see that n > sup X, it is sufficient to show that

(1) sup {— inf RHompg(X, Q) | Q is projective} > sup X.

By assumption, g = Gpdp X is finite, i.e. X ~ A for some complex
A=0—A; - Ay 1 —--— A4, —0

and it is clear from definition (2.1) that g > sup X. For any projective module @, the

complex Homp (A, Q) is concentrated in degrees —i to —g,

HomR(B?,Q)
0 — Hompg(4;,Q) — -+ — Homp(Ay—1,QQ) ————— Homp(4,,Q) — 0,

and isomorphic to RHompz(X, @) in D(Z), cf. corollary (3.10). First, consider the case
g = sup X: The differential (9;4: Ay — Ag_1 is not injective, as A has homology in
degree g = sup X = sup A. By the definition of Gorenstein projective modules, there
exists a projective module () and an injective homomorphism ¢: A, — Q. Because 8;4

is not injective, ¢ € Homp(Ay, Q) cannot have the form HomR((?g‘, Q)(Y) = @b@; for
some 1 € Hompg(Ay_1,Q). That is, the differential HomR(ﬁj,Q) is not surjective;
hence Homp(A, @) has non-zero homology in degree —g = —sup X, and (1) follows.
Next, assume that g > sup X = s and consider the exact sequence

0—>Ag—>---—>As+1—>As—>C?—>O.

It shows that Gpdpg C? < g — s, and it is easy to check that equality must hold;
otherwise, we would have Gpdp X < g. A straightforward computation based on
corollary (3.10), cf. [10, lem. (4.3.9)], shows that

(2) EXH}%(C£7 Q) = H—(m+n) (RHOHIR(X, Q))7

for all m > 0, all n > sup X, and all projective modules Q. By [29, thm. (2.20)] we
have Ext%_s(Cf, Q) # 0 for some projective @, whence H_,(RHomp(X,Q)) # 0 and
(1) follows.



V.8 LARS WINTHER CHRISTENSEN, ANDERS FRANKILD, AND HENRIK HOLM

By assumption, Gpdp X is finite, so a bounded complex A ~ X of Gorenstein projective
modules does exist. Consider the cokernel C,‘;‘. Since n > sup X = sup g, it fits in an

exact sequence 0 — gt — . = Avn+1 — gn — Cﬁ — 0, where all the 12(578 are
Gorenstein projective modules. By (2) and [29, thm. (2.20)] it now follows that also

C/! is Gorenstein projective.

With this, it is sufficient to prove the following;:

If P;A € C5(R) are complexes of, respectively, projective and Goren-
stein projective modules, and P ~ X ~ A, then the cokernel Cﬁ is
Gorenstein projective if and only if Cf is so.

Let A and P be two such complexes. As P consists of projectives, there is a quasi-
isomorphism 7: P — A, cf. [5, 1.4.P], which, in turn, induces a quasi-isomorphism
Cn7 between the truncated complexes, Cpm: C, P — Cn A. The mapping cone

Cone(Cnﬂ):0—>C5—>Pn_169C£—>Pn_269An_1—>---

is a bounded exact complex, in which all modules but the two left-most ones are
known to be (sums of) projective and Gorenstein projective modules. It follows by the
resolving properties of Gorenstein projective modules, cf. [29, thm. (2.5)], that CZ" is
Gorenstein projective if and only if P, 1 ® Cﬁ is so, which is tantamount to Cﬁ being
Gorenstein projective.

(iv) = (i): Choose a projective resolution P of X; by (i) the truncation C,P is a
complex of the desired type. This concludes the cyclic part of the proof.

To show the last claim, we still assume that Gpdy X is finite. The two equalities are
immediate consequences of the equivalence of (%), (4i), and (7). Moreover, it is easy to
see how a complex A € C5(R) of Gorenstein projective modules, which is isomorphic
to X in D(R), may be truncated to form a Gorenstein projective resolution of the top
homology module of X. Thus, by the definition we automatically obtain the inequality
Gpdr X < FGPD(R) + sup X, where

FGPD(R) = sup { Gpdp M M is an R-module with finite }

Gorenstein projective dimension

is the (left) finitistic Gorenstein projective dimension, cf. paragraph (1.4). Finally, we
have FGPD(R) = FPD(R) by [29, thm. (2.28)]. O

(2.3) Corollary. Assume that R is left coherent, and let X € D5(R) be a complex with
finitely presented homology modules. If X has finite Gorenstein projective dimension,
then

Gpdr X = —inf RHomp (X, R).
Proof. Under the assumptions, X admits a resolution by finitely generated projective

modules, say P; and thus, Homp (P, —) commutes with arbitrary sums. The proof is
now a straightforward computation. O

Next, we turn to the Gorenstein injective dimension. The definitions of Gorenstein
injective modules and dimension go back to [10,15,16]. The proof of theorem (2.5)
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relies on corollary (3.11) instead of (3.10) but is otherwise similar to the proof of
theorem (2.2); hence it has been omitted.

(2.4) Gorenstein injective dimension. The definitions of complete injective resolu-
tions and Gorenstein injective modules are dual to the ones given in definition (2.1),
cf. also [10, (6.1.1) and (6.2.2)]. The Gorenstein injective dimension, GidrY, of

Y € D (R) is defined as
GidpY = inf { sup{l € Z| B_, # 0} B € C-(R) is isomorphic to Y in D(R) } .

and every By is Gorenstein injective

(2.5) Theorem. LetY € D-(R) be a complex of finite Gorenstein injective dimension.
For n € 7Z the following are equivalent:

(i) GidrY <n.

(ii) n > —supU — inf RHomp(U,Y") for all U € D(R) of finite injective or finite
projective dimension with H(U) # 0.

(#i) n > —inf RHomp(J,Y") for all injective R—modules J.

(iv) n > —infY and the kernel ZB, = Ker(B_,, — B_(n41) is a Gorenstein injective
module for any genuine left-bounded complex B ~ Y of Gorenstein injective
modules.

Moreover, the following hold:
GidrY =sup{—supU — inf RHomz(U,Y) | idp U < 0o and H(U) # 0}
= sup {—inf RHompg(J,Y) | J is injective}
< FID(R) — inf Y. O

(2.6) Corollary. Assume that R is commutative and noetherian. If Y € D-(R) is a
complex of finite Gorenstein injective dimension, then

GidrY = sup{—inf RHomg(Er(R/p),Y) | p € Spec R}.

Proof. A straightforward application of Matlis’ structure theorem. O

Finally, we deal with the Gorenstein flat dimension. The definition of Gorenstein flat
modules goes back to [18].

(2.7) Gorenstein flat dimension. A complete flat resolution is a complex F' of flat
modules with H(F') = 0 and H(J ®g F') = 0 for every injective R°PP-module J.

A module M is said to be Gorenstein flat if and only if there exists a complete flat
resolution with a cokernel isomorphic to M.

The definition of the Gorenstein flat dimension, Gfdg X, of X € D5(R) is similar to
that of the Gorenstein projective given in definition (2.1), see also [10, (5.2.3)].

(2.8) Theorem. Assume that R is right coherent, and let X € D—(R) be a complex
of finite Gorenstein flat dimension. For n € Z the following are equivalent:

(i) Gidr X <n.
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(1) n > sup (U @% X) —supU for all U € D(R°PP) of finite injective or finite flat
dimension with H(U) # 0.
(iii) n > sup (J ®% X) for all injective R°PP-modules J.

(iv) n > sup X and the cokernel C* = Coker(A,41 — Ay,) is Gorenstein flat for any
genuine right-bounded complex A ~ X of Gorenstein flat modules.

Moreover, the following hold:
Gfdr X = sup {sup (U ®% X) —supU | idger» U < 00 and H(U) # 0}
= sup {sup (J ®% X) | J is injective}
< FFD(R) + sup X.

Proof. The first part of the proof is cyclic. The implications (i7) = (i) and (iv) = (7)
are immediate, and this leaves us two implications to prove.

(i) = (4i): Choose a complex A € Co(R) consisting of Gorenstein flat modules, such
that A ~ X and Ay = 0 for £ > n. First, let U € D(R°PP) be a complex of finite injective
dimension with H(U) # 0. Set s = supU and pick a genuine bounded complex [ ~ U
of injective modules with Iy = 0 for ¢ > s. By corollary (3.15) the complex [ ®p A
is isomorphic to U ®% X in D(Z); in particular, sup (U ®% X) = sup (I g A). For
£>mn+sand q € Z either ¢ > sor { —q>{— s >n, so the module

(I®rA) = H I, @R Apr—q
qEZ

vanishes. Hence, Hy(I®@rA) = 0 for £ > n+s, forcing sup (U ®% X) <n+s=n+supU
as desired.

Next, let U € D(R°PP) be a complex of finite flat dimension and choose a bounded
complex F' ~ U of flat modules. Set s = supU and consider the soft truncation V =
CsF. The modules in V have finite flat dimension and U ~ V', hence V@ rA ~ U ®ﬁ X
by corollary (3.15), and the proof continues as above.

(#ii) = (iv): By assumption, Gfdr X is finite, so a bounded complex A ~ X of
Gorenstein flat modules does exist. For any injective R°PP—module J, we have
J®% X ~ J®g A by corollary (3.15), so
sup (J ®% X) = sup (J ®g A)
= —inf Homy(J ®@r A, Z/Q)
= —inf HOmRopp (J, 1‘101112(147 Z/Q))
= —inf RHompops (J, Homz(A,Z/Q)),
where the last equality follows from corollary (3.11), as Homz(A,Z/Q) is a complex of
Gorenstein injective modules by [29, thm. (3.6)]. As desired, we now have:
n > sup {sup (J ®% X) | J is injective}
= sup {— inf RHom gopp (J, Homz(A4,Z/Q)) | J is injective}
> —inf Homy(A,Z/Q)
=sup A =supX,
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where the inequality follows from (2.5) (applied to R°PP). The rest of the argument is
similar to the one given in the proof of theorem (2.2), as also the class of Gorenstein
flat modules is resolving by [29, thm. (3.7)].

For the second part, we can argue, as we did in the proof of theorem (2.2), to see that
Gfdr X < FGFD(R) + sup X, where

FGFD(R) = sup { Gifdr M

M is an R—-module with finite
Gorenstein flat dimension

is the (left) finitistic Gorenstein flat dimension, cf. paragraph (1.4). By [29, thm. (3.24)]
we have FGFD(R) = FFD(R), and this concludes the proof. O

(2.9) Corollary. Assume that R is commutative and noetherian. If X € Do(R) is a
complex of finite Gorenstein flat dimension, then

Gfdr X = sup {sup (Er(R/p) ®% X) | p € Spec R}.
Proof. A straightforward application of Matlis’ structure theorem. O

The next three results uncover some relations between the Gorenstein projective, injec-
tive and flat dimensions. All three are Gorenstein versions of well-established properties
of the classical homological dimensions.

(2.10) Theorem. For any complex X € D—(R) there is an inequality,
Gidgerr Homy (X, Q/Z) < Gfdg X,
and equality holds if R is right coherent.

Proof. If X ~ A, where A € CH(R) consists of Gorenstein flat modules, then Y =
Homyz (X, Q/Z) is isomorphic in D(R°PP) to B = Homy(A,Q/Z); by [29, thm. (3.6)] B

is a complex of Gorenstein injective modules. This proves the inequality.

Assume that R is right coherent, and let A, Y and B be as above. We are required to
show Gidgorr Y > Gfdg X. We may assume that n = Gidgopr Y is finite; note that
n > —infY = sup X. By theorem (2.5) the kernel

n

zP, = 71 A0 — Homy(Cl,Q/2)

is Gorenstein injective, hence [29, thm. (3.6)] informs us that the cokernel C# is
Gorenstein flat. Since n > sup X = sup A4, it follows that €, A ~ A ~ X, whence
Gfdr X <n. O

(2.11) Proposition. Assume that R is right coherent and FPD(R) < oo. For every
X € D5(R) the next inequality holds

Gfdr X < Gpdp X.

Proof. Under the assumptions, it follows by [29, prop. (3.4)] that every Gorenstein
projective R—module also is Gorenstein flat. O



IV.12 LARS WINTHER CHRISTENSEN, ANDERS FRANKILD, AND HENRIK HOLM

We now compare the Gorenstein projective and Gorenstein flat dimension to Auslander
and Bridger’s G—-dimension. In [3] Auslander and Bridger introduce the G—dimension,
G—dimp(—), for finitely generated modules over an associative ring R, which is both
left and right noetherian.

The G—dimension is defined via resolutions consisting of modules from the so-called
G—class, G(R). The G-class consists exactly of the finite R—-modules M with
G—dimp M = 0 (together with the zero-module). The basic properties are cataloged

in [3, prop. (3.8)(c)].

When R is commutative and noetherian, [10, sec. 2.3] introduces a G—dimension, also
denoted G—dimpg(—), for complexes in DY (R). For modules it agrees with Auslander
and Bridger’s G—dimension. However, the definition given in [10, sec. 2.3] makes perfect
sense over any associative and two-sided noetherian ring.

(2.12) Theorem. Assume that R is left and right coherent. For a complex X € Do(R)
with finitely presented homology modules, the following hold.

(a) If FPD(R) < oo, then
Gpdp X = Gfdp X.
(b) If R is both left and right noetherian, then
Gpdp X = G dimp X.

Proof. Since R is right coherent with FPD(R) < oo, proposition (2.11) implies that
Gfdr X < Gpdp X. To prove the opposite inequality in (a) we may assume that
n = Gfdr X is finite. Since R is left coherent, and since the homology modules of X
are finitely presented, we can pick a projective resolution P of X, where each Py is
finitely generated. The cokernel ij is finitely presented, and by theorem (2.8) it is
Gorenstein flat.

Reading the proof of [10, thm. (5.1.11)] (which deals with commutative, noetherian
rings and is propelled by Lazard’s result [32, lem. 1.1]) it is easy, but tedious, to check
that over an associative and left coherent ring, any finitely presented Gorenstein flat
module is also Gorenstein projective. Therefore, Cf is actually Gorenstein projective,
which shows that Gpdzp X < n as desired.

Next, we turn to (b). By the “if” part of [10, thm. (4.2.6)], every module in the G—class
is Gorenstein projective in the sense of definition (2.1). (Actually, [10, thm. (4.2.6)] is
formulated under the assumption that R is commutative and noetherian, but reading
the proof we see that it is valid over associative and two-sided noetherian rings as well.)
It follows immediately that Gpdp X < G-dimp X.

In order to prove the opposite inequality, we may assume that n = Gpdy X is finite.
Let P be any projective resolution of X by finitely generated modules, and consider
cokernel the CE. Of course, CL is finitely generated, and by theorem (2.2) it is also
Gorenstein projective. Now the “only if” part of (the already mentioned “associative
version” of) [10, thm. (4.2.6)] gives that C! belongs to the G-class. Hence, C, P is a
resolution of X consisting of modules from the G—class and, thus, G-dimp X <n. 0O
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The Gorenstein dimensions refine the classical homological dimensions. On the
other hand, the next three lemmas show that a module of finite Gorenstein projec-
tive/injective/flat dimension can be approximated by a module, for which the corre-
sponding classical homological dimension is also finite.

(2.13) Lemma. Let M be an R-module of finite Gorenstein projective dimension.
There is then an exact sequence,

0—-M-—-H—A—-D0,

where A is Gorenstein projective and pdp H = Gpdp M.

Proof. If M is Gorenstein projective, we simply take 0 - M — H — A — 0 to be the
first short exact sequence in the “right half” of a complete projective resolution of M.

We may now assume that Gpdp M = n > 0. By [29, thm. (2.10)] there exists an exact
sequence,

0-K—A - M0,

where A’ is Gorenstein projective, and pdp K = n—1. Since A’ is Gorenstein projective,
there exists (as above) a short exact sequence,

0—-A —-Q—A—0,

where @) is projective, and A is Gorenstein projective. Consider the push-out diagram,

0 0
A=——A
0 K Q H 0
|
0 K A M 0
0 0

The class of Gorenstein projective modules is resolving, so if H was projective, exactness
of the second column would imply that Gpdy M = 0. The first row therefore shows
that pdp H = n, and the second column is the desired sequence. O

The next two lemmas have similar proofs.

(2.14) Lemma. Let N be an R—-module of finite Gorenstein injective dimension. There
is then an exact sequence,

0—-B—H—N-—0,
where B is Gorenstein injective and idg H = Gidg N. [l
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(2.15) Lemma. Assume that R is right coherent, and let M be an R-module of finite
Gorenstein flat dimension. There is then an exact sequence,

0—-M-—-H—A—0,
where A is Gorenstein flat and fdgr H = Gfdg M. U

(2.16) Remarks on distinguished triangles. It is natural to ask if finiteness of
Gorenstein dimensions is closed under distinguished triangles. That is, whenever we
encounter a distinguished triangle,

X—-Y—>7-3¥X,

where two of the three complexes X, Y and Z have finite, say, Gorenstein projective
dimension, is then also the third complex of finite Gorenstein projective dimension?

Of course, once we have established our main theorems, (4.3) and (4.5), it follows
that over a commutative and noetherian ring admitting a dualizing complex, finiteness
of each of the three Gorenstein dimensions is closed under distinguished triangles.
This conclusion is immediate, as the Auslander and Bass classes are full triangulated
subcategories of D(R). But from the definitions and results of this section, it is not clear
that the Gorenstein dimensions possess this property over general associative rings.

However, in [39] Veliche introduces a Gorenstein projective dimension for unbounded
complexes. By [39, thm. 3.2.8(1)] the finiteness of this dimension is closed under dis-
tinguished triangles; by [39, thm. 3.3.6] it coincides, for right-bounded complexes, with
the Gorenstein projective dimension studied in this paper.

3. UBIQUITY OF QUASI-ISOMORPHISMS

In this section we establish some important, technical results on preservation of quasi-
isomorphisms. It is, e.g., a crucial ingredient in the proof of the main theorem (4.3)
that the functor — ® g A preserves certain quasi-isomorphisms, when A is a Gorenstein
flat module. This is established in theorem (3.14) below. An immediate consequence
of this result is that Gorenstein flat modules may sometimes substitute for real flat
modules in representations of derived tensor products. This corollary, (3.15), plays an
important part in the proof of theorem (2.8). The proofs in this section do not depend
logically on the previous section.

Similar results on representations of the derived Hom functor are used in the proofs of
theorems (2.2) and (2.5). These are also established below.

Throughout this section, R is an associative ring with unit.

We start by deriving some immediate lemmas from the definitions of Gorenstein pro-
jective, injective, and flat modules.

(3.1) Lemma. If M is a Gorenstein projective R—-module, then Extp(M,T) = 0 for
all m > 0 and all modules T of finite projective or finite injective dimension.

Proof. For a module T' of finite projective dimension, the vanishing of Ext% (M, T) is
an immediate consequence of the definition of Gorenstein projective modules.
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Assume that idrpT = n < oo. Since M is Gorenstein projective, we have an exact
sequence,

0O—-M-—-Py—Pq1—-—P_,—>C—0,

where the P’s are projective modules. Breaking this sequence into short exact ones, we
see that Exty (M,T) = Extg+”(C, T) for m > 0, so the Ext’s vanish as desired since
Ext%(—,T) =0 for w > n. O

Similarly one establishes the next two lemmas.

(3.2) Lemma. If N is a Gorenstein injective R-module, then Ext'y (T, N) = 0 for all
m > 0 and all modules T of finite projective or finite injective dimension. O

(3.3) Lemma. If M is a Gorenstein flat R-module, then TorE (T, M) = 0 for all m > 0
and all R°PP—modules T' of finite flat or finite injective dimension. O

From lemma (3.1) it is now a three step process to arrive at the desired results on
preservation of quasi-isomorphisms by the Hom functor. We give proofs for the results
pertaining with the covariant Hom functor; those on the contravariant functor have
similar proofs.

(3.4) Lemma. Assume that X,Y € C(R) with either X € C5(R) or Y € C5(R). If
H(Hompg(X,,Y)) =0 for all ¢ € Z, then HHompg(X,Y)) = 0.

Proof. Immediate from the proof of [20, lem. (6.7)]. O

(3.5) Lemma. Assume that X,Y € C(R) with either X € C=(R) or Y € C(R). If
H(Hompg(X,Yy)) =0 for all ¢ € Z, then HHompg(X,Y)) = 0. O

(3.6) Proposition. Consider a class { of R—-modules, and let o: X — Y be a morphism
in C(R), such that
Hompg (U, o): Homg(U, X) — Hompg(U,Y)
is a quasi-isomorphism for every module U € .
Let U € C(R) be a complex consisting of modules from . The induced morphism,
Hompg(U,«): Homp(U,X) — Homg(U,Y),
is then a quasi-isomorphism, provided that either
(a) U € C5(R), or
(b) X,Y € C5(R).

Proof. Under either hypothesis (a) or (b) we wish to show exactness of the mapping
cone

Cone(Hompg(U, ) ~ Homp(U, Cone(a)).
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Condition (b) implies that Cone(a) € Co(R). In any event, lemma (3.4) informs us

that it suffices to show that the complex Hom r(Uy, Cone(a)) is exact for all £ € Z. But
this follows as all

Hompg(Uy, a): Homp(Up, X) — Homp(Up, Y)

are assumed to be quasi-isomorphisms in C(R). O

(3.7) Proposition. Consider a class U of R—modules, and let a: X — Y be a mor-
phism in C(R), such that

Hompg(a,V): Homg(Y,V) — Homp(X,V)

is a quasi-isomorphism for every module V' € 5.

Let V € C(R) be a complex consisting of modules from 0. The induced morphism,
Homp(a, V): Homp(Y,V) — Homp(X, V),

is then a quasi-isomorphism, provided that either

(a) V € Cc(R), or
(b) X,Y € C-(R). 0

(3.8) Theorem. Let V =5 W be a quasi-isomorphism between R—complexes, where
each module in V and W has finite projective dimension or finite injective dimension. If
A € CH(R) is a complex of Gorenstein projective modules, then the induced morphism

Homp(A,V) — Homp(A, W)

is a quasi-isomorphism under each of the next two conditions.

(a) VW € C(R)
(b) VW € C5(R)

Proof. By proposition (3.6)(a) we may immediately reduce to the case, where A is a
Gorenstein projective module. In this case we have quasi-isomorphisms p: P = A
and v: A — P in C(R), where P € Co(R) and P € C(R) are complexes of projective
modules. More precisely, P and P are, respectively, the “left half” and “right half” of
a complete projective resolution of A.

Let T be any R—module of finite projective or finite injective dimension. Lemma (3.1)
implies that a complete projective resolution stays exact when the functor Hom g(—, T")
is applied to it. In particular, the induced morphisms

(1) Homp(p, T): Homp(A,T) — Hompg(P,T)
and
(2) Hompg(v,T): Homp(P,T) = Homp(A,T)

are quasi-isomorphisms.
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From (1) and proposition (3.7)(a) it follows that under assumption (a) both Hom g(u, V')
and Homp(u, W) are quasi-isomorphisms. In the commutative diagram

Homp(A,V) —— Homp(A, W)
Hom(u,V)l: :lHom(u,W)
Homp(P,V) —— Homp(P, W)

the lower horizontal morphism is obviously a quasi-isomorphism, and this makes the
induced morphism Homp(A, V) — Hompg(A, W) a quasi-isomorphism as well.
Under assumption (b), the induced morphism Homp(P,V) — Hompg(P,W) is
a quasi-isomorphism by proposition (3.6)(b). As the induced morphisms (2) are
quasi-isomorphisms, it follows by proposition (3.7)(b) that so are Hompg(v,V) and
Homp(v, W). Since the diagram

Homp(A,V) —— Homp(A, W)

Hom(u,V)T: :THom(u,W)

Hompg(P,V) — Hompg(P, W)

commutes, we conclude that also its top vertical morphism is a quasi-isomorphism. [

(3.9) Theorem. Let V =, W be a quasi-isomorphism between R—complexes, where

each module in V' and W has finite projective dimension or finite injective dimension.

If B € C(R) is a complex of Gorenstein injective modules, then the induced morphism
Hom (W, B) — Homp(V, B)

is a quasi-isomorphism under each of the next two conditions.

(a) V,W € C5(R)
(b) V,W € C.(R) 0

(3.10) Corollary. Assume that X ~ A, where A € C5(R) is a complex of Gorenstein
projective modules. If U ~ V, where V' € C-(R) is a complex in which each module
has finite projective dimension or finite injective dimension, then

RHomp(X,U) ~ Hompg(A, V).

Proof. Take an injective resolution U —— I, where I € C(R) consists of injective
modules, then RHomp(X,U) ~ Hompg(A,I). By, eg., [5, 1.1.I and 1.4.1] there is

also a quasi-isomorphism V — I. Whence, by theorem (3.8)(a) we immediately get

RHomp(X,U) ~ Homp(A,I) ~ Hompg(A, V). O

(3.11) Corollary. Assume that Y ~ B, where B € C-(R) is a complex of Gorenstein
injective modules. If U ~ 'V, where V' € C5(R) is a complex in which each module has
finite projective dimension or finite injective dimension, then

RHomp(U,Y) ~ Hompg(V,B). O

Next, we turn to tensor products and Gorenstein flat modules. The first lemma follows
by applying Pontryagin duality to lemma (3.4) for R°PP.



IV.18 LARS WINTHER CHRISTENSEN, ANDERS FRANKILD, AND HENRIK HOLM

(3.12) Lemma. Assume that X € C(R°P) and Y € C(R) with either X € Co(R°PP)
orY € Cc(R). fH(X; ®rY) =0 for all ¢ € Z, then H( X ®r Y) = 0. O

(3.13) Proposition. Consider a class 20 of R°PP—modules, and let a: X — Y be a
morphism in C(R), such that

Wepa: WarpX — WagY

is a quasi-isomorphism for every module W € 20.

Let W € C(R°PP) be a complex consisting of modules from 20. The induced morphism,
W@Ra: W@RX —>/VI7®RY,

is then a quasi-isomorphism, provided that either

(a) W € C5(R°PP), or
(b) X,Y € C-(R).

Proof. It follows immediately by lemma (3.12) that the mapping cone Cone (W ®p @) ~
W ®@p Cone (a) is exact under either assumption (a) or (b). O

(3.14) Theorem. Let V =5 W be a quasi-isomorphism between complexes of R °PP—
modules, where each module in V' and W has finite injective dimension or finite flat
dimension. If A € C5(R) is a complex of Gorenstein flat modules, then the induced
morphism

V®RA—>W®RA

is a quasi-isomorphism under each of the next two conditions.

(a) V,IW € C5(R)
(b) VW € C=(R)

Proof. Using proposition (3.13)(a), applied to R°PP, we immediately reduce to the
case, where A is a Gorenstein flat module. In this case we have quasi-isomorphisms
p: F =5 Aand v: A =5 F in C(R), where F € C5(R) and F € C-(R) are complexes
of flat modules. To be precise, F' and F are, respectively, the “left half” and “right
half” of a complete flat resolution of A. The proof now continues as the proof of
theorem (3.8); only using proposition (3.13) instead of (3.6) and (3.7), and lemma (3.3)
instead of (3.1). O

(3.15) Corollary. Assume that X ~ A, where A € C5(R) is a complex of Gorenstein
flat modules. If U ~ V', where V € CH(R°PP) is a complex in which each module has
finite flat dimension or finite injective dimension, then

UL X ~VogA

Proof. Choose a complex P € Co(R°PP) of projective modules, such that P ~ U ~ V.

There is then a quasi-isomorphism P — V, in C(R°PP), and it follows by theo-
rem (3.14)(a) that U@ X ~ PRr A~V ®@g A. O
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4. AUSLANDER AND BASs CLASSES

We can now prove the conjectured characterization of finite Gorenstein dimensions:
The objects in the Auslander class are exactly the complexes of finite Gorenstein pro-
jective/flat dimension. Similarly, the objects in the Bass class are the complexes of
finite Gorenstein injective dimension.

In particular, this section shows that the full subcategory, of D(R), of complexes of
finite Gorenstein projective/flat dimension is quasi-equivalent, by Foxby equivalence,
to the full subcategory of complexes of finite Gorenstein injective dimension.

Throughout this section, R is a commutative and noetherian ring.

(4.1) Proposition. If R admits a dualizing complex, then the Krull dimension of R is
finite, and there exists an integer S > 0, such that
(a) For all complexes X € A(R) and all modules M with fdr M < oo, we have
—inf RHomp(X, M) < S+ sup X.
(b) For all complexes X € A(R) and all modules N with idr N < oo, we have
sup (N ®% X) < S + sup X.
(c) For all complexes Y € B(R) and all modules N with idr N < oo, we have
—inf RHompg(N,Y) < S —infY.

Proof. To see that R has finite Krull dimension, it suffices to prove that FPD(R) < oo,
cf. (1.4.1). Let X be a non-trivial module of finite projective dimension, say p; then,
in particular, Ext},(X,T) # 0 for some module T, and it is easy to see that also
Ext%(X , M) # 0 for any module M which surjects onto T. Let M be a projective
module with this property. It is well-known that X belongs to the Auslander class
A(R). Thus, once we have established (a), it follows that

p = —inf RHompg(X, M) < S,
forcing FPD(R) < S < oc.

To prove (a), we start by noting that the inequality is obvious if X or M is trivial;
therefore, we may assume that H(X) # 0 # M. Let D denote the dualizing complex.
As X € A(R), it is, by definition, bounded. By assumption, M has finite flat dimension,
in particular, M € A(R). This allows us to perform the computation below.

— inf RHompg(X, M) = — inf RHom g (X, RHomg(D, D &% M))

—
~—

= —inf RHompg(D ®@% X, D @& M)

2)
< sup (D ®% X) +idp(D ®% M)

(3)
< supD +sup X + idg(D ®% M)

4)
<supD+supX +idg D —inf M

=supD +idr D + sup X.
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Here (1) is by adjunction; (2) follows by [10, (A.5.2.1)] as D ®% X is a bounded complex
with non-trivial homology; (3) follows from [10, prop. (3.3.7)(a)], while (4) follows
from [10, (A.5.8.3)]. By definition (1.1), the number sup D + idg D is finite, and the
proof of (a) is complete.

Parts (b) and (c) have similar proofs, and the computations show that all three parts
hold with S =sup D +idr D +amp D > 0. O

(4.2) Lemma. Assume that R admits a dualizing complex. If M is an R-module
satisfying

(a) M € A(R), and
(b) ExtR(M,Q) = 0 for all integers m > 0, and all projective R—-modules @),

then M is Gorenstein projective.

Proof. We are required to construct a complete projective resolution of M. For the left
half of this resolution, any ordinary projective resolution of M will do, because of (b).
In order to construct the right half, it suffices to construct a short exact sequence,

(1) 0—-M—P — M —0,

where P’ is a projective module and M’ also satisfies (a) and (b). The construction of
(1) is done in three steps.

1° First we show that M can be embedded in a module of finite flat dimension.
Pick a projective resolution, P, together with a bounded injective resolution, I, of the
dualizing complex D:

Co(R)> P = D = TIeCqR).

Since M € A(R), the complex P @ p M has bounded homology; in particular, P @ p M
admits an injective resolution,

PorM — J e C-(R).
Concordantly, we get quasi-isomorphisms
M — Hompg(P,P @ M) — Hompg(P,J) «— Hompg(I,.J),

where F' = Hompg(I,J) € C-(R) is a complex of flat modules. In particular, the
modules M and Ho(F') are isomorphic, and H/(F) = 0 for all £ # 0. Obviously, Ho(F')
is embedded in the cokernel C{" = Coker(F} — Fp), and C¥ has finite flat dimension
since

s P - Fy—Cl =0
is exact and F' € C(R). This proves the first claim.

2° Next, we show that M can be embedded in a flat (actually free) module. Note
that, by induction on pdy K, condition (b) is equivalent to

(b') Exty (M, K) =0 for all integers m > 0 and all modules K with pdp K < oco.
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By the already established 1° there exists an embedding M — C, where C' is a module
of finite flat dimension. Pick a short exact sequence,

(2) 0—-K—-L—-C—0,

where L is free and, consequently, fdg K < co. From proposition (4.1) we learn that R
is of finite Krull dimension; this forces pd K to be finite, and hence Ext}%(M ,K)=0
by (V). Applying Homp(M, —) to (2), we get an exact sequence,

Hompg(M, L) — Homp(M,C) — ExthL(M, K) = 0,
which yields a factorization,
M——C

L
As M < (' is a monomorphism, so is the map from M into the free module L.

3° Finally, we are able to construct (1). Pick a flat preenvelope ¢: M — F of M,
cf. [14, prop. 5.1]. By 2° the module M can be embedded into a flat module, L, forcing
also ¢: M — F to be a monomorphism,

0—>M——>F
Now choose a projective module P’ surjecting onto F', that is,

0-Z—-P S F->0

is exact. Repeating the argument above, we get a factorization

M—>F
a\\ Tﬂ'
Pl

and because g is injective so is 9. Thus, we have a short exact sequence
(3) 0-M% P — Mo

What remains to be proved is that M’ has the same properties as M. The projective
module P’ belongs to the Auslander class, and by assumption so does M. Since A(R)
is a full triangulated subcategory of D(R), also M' € A(R). Let @ be projective; for
m > 0 we have Extf(M,Q) = 0 = Ext}(P’,Q), so it follows from the long exact
sequence of Ext modules associated to (3) that Ext’y (M’, Q) = 0 for m > 1. To prove
that Ext}%(M @) = 0, we consider the right-exact sequence

Homp(P', Q) 22209, Homp(M, Q) — Exth(M’,Q) — 0.

Since @ is flat and ¢: M — F is a flat preenvelope, there exists, for each 7 €
Homp(M, Q), a homomorphism 7/: F' — @ such that 7 = 7/¢; that is, 7 = 7/70 =
Homp(9,Q)(7'7). Thus, the induced map Homp (9, Q) is surjective and, therefore,
Exth(M', Q) = 0. 0

(4.3) Theorem. Let R be a commutative and noetherian ring admitting a dualizing
complex. For any X € Do(R) the following conditions are equivalent:
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(i) X € A(R).
(i) Gpdp X is finite.
(ii) Gfdg X is finite.

Proof. By proposition (4.1) the Krull dimension dim R is finite, and (i) = (¢ii) there-
fore follows by proposition (2.11).

(#ii)=(7): If Gfdg X is finite, then, by definition, X is isomorphic in D(R) to a complex
A € Co(R) of Gorenstein flat modules. Pick a genuine bounded injective resolution

resolution I of the dualizing complex, D, together with a resolution, P, by finitely
generated projective modules,

Co(R)> P = D = 1TeCyR).

Let A\: P — I denote the composition P — D — I. By theorem (2.8) D ®% X
is bounded. Whence, to prove that X € A(R) we only need to show that the unit
evaluated on A, that is,

na: A — Homp(P,P ®r A)

is a quasi-isomorphism. To this end, consider the commutative diagram:

A A Homp(P,P Qp A)
l: :lHom(P,A@A)
RrA Hompg(P,I ®r A)
X?®Al: lep}A

~

Hompg(I,I) @ A m

We claim that all the morphisms in this diagram marked with the symbol “~” (the
maps forming a “horse shoe”) are quasi-isomorphisms, and hence, 4 must be the same.
Following the horse shoe counter-clockwise from A, we argue as follows:

e The map A =, R®g A is a trivial isomorphism.

e By definition (1.1) the morphism y%: R = Homp(I,I) is a quasi-
isomorphism. Note that R and Hompg(Z, I) belong to C—(R) and consist of flat
modules. Therefore, y¥ ®g A is a quasi-isomorphism; see e.g. [10, (A.4.1)].

e Since )\ is a quasi-isomorphism, so is Hompg(\, I). The complex Homp(Z, 1) is
bounded and consists of flat modules, while Hompg(P,I) € C-(R) consists of
injective modules. As A is a bounded complex of Gorenstein flat modules, it
follows by theorem (3.14)(b) that Hompg(\, I) ® g A is a quasi-isomorphism.

e By e.g. [10, (A.2.10)] wpr4 is a genuine isomorphism in C(R).

e It follows by theorem (3.14)(a) that the induced morphism A@ g A: PQprA —
I ®p A is a quasi-isomorphism, and hence so is Hompg(P,A @r A).
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(i) = (4): Assume that X € A(R). By proposition (4.1) there exists an integer S > 0
such that

—inf RHompg(X, M) < S+ sup X,
for all modules M with fdr M < oco. Set n = S + sup X, and note that n > sup X.
Take any complex A € C—(R) of Gorenstein projective modules, such that A ~ X. It

suffices to show that the cokernel C2 = Coker(A, 41 — A,) is a Gorenstein projective
module. By lemma (4.2) it is enough to prove that

(a) C4 € A(R), and
(b) EX‘C%(C,‘?, Q) = 0 for all integers m > 0, and all projective R—modules Q.

Consider the distinguish triangle,

Cp14 CnA N O ——=X(Cp14).
Since n > sup A, we have C,,A ~ A~ X € A(R). Moreover, note that
Gde( En_lA) < Gde( [n—lA) <n-—1< oo,

whence applying the already established implication (iii) = (i), we get C,—14 € A(R).
Evoking the fact that A(R) is a full triangulated subcategory of D(R), we conclude that
> CA and hence C2, belongs to A(R). This establishes (a).

To verify (b), we let m > 0 be any integer, and @) be any projective R—module. It is a
straightforward computation, cf. [10, lem. (4.3.9)], to see that

Ext}(C4, Q) = H (1) (RHomp(X,Q)),

for all m > 0. Since — inf (RHomg (X, Q)) < n, we conclude that Ext™(C2, Q) =0. O

Similarly, one proves the next two results linking complexes of finite Gorenstein injective
dimension to the Bass class.

(4.4) Lemma. Assume that R admits a dualizing complex. If N is an R-module
satisfying

(a) N € B(R), and
(b) Ext%(J,N) =0 for all integers m > 0, and all injective R—modules J,

then N is Gorenstein injective. (I

(4.5) Theorem. Let R be a commutative and noetherian ring admitting a dualizing
complex. For any Y € D-(R) the following conditions are equivalent:

(i) Y € B(R).
(i) GidrY is finite. O
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5. STABILITY RESULTS

We now apply the functorial characterization from the previous section to show that
finiteness of Gorenstein dimensions is preserved under a series of standard operations.
Our first theorem is a Gorenstein version of Gruson, Raynaud, and Jensen’s classical
result.

In this section all rings are commutative and noetherian.

(5.1) Theorem. If R admits a dualizing complex, then, for any complex X € D+(R),
there is a biimplication

Gfdp X <00 & GpdgpX < oo.

Proof. This is just a reformulation of theorem (4.3). O

While the general result by Gruson, Raynaud, and Jensen is deep, a simple proof exists
when R, in addition, admits a dualizing complex, cf. [21, thm. 2.6 and proof of cor. 3.4].
The situation may be similar for the Gorenstein version, so we ask whether theorem
(5.1) also holds under the weaker assumption that R has finite Krull dimension?

(5.2) Theorem. Let R —*, S be a local homomorphism. If R admits a dualizing
complex, then the following hold,

Gdimp <oo & GifdpS <oo & GpdiS < oo.

Proof. As R admits a dualizing complex [6, thm. (4.3)

| yields that G-dim ¢ < oo
precisely when S € A(R). It remains to invoke theorem (4.3

. O

(5.3) Theorem. Assume that R admits a dualizing complex, and let E be an injective
R-module. For any Y € D-(R) we have,

Gde HOHIR(Y, E) S GldR Y,
and equality holds if E' is faithful.

Proof. As in the proof of theorem (2.10) it suffices to prove that if N is Gorenstein
injective, then Homp(N, E) is Gorenstein flat, and that the converse holds, when E is
faithfully injective.

Write —Y = Hompg(—, E) for short, and set d = FFD(R), which is finite by (1.4.1) and
proposition (4.1). From theorem (2.8) we are informed that if C' is any module with

Gfdr C' < oo then, in fact, Gfdr C < d.

Now assume that NN is Gorenstein injective, and consider the left part of a complete
injective resolution of NV,

(1) 0—-Cyj—1I4 14— —Iy— N—=0.
The Iy’s are injective R—modules and Cj; is Gorenstein injective. In particular, Cy €

B(R) by theorem (4.5) and C; € A(R) by [10, lem. (3.2.9)(b)], so GfdrC) < d.

Applying the functor — to (1) we obtain the following exact sequence:

0—>NV—>IOV—>---—>IdV_1—>CdV—>O,
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where the I,"’s are flat R—modules. From theorem (2.8) we conclude that NV is Goren-
stein flat.

Finally, we assume that F is faithfully injective and that NV is Gorenstein flat, in
particular, NV € A(R). This forces N € B(R), again by [10, lem. (3.2.9)(b)], that is,
Gidg N is finite. By lemma (2.14) there exists an exact sequence

0—-B—H—N-—0,

where B is Gorenstein injective and idgr H = Gidgr N. By the first part of the proof,
BV is Gorenstein flat, and by assumption, so is NV. Therefore, exactness of

0—-NY—HY—-BY—0

forces HY to be Gorenstein flat by the resolving property of Gorenstein flat modules,
cf. [29, thm (3.7)]. In particular, Gidg N = idg H = fdg HY = Gfdg H" = 0. O

As an immediate corollary we get:

(5.4) Corollary. Assume that R admits a dualizing complex, and let F' be a flat R—
module. For any Y € D-(R) we have,

Gidg(Y ®k F) < Gidr Y,
and equality holds if F' is faithful. O

(5.5) Theorem. Let R -2, S be a ring homomorphism, and assume that R admits a
dualizing complex D. If ¢ is of finite flat dimension and D ®% S is a dualizing complex
for S, then the following hold for X € D5(R) and Y € D (R):
(a) Gfdp X <00 = Gfdg(X @k 9) <o
(b) GidpY < oo = Gidg(Y ®%S) < 0

Both implications may be reversed under each of the next two extra conditions:

(1) ¢ is faithfully flat.
(2) ¢ is local, and both X and Y have finite homology.

Proof. We only prove the statements for the Gorenstein injective dimension, as the
proof for the Gorenstein flat dimension is similar.

By assumption, & = D ®% S is a dualizing complex for S. In view of the main theorem
(4.5), we just need to see that that the base changed complex Y ®% S belongs to B(S)
when Y € B(R). But this is just a special case of [11, prop. (5.9)], from where it also
follows that the implication may be reversed when ¢ is faithfully flat.

Next, let ¢ be local, Y € DL (R), and assume that Y ®% S € B(S). The aim is now to

show that Y € B(R). Since the completion maps R — R and S — S are faithfully
flat, we may, by what we have already proved, reduce to the case where both R and S
are complete local rings. In this setting ¢ admits a Cohen factorization

R/
X
S,

R ®
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see [7, thm. (1.1)]. The intermediate ring R’ is complete and local, so it admits a
dualizing complex D’. From [6, (8.8)] it follows that the surjective homomorphism
R’ — S is Gorenstein, and consequently, £ ~ D’ ®%, S.

The homomorphism R — R’ is local and flat, hence faithful, whence it suffices to
prove that Z7 =Y ®% R’ belongs to B(R’). The remainder of the proof is built up
around two applications of Iversen’s amplitude inequality, which is now available for
unbounded complexes [24, thm. 3.1]. The amplitude inequality yields

amp(RHomp/ (D', 7)) < amp(RHomp (D', Z) ®ﬁ/ S),
which allows us to conclude that RHom g/(D’, Z) is bounded, as S is a finitely generated
R’'-module of finite projective dimension. The right-hand side is finite as
RHomp (D', Z) ®% S ~ RHomp (D', Z ®%, S)
~ RHomp (D', Y @k 9)
~ RHomg(E,Y ®% 9)

Here the first isomorphism is tensor-evaluation, the second uses associativity of the
tensor product, and the third follows by adjointness. The complex RHomg(FE,Y ®% S)
is bounded, as Y ®% S € B(S). Finally, consider the commutative diagram

.
E @% RHomg(E, Z ®%, S) <ZZ;LS D' ®% RHomp (D', Z ®%, S)
Ez®le: :lD/(@LwD/ZS
Ze% S (D' ®% RHomp (D', Z)) ®%, S,

Ez®LS
where Yx@Lis is a natural isomorphism induced by adjointness. The diagram shows

that ez ®% S is an isomorphism. As D’ ®% RHomp (D', Z) has degreewise finite
homology, we may apply [30, prop. 2.10], which uses the extended Iversen’s amplitude
inequality, to conclude that the counit €z is an isomorphism. O

(5.6) Localization. Working directly with the definition of Gorenstein flat modules
(see [10, lem. (5.1.3)]), it is easily verified that the inequality

(1) Gfdgr, X, < Gfdp X
holds for all complexes X € D-(R) and all prime ideals p in R.

Turning to the Gorenstein projective and injective dimensions, it is natural to ask if
they also localize. To be precise, we ask if the inequalities

(2) Gpdg, Xp < Gpdp X and
(3) Gidg, Y; < Gidg Y.
hold for all complexes X € D5(R) and Y € D (R).

When R is local and Cohen—Macaulay with a dualizing module, Foxby settles the
question affirmatively in [23, cor. (3.5)]. Recently, Foxby proved (2) (in an unpublished
note) for any commutative, noetherian ring of finite Krull dimension. Unfortunately, it
is not clear how to employ the ideas of that proof to get a proof of (3). Thus, it remains
an open question if (3) holds in general, but we have the following partial result:
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(5.7) Proposition. Assume that R admits a dualizing complex. For any complex
Y € D-(R) and any prime ideal p in R, there is an inequality

Gidg, Y, < Gidg Y.

Proof. It suffices to show that if IV is a Gorenstein injective R-module, then N, is a
Gorenstein injective Ry-module. This is proved in the exact same manner as in [23,
cor. (3.5)] using main theorem (4.5). O

(5.8) Local cohomology. Let a be an ideal in R. In this paragraph, we consider the
right derived local cohomology functor with support in a, denoted RI'4(—), together
with its right adjoint LA%(—), the left derived local homology functor. The usual local
cohomology functors are recovered as H(—) = H_y RTq(—).

Recall from [22, thm. 6.5], or see paragraph (5.10) below, that derived local cohomology
(with support in any ideal a) sends complexes of finite flat dimension (respectively, finite
injective dimension) to complexes of finite flat dimension (respectively, finite injective
dimension). We close this section by proving a Gorenstein version of this result:

(5.9) Theorem. Let a be any ideal in R, and let X,Y € D(R). Then
(a) Gidp X <0 = GfdgRI'\X < oo,

and, if R admits a dualizing complex, also

(b) GidrY <00 = GidgRIY < ooc.

When R has a dualizing complex, and a is in the radical of R, then both implications
may be reversed for X,Y € DL (R).

This theorem is used by Iyengar and Sather-Wagstaff in their proof of [30, thm. 8.7].
In section 6 we shall use local homology to prove a Gorenstein version of Chouinard’s
formula for injective dimension, see theorem (6.9). Before we go on with the proof of
theorem (5.9), we need some preparations.

(5.10) Representations of local (co)homology. Local cohomology may be repre-
sented on D(R) as

(5.10.1) R, (—) ~ RIGR®k —,

and RI'GR is isomorphic in D(R) to the so-called Cech, or stable Koszul, complex on
a. In particular, RI'4R has finite flat dimension, so we immediately see that RI'q(—)
preserves homological boundedness as well as finite flat and finite injective dimension.

Local homology may be represented on D(R) as
(5.10.2) LA%(—) ~ RHompg(RI'4R,—).

This representation was discovered by Greenlees and May in [27] and investigated fur-
ther by Alonso, Jeremias and Lipman in [1]. By the Gruson—Raynaud—Jensen theorem,
also the projective dimension of RI'¢R is finite, and hence LA%(—) preserves homolo-
gical boundedness together with finite flat and finite injective dimension.
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(5.11) Observation. For all complexes X,Y € D(R) and X’ € D5(R) there are iso-
morphisms:

(5.11.1) a:RT(X@kY) = X @k RILY,

(5.11.2) B : R RHomp(X'Y) — RHomp (X', RI.Y).

In particular, if R admits a dualizing complex D, then we have isomorphisms:
(5.11.3) o: R[4 RHomg(D,D @% X) — RHomg(D, D @% RI'xX),
(5.11.4) p: RT4(D @% RHomg(D,Y)) — D ®% RHomg(D,RI,Y).

First note that « is immediate by (5.10.1). In view of this representation, 3 is essentially
the tensor evaluation morphism, which is invertible in D(R), as X’ has finite homology
and RI'4R is of finite flat dimension. See also [22, prop. 6.1]. The last two isomorphisms
follow by composing o and S.

Proof of theorem (5.9). The first implication, (a), is immediate: The complex RI' R
is isomorphic in D(R) to the Cech complex, cf. (5.10), whence it follows by (5.10.1)
and [10, thm. (6.4.5)] that RI'4(—) preserves finite Gorenstein flat dimension.

To show (b), assume that Y € B(R). By (5.11.2) the complex RHompg(D,RI';Y) is
isomorphic to RI'y RHompg(D,Y). And since both Y and RHompg(D,Y") are bounded
so are RI';Y and RHomp(D,RI',Y). It is easily verified that the diagram

~

RIY —— RI4(D ®k RHomg(D,Y))
aty
| |
RI,Y <" D@L RHomp(D, RT,Y).

is commutative, and it follows that the counit egr,y is an isomorphism in D(R). In
total, RI';Y belongs to B(R). The implication (b) is now immediate by the main
theorem (4.5).

The second half of the proof is propelled by two powerful isomorphisms connecting
derived local cohomology with derived local homology. They read as follows: For all
X,Y € D(R) the next two morphisms

(1) Jx : LARI.X — LA®X,
(2) Ty : R[GY — RI,LAY,

are isomorphisms, see [1, p. 6, cor., part (iii) and (iv)]. Furthermore, for Z € DL (R)
there is an isomorphism:

(3) LA‘Z ~ Z®Y R, ~ Z®gR,,
where R, denotes the a-adic completion of R; see [25, prop. (2.7)].

Now, assume that a is in the radical of R, that Y € D5(R), and that R[',Y € B(R).
We are required to show that also Y € B(R).

First, we show that RHompg(D,Y) is bounded. As LA%(—) preserves homolo-
gical boundedness we get that LA®RHomp(D,RI',Y) is bounded since, already,
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RHompg(D,RI',Y) is. Observe that
LA®RHomp(D, RI,Y) ~ RHomp(D, LASRI,Y)
~ RHompg(D,LA®Y)
~ RHomg(D,Y ®% R,)
~ RHomp(D,Y) ®% R,.

Here the first isomorphism is adjointness in conjunction with (5.10.2), the second is
due to (1), and the third is due to (3). As a is in the radical of R, the completion R,
is a faithful flat R—module by [34, thm. 8.14]. Thus, the last isomorphism follows from
tensor evaluation, cf. [10, (A.4.24)], and faithful flatness allows us to conclude that the
homology of RHompg(D,Y") is bounded. Moreover, it follows by [6, (1.2.1) and (1.2.2)]
that D ®% RHompg(D,Y) belongs to DL(R).

We proceed by considering the commutative diagram

LA®RI,Y <—— LA%(D @% RHompg(D,RIY))

LA%err,vy
NTW .
Iy |~ LA*RI (D ®% RHompg(D,Y))
:\LJD@)LRHom(D,Y)
LAY ———="  LAYD % RHomga(D,Y)),

from which we deduce that LA%jy is an isomorphism. Now, since D ®% RHompg(D,Y)
belongs to ij (R), it follows by (3) that we may identify LA%y with ey ® g R,. Whence,
the counit ey is an isomorphism by faithful flatness of R;.

In the presence of a dualizing complex, a similar argument shows that also (a) may be
reversed, if X belongs to D5 (R) and a is in the radical of R. O

6. BASS AND AUSLANDER—BUCHSBAUM FORMULAS

The main theorems in section 2 give formulas for measuring Gorenstein dimensions.
We close this paper by establishing a number alternative formulas that allow us to
measure or even compute Gorenstein dimensions. Prime among these are Gorenstein
versions of the celebrated Bass formula and Chouinard’s non-finite versions of the Bass
and Auslander—Buchsbaum formulas.

Throughout this section, R is a commutative and noetherian ring.

(6.1) Width. Recall that when (R, m, k) is local, the width of an R—complex X €
D5 (R) is defined as

widthg X = inf (k % X).
There is always an inequality,
(6.1.1) widthp X > inf X,
and by Nakayama’s lemma, equality holds for X € DL (R).
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(6.2) Proposition. Let R be local. For any Y € Dg(R) the following inequality holds,
GidrY > depth R — widthp Y.

In particular,
GidrY > depth R —inf Y,
for Y € DL (R).

Proof. Set d = depth R and pick an R-regular sequence £ = x1,...,x4. Note that the

module 7' = R/(x) has pdr T = d. We may assume that Gidg Y < oo, and the desired
inequality now follows from the computation:

1
GidrY > —inf RHompg(7T,Y)

)
> — widthg RHomg(T,Y")

D pdp T — widthp Y

= depth R — widthr Y.

Here (1) follows from theorem (2.5); (2) is (6.1.1), while (3) is by [12, thm. (4.14)(b)].
(]

(6.3) Observation. Assume that R admits a dualizing complex. For Y € DL(R) it
follows by theorems (2.10), (5.3), and (2.12) combined with (1.2.1) that

GidpY <0 & GidrYT <o < GpdpY' < .

(6.4) Theorem. Assume that R is local and admits a dualizing complex. For any
complex Y € DfD (R) of finite Gorenstein injective dimension, the next equation holds,

GidrY = depth R — inf Y.

In particular,
Gidg N =depth R

for any finitely generated R—module N of finite Gorenstein injective dimension.

Proof. By proposition (6.2) we only need to show the inequality
GidrY < depth R —infY.

By dagger duality (1.2.1) we have GidrY = Gidgr YT, and by theorem (2.5) there
exists an injective R-module J, such that Gidg YT = —inf RHompg(J,YTT). In the
computation,

2)
Gidp Y 2 —inf RHomg(Y', J7) < Gpdy Y — infJt

(3) (4)
< Gpdp YT+ Gidg D < GpdpY'+idg D,

(1) is by adjointness; (2) is by theorem (2.2), as JT is a complex of finite flat dimension
and hence of finite projective dimension; (3) follows from theorem (2.5), and (4) is
trivial.
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By observation (6.3) Gpd Y is finite, and since YT has finite homology, it follows
from theorem (2.12)(b) and [10, thm. (2.3.13)] that Gpdy YT = depth R — depthy Y.
Thus, we may continue the computation as follows:

GidrY < depth R — depthp YT +idg D

©) gepth R — inf Y — depthp D + idg D

© depth R — inf Y.

Both (5) and (6) stem from well-known properties of dualizing complexes, e.g. see [11,
3.1(a) and 3.5]. O

A dualizing complex D for R is said to be normalized if inf D = depth R, cf. [6, (2.5)].
This language is justified by formulas like: depthpY = inf YT, which holds for all
Y € DfD (R) when the dagger dual YT is taken with respect to a normalized dualizing
complex, see e.g. [11, 3.1(a) and 3.2(b)].

(6.5) Corollary. If R is local and D is a normalized dualizing complex for R, then the
next equalities hold for all Y € DY (R),

GidgY = Gpdp YT = Gfdg YT,
where Y1 = RHompg (Y, D).

Proof. By observation (6.3) the three dimensions GidrY, Gpdg YT, and Gfdp YT are
simultaneously finite, and in this case, dagger duality (1.2.1) and theorem (6.4) give:

GidgY = Gidg YT = depth R — inf YTT = depth R — depthp YT,

where the last equality uses that the dualizing complex is normalized. By [10,
thm. (2.3.13)] we have G-dimrY'T = depthR — depthrp YT, and G-dimpYT =
Gpdg YT = Gfdgr YT by theorem (2.12). O

In [9] Chouinard proves that

idg N = sup { depth R, — widthg, Ny | p € Spec R}
for any R—module N of finite injective dimension and, dually,

fdg M = sup { depth R, — depthp, M, | p € Spec R}

for any module M of finite flat dimension. Later, Foxby [20] (for flat dimension) and
Yassemi [41] (for injective dimension) extended these results to complexes.

We now extend these formulas to also encompass the Gorenstein injective and Goren-
stein flat dimensions. However, in the Gorenstein injective case, we have to assume
that the base ring admits a dualizing complex.

The first result in this direction is inspired by Iyengar and Sather-Wagstaft’s [30,
thm. 8.6].
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(6.6) Theorem. Assume that (R, m,k) is commutative, noetherian and local, admit-
ting a dualizing complex; and let Eg(k) denote the injective hull of the residue field.
For any complex Y € Do(R) of finite Gorenstein injective dimension, the next equality
holds,

widthrp Y = depth R + inf RHompg(Eg(k),Y).

In particular, widthr Y and inf RHompg(Eg(k),Y) are simultaneously finite.

Proof. By theorem (4.5) we have Y € B(R); in particular, we may write
Y ~ D ®@% RHomg(D,Y).

Furthermore, we can assume that D is a normalized dualizing complex, in which case
we have RI'D ~ Eg(k). The conclusion is reached by computing as follows

widthg Y = widthg(D @% RHompg(D,Y))

W widthg D + widthg RHomg(D, Y)

® inf D + inf LA™ RHomp (D, Y)

® depth R + inf RHom (RTwD, Y)

= depth R + inf RHompg (Er(k),Y).

Here (1) follows from e.g. [10, (A.6.5)]; (2) is by (6.1.1) and [25, thm. (2.11)], while (3)
follows from (5.10.1) and (5.10.2). O

Over a local ring, proposition (6.2) provides an upper bound, Gidg Y, for the difference
depth R — widthr Y. We can now give a lower bound.

(6.7) Corollary. Assume that (R, m,k) is commutative, noetherian and local, admit-
ting a dualizing complex. If Y € Dg(R) is a complex of finite Gorenstein injective
dimension and finite width, then

depth R — widthgr Y > —supY.
In particular, if N is a Gorenstein injective module of finite width, then

widthp N = depth R.

Proof. Since widthr Y is finite, theorem (6.6) forces the complex RHompg(Egr(k),Y)
to have non-trivial homology. Furthermore, Y itself also has non-trivial homology, so
s =supY is finite. If we set g = GidrY’, then theorem (2.5) implies the existence of
complex B ~Y,
B=0—-Bs—Bs1—-+—B_4—0,

in which all modules are Gorenstein injective. From corollary (3.11) we learn that
RHompg(Egr(k),Y) is isomorphic to Homg(Eg(k), B) in D(R); the latter complex ob-
viously has inf Homg(Egr(k), B) < s. Therefore, theorem (6.6) yields

depth R — widthr Y = —inf RHompg(Eg(k),Y) > —s = —supY.

Finally, consider the case where Y = N is a Gorenstein injective module. The inequality
just established gives depth R — widthg N > 0, and proposition (6.2) gives depth R —
widthg N < 0. O
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(6.8) Corollary. Assume that (R, m,k) is commutative, noetherian and local, admit-
ting a dualizing complex D. If D is normalized, and Y € DfD(R) is a complex of finite
Gorenstein injective dimension, then

GidpY = —inf RHomp(Eg(k),Y) = — widthy RHomp(D,Y)
= —inf RHompg(D,Y).

Proof. The first equality comes from the computation,

GidpY ¥ depth R — inf Y = depth R — widthgY & — inf RHomp(Er(k), Y).

Here (1) is the Bass formula from theorem (6.4), while (2) is theorem (6.6). For the
last equalities, we note that

RHompg(Eg(k),Y) ~ RHomgz(RI'wD,Y)
~ LA™ RHompg(D,Y)
~ RHompg(D,Y) @k R,

where the last isomorphism hinges on the fact that RHompg(D,Y') has finite homo-

logy, so we may apply (3) from page IV.28. Since R is faithfully flat, the complexes
RHompg(Egr(k),Y) and RHompg(D,Y') must have the same infimum. O

(6.9) Theorem. Assume that R is commutative and noetherian admitting a dualizing
complex. For a complex Y € Dg(R) of finite Gorenstein injective dimension, the next
equality holds,

GidrY = sup {depth R, — widthpg, Y, | p € Spec R}.
Proof. First we show the inequality “>". For any prime ideal p in R, propositions (5.7)
and (6.2) give the desired inequality,
GidrY > Gidg, Yy, > depth R, — widthpg, Y.

For the converse inequality, “<”, we may assume that H(Y") # 0, i.e. the amplitude
a =ampY is a non-negative integer. Since

Gidgp(X°Y) = GidgY —s and  widthg, (X°Y), = widthg, Y} + s,
we may assume that supY = 0, and hence inf Y = —a.
Set g = Gidr Y. The proof now proceeds by induction on the amplitude a > 0.

Case a = 0: In this case Y ~ N, where N is a non-zero module. We need to show
that

sup { depth Ry, — widthg, Ny |p € Spec R} > g.
First, we prove that
sup { depth R, — widthg, Ny |p € Spec R} > 0.

To see this, we note that by [22, lem. 2.6] there exists a prime ideal p in R, such that
the homology of k(p) ®%p Ny is non-trivial; in particular,

widthg, Ny = inf (k(p) @ N)
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is finite. On the other hand, the Gorenstein injective dimension of IV, is finite by
proposition (5.7), and therefore corollary (6.7) implies that

depth R, — widthg, N, > 0.

Thus, if ¢ = 0 we are done, and we may in the following assume that g > 0. To conclude
this part of the proof, it suffices to show that there exists a prime ideal p, such that

Torfgpth Ry _g(k(P% Np) # 0, in which case
widthg, Ny = inf {m | Torn? (k(p), Np) # 0} < depth Ry — g.

By lemma (2.14) there is an exact sequence, 0 — B — H — N — 0, where B is
Gorenstein injective and idr H = g. By Chouinard’s formula for the classical injective
dimension, there exists a prime ideal p, such that

g = idg H = depth Ry, — widthg, Hy;
in particular,
R,
Toryepen r, —g(k(p), Hp) # 0.

Applying k(p) ®r, — to the short exact sequence 0 — By, — Hp, — N, — 0, we obtain
an exact sequence

- Torg iy g (F(P) By) — Torgh s (k(p), Hy)
— Torgd g ((p), Np) — -
Whence, it suffices to show that Torfgpth Rpig(k:(p), By) = 0. By corollary (6.7) we have
inf {m | Tory? (k(p), By) # 0} = widthg, B, > depth Ry,
and since g > 0 this forces Torfgpth Rpig(k:(p), By) = 0.
Case a > 0: By the induction hypothesis,
GidrY" = sup { depth R, — widthp, Y, | p € Spec R}

for all Y/ € Dg(R) with finite Gorenstein injective dimension and ampY”’ < a. Since
—infY =a > 0, we also have g = Gidr Y > 0. By theorem (2.5) there exists a complex
B~Y,

B=0—-By—-B_.1—-—DB_,—--—B_4—0,

in which all modules are Gorenstein injective, and we may assume that ¥ = B. Con-
sider the short exact sequence of complexes,

0 — By— B— B'—0,

where B’ = £_1B. Obviously, amp B’ < a and Gidg B’ < oo; and the induction
hypothesis yields the existence of a prime ideal p, such that

(1) Gidg B' = depth R, — widthp, B).

We claim that Gidg B’ = g: Clearly, Gidgr B’ < g. To show the opposite inequality, it
suffices, by theorem (2.5), to show the existence of an injective R—module J with

H_,(RHomp(J, B')) # 0.
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Since Gidg B = g there, indeed, exists an injective module J with
—inf RHompg(J, B) = g. The long exact sequence,

- — H_4(RHomg(J, By)) — H_4(RHompg(J, B))
— H_,(RHompg(J,B")) — -+,

now gives the desired conclusion, as H_,(RHomg(.J, By)) = 0 by theorem (2.5) because
g > 0. Now, (1) tells us that

widthpg, B{g = inf {m | Hy,,(k(p) ®Ep B]’g) # 0} = depth R, — g,
in particular, Haeptn g, —g(k(p) ®%p B{g) # 0. We need to prove that widthg, By <
depth R, — g. By the long exact sequence,
M— Hdeptthfg(k(p) ®%p BP) I Hdeptth fg(k(p) ®%p B]Io)
— Haepth &, —g—1(k(p) @F, (Bo)p) — -+,
it is sufficient to show that Haeptn r,—g—1(k(p) ®%p (Bo)p) = 0. But this is clear, as
inf (k(p) @} (Bo)p) = widthg, (Bo)y > depth R, by corollary (6.7). O

The next result offers a peculiar application of the previous theorem.

(6.10) Theorem. Assume that R is commutative and noetherian admitting a dualizing
complex. A filtered direct limit of Gorenstein injective R—modules is then Gorenstein
injective.

Proof. Let B; — Bj be a filtered, direct system of Gorenstein injective modules. By
theorem (4.5) all the B;’s belong to B(R), and it is straightforward to verify that also
the limit liL>nB,~ belongs to the Bass class. In particular, Gid Rli_rr}l B; < .

Since tensor products and homology commute with direct limits, we have
WidthRp (th(Bz)p) > inf {Widtth (Bz)p} ,
for each prime ideal p. By theorem (6.9) we now have
Gidg lim B; = sup { depth Ry, — widthpg, (lim B;),, | p € Spec R}
< sup { depth Ry, — inf{widthpg, (B;)p} | p € Spec R}
= sup {sup { depth Ry, — widthg, (B;), | p € Spec R} }

=sup{Gidg B;} =0. [

Next, we turn to the Gorenstein flat parallel of theorem (6.9). It turns out that this
case is much easier than the Gorenstein injective one, since several results are already
available. Furthermore, we do not have to assume that the base ring admits a dualizing
complex.

(6.11) Theorem. Assume that R is commutative and noetherian. For a complex
X € Dg(R) of finite Gorenstein flat dimension, the next equality holds,

Gfdp X = sup{depth Ry — depthp X, |p € Spec R}.
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Proof. First we prove the inequality “>”. Recall from [12, def. (2.1)] that the restricted
flat dimension of a complex X € Do(R) is defined as

RfdgX = sup {sup (T ®% X) | T is a module with fdg T < oo}.
By [12, thm. (2.4)(b)] the restricted flat dimension always satisfies the formula,
Rfdg X = sup{depth Ry, — depthp, X, [p € Spec R}.

Comparing the definition of restricted flat dimension with theorem (2.8)(ii), we imme-
diately get the inequality

Gfdr X > RfdgX.

Next, we turn to the opposite inequality “<”. We may assume that H(X) # 0, whence
the amplitude ¢ = amp X is a non-negative integer. We may even assume that inf X =
0 and sup X = a. The proof now proceeds by induction on the amplitude a > 0.

Case a = 0: This is exactly the content of [29, thm. (3.19)].

Case a > 0: Similar to the inductive step in the proof of theorem (6.9) (note that is
does not require the presence of a dualizing complex). O

(6.12) Remark. In [30, thm. 8.8] Iyengar and Sather-Wagstaff give a different proof
of theorem (6.11), cf. [30, 8.3].

Their proof employs theorem (4.3) together with [30, thm. 8.7]. Note that theorem
(6.6) is a parallel to [30, thm. 8.7]; using the same idea as in the proof of theorem (6.6)
we now give a short proof of [30, thm. 8.7] without resorting to theorem (5.9).

(6.13) Theorem. Assume that (R, m, k) is commutative, noetherian, and local; and
let Er(k) denote the injective hull of the residue field. For a complex X € Dg(R) of
finite Gorenstein flat dimension, the next equality holds,

depthy X = depth R — sup (Eg(k) ®% X).
In particular, depthy X and sup (Eg(k) @% X) are simultaneously finite.

Proof. As in the first part of the proof of [30, thm. (8.6)], we may reduce to the complete
case. In particular, we may assume that R admits a (normalized) dualizing complex

D.

The rest of the proof is parallel to the proof of theorem (6.6); the computation goes as
follows:

depthp X = depthr(RHompg(D, D ®% X))

Y Sidthy D + depth (D ®% X)

@ inf D — sup RTw(D % X)

= depth R — sup (Eg(k) @k X).

Here (1) follows from e.g. [10, (A.6.4)], and (2) is due to Grothendieck’s well-known
vanishing results for local cohomology. O
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(6.14) Corollary. Assume that (R,m,k) is commutative, noetherian, and local. If
X € DL(R) is a complex with finite Gorenstein flat dimension, then

Gfdg X = sup (Er(k) ®% X).

If, in addition, D is a normalized dualizing complex for R, then

Gfdg X = —depthg(D @k X). O
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COHEN-MACAULAY INJECTIVE, PROJECTIVE, AND
FLAT DIMENSION

HENRIK HOLM AND PETER JORGENSEN

ABSTRACT. We define three new homological dimensions — Co-
hen-Macaulay injective, projective, and flat dimension — which
inhabit a theory similar to that of classical injective, projective,
and flat dimension. Finiteness of the new dimensions character-
izes Cohen-Macaulay rings with dualizing modules.

1. INTRODUCTION

The classical theory of injective, projective, and flat dimension has
had great success in commutative algebra. In particular, it has been
very useful to know that finiteness of these dimensions characterizes
regular rings.

Several attempts have been made to mimic this success by con-
structing homological dimensions whose finiteness would characterize
other rings than the regular ones. These efforts have given us complete
intersection dimension, Gorenstein dimension, and Cohen-Macaulay
dimension.

The normal practice has not been to mimic all three classical dimen-
sions, but rather to focus on projective dimension for finitely generated
modules. Hence complete intersection dimension and Cohen-Macaulay
dimension only exist in this restricted sense, and the same used to be
the case for Gorenstein dimension.

However, recent years have seen much work on the Gorenstein the-
ory which now contains both Gorenstein injective, projective, and flat
dimension. These dimensions inhabit a nice theory similar to the clas-
sical one. A good summary is in [2], although this reference is already
a bit dated.

The purpose of this paper is to do something similar in the Cohen-
Macaulay case. So we define Cohen-Macaulay injective, projective,
and flat dimension, and show some central properties.

2000 Mathematics Subject Classification. 13D05, 13D25.
Key words and phrases. Semi-dualizing module, Gorenstein homological dimen-
sion, Cohen-Macaulay homological dimension.
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Our main result is theorem 5.1 which lists a large number of finite-
ness conditions on the Cohen-Macaulay dimensions, and shows that
they are all equivalent to the ground ring being Cohen-Macaulay with
a dualizing module. As a sample of further possibilities, there is also
an Auslander-Buchsbaum formula for Cohen-Macaulay projective di-
mension, see theorem 5.5.

As tools to define the Cohen-Macaulay dimensions, we use “ring
changed” Gorenstein dimensions. If A is a ring with a dualizing mod-
ule C, then we can consider the trivial extension ring A x C, and if
M is a complex of A-modules, then we can consider M as a complex
of (A x C)-modules and take “ring changed” Gorenstein dimensions
of M over A x C. We shall develop the theory of these dimensions
further in [8]. The present paper only refers to results from [8] at the
end, in the proofs of lemma 5.3 and theorem 5.4.

The paper is organized as follows: Section 2 defines the Cohen-
Macaulay dimensions. Section 3 studies the trivial extension ring A x
C when C is a semi-dualizing module for A. Section 4 gives some
bounds on the injective dimension of C'. And finally, section 5 studies
the Cohen-Macaulay dimensions and proves the results we have stated.

Setup 1.1. Throughout, A is a commutative noetherian ring. Com-

plexes of A-modules have the form
c— My — My — My — -,

and the words “right-bounded” and “left-bounded” are to be under-
stood relative to this.

2. HOMOLOGICAL DIMENSIONS

Definition 2.1. Let C be an A-module. The direct sum A @ C can
be equipped with the product

(5)- () = (s )

This turns A @ C into a ring which is called the trivial extension of A
by C' and denoted A x C.

There are ring homomorphisms
A — AxC — A,

o — (5)
(1) =
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whose composition is the identity on A. These homomorphisms allow
us to view any A-module as an (A X C)-module and any (A x C)-
module as an A-module, and we shall do so freely.

In particular, if M is a suitably bounded complex of A-modules, we
can consider the “ring changed” Gorenstein dimensions

Gidaxe M, Gpdyo M, and Gidgxe M.

Before the next definition, recall that a semi-dualizing module C
for A is a finitely generated module for which the canonical map
A — Homy(C,C) is an isomorphism, while Ext%(C,C) = 0 for
each ¢ > 1. Equivalently, C' is a finitely generated module so that
the canonical morphism A — RHomy(C, C) is an isomorphism in
the derived category D(A). An example of a semi-dualizing module
is A itself. The theory of semi-dualizing modules (and complexes) is
developed in [3].

Definition 2.2. Let M and N be complexes of A-modules so that
the homology of M is bounded to the left and the homology of N is
bounded to the right.

The Cohen-Macaulay injective, projective, and flat dimensions of
M and N over A are

CMidg M = inf { Gidaxc M | C is a semi-dualizing module },
CMpd, N =inf { Gpdo N | C is a semi-dualizing module },
CMfdy N = inf { Gfdaxc N | C is a semi-dualizing module }.

3. LEMMAS ON THE TRIVIAL EXTENSION

Lemma 3.1. Let C' be an A-module.
(1) If I is a (faithfully) injective A-module then Hom4(A x C, 1)
is a (faithfully) injective (A x C)-module.
(2) Each injective (Ax C)-module is a direct summand in a module
Homa(A x C,I) where I is an injective A-module.
Proof. (1) Adjunction gives
HOII]Axc(—,HOHlA(A X C, I)) ~ HOIl’lA((A X C) R AxC —,I)
(1) ~ Hom(—, I)
on (A x C')-modules, making it clear that if I is a (faithfully) injective

A-module, then Homa(A x C,I) is a (faithfully) injective (A x C)-
module.
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(2) To see that an injective (A x C')-module J is a direct summand in
a module of the form Homy(A x C, ), it is enough to embed it into
such a module. For this, first view J as an A-module and embed it
into an injective A-module I. Then use equation (1) to convert the
monomorphism of A-modules J < I to a monomorphism of (A x C)-
modules J — Homy (A x C, I). O

Lemma 3.2. Let C be a semi-dualizing module for A.
(1) There is an isomorphism

RHom (Ax C,C) = Ax C
in the derived category D(A x C).
(2) There is a natural equivalence

RHom gnc(—, A X C) ~ RHom(—, C)
of functors on D(A).
(3) If M is in D(A) then the biduality morphisms
M — RHomy(RHomy (M, C), C)
and
M — RHom gnc(RHomyxe(M, A x C), A x C)

are equal.
(4) There is an isomorphism

RHomgyc(A, Ax C) = C
in D(Ax ().
Proof. (1) Since C' is semi-dualizing, it is clear that there is an iso-
morphism in D(A),
RHomy(A@ C,C)=C @ A.

It is easy to see that in fact, this isomorphism respects the action of
Ax C, so

RHomp(Ax C,C) = Ax C
in D(A x C).

(2) This is a computation,
RHomxo(—, A x C) S RHomyxc(—, RHomy (A x C, C))

Y RHoma((A x O)@%, .—, C)
~ RHomu(—, C),
where (a) is by part (1) and (b) is by adjunction.
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(3) and (4) These are easy to obtain from (2). d

Lemma 3.3. Let C' be a semi-dualizing module for A and let I be an
injective A-module.

(1) A and C are Gorenstein projective over A x C.

(2) Homa(A,I) = I and Homa(C, I) are Gorenstein injective over
AxC.

Proof. (1) Lemma 3.2(4) says RHomanc (A4, Ax C') = C. That is, the
dual of A with respect to the ring A x C' is C. But dualization with
respect to the ring preserves the class of finitely generated Gorenstein
projective modules by [2, obs. (1.1.7)], so to prove part (1) it is enough
to see that A is Gorenstein projective over A x C.

By [2, prop. (2.2.2)], this will follow if RHom 4xc (A, A x C') is con-
centrated in degree zero and the biduality morphism

A— RHOIDA,X0<RHOII1A,X0<A,A X C),A X C)

is an isomorphism. The first of these conditions holds by lemma 3.2(4),
and the second condition holds because the biduality morphism equals

A — RHom(RHomyu (A, C), C)

by lemma 3.2(3), and this is an isomorphism because it is equal to the
canonical morphism A — RHom,(C, C).

(2) We will prove that Hom4(C, I) is Gorenstein injective over A x C,
the case of Hom (A, I) = I being similar.

Since C' is Gorenstein projective over A x C, by definition it has
a complete projective resolution P. So P is a complex of (A x C)-
modules which has C as one of its cycle modules, say Zo(P) = C.
Moreover, P is an exact complex of projective (A x C')-modules, and

HOII]Axc(P, Q)

is exact when @) is a projective (A x C')-module. Since C' is finitely
generated, we can assume that P consists of finitely generated (AxC')-
modules by [2, thms. (4.1.4) and (4.2.6)].

The (A x C)-module J = Homyu(A x C, 1) is injective by lemma
3.1(1). Consider the complex

K = HOHlAlxc(P, J)
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This is clearly an exact complex of injective (A x C')-modules. More-
over, if L is an injective (A x C)-module then

HOIIlec(L, K) = HOHlA[XC(L, HOIHAKC(P, J))
= Homaxo (L ®axc P, J)
= HOIHAKC(P, HOIIlec(L, J))
= (%),

where both =’s are by adjunction. Here Homsxc (L, J) is a flat (A x
C)-module by [10, thm. 1.2], so it is the direct limit of projective
(A x C)-modules,

HOIHAKC(L, J) = h_m> Qa-
So
(%) = Homayc(P,lim Qo) = lim Hom e (P, Qo) = (%),

where the second = holds because each module in P is finitely gener-
ated. Since each Homanc (P, Q,) is exact, so is (k).

This shows that K is a complete injective resolution over A x C|
and

Z,1<K) = Z,l(HOHlAKC(P, J))
= HOIIlec(Zo(P), J)
= Homgwo(C, Homa(A x C, 1))

(a)
= HOH]A(C R AxC (A X C),I)

= Homa(C, 1),

where (a) is again by adjunction. So K is a complete injective resolu-
tion of Hom4(C, I') which is therefore Gorenstein injective. O

Lemma 3.4. Let J be an injective A-module. Then there is an equiv-
alence of functors on the category of (A x C)-modules,

RHom gnc(Homa(A x C, J),—) ~ RHom4(Homa(C, J), —).
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Proof. We have
RHom 4:(RHom 4 (A x C, J), —)

S RHom 4 xc(RHoms(RHom4 (A x C,C), J), —)
Y RHom e (A x )@Y RHoma(C, ), —)

(é) RHom 4 (RHomy(C, J), —),

where (a) is by lemma 3.2(1), (b) is by the isomorphism [2, (A.4.24)],
and (c) is by adjunction. O

Lemma 3.5. Let A be a local ring with a non-zero finitely generated
module C'. Then

A x C is a Gorenstein ring < C' is a dualizing module for A.

Proof. This can be found between the lines in [4] or [13], or explicitly
as a special case of [9, thm. 2.2]. U

4. BOUNDS ON THE INJECTIVE DIMENSION OF C

Lemma 4.1. Let C' be a semi-dualizing module for A, and let M be
an A-module which is Gorenstein injective over A x C. Then there
exists a short exact sequence of A-modules,

0 — M — Homu(C,I) — M — 0,

where I is injective over A and M' is Gorenstein injective over Ax C,
which stays exact if one applies to it the functor Hom 4(Homy4(C, J), —)
for any injective A-module J.

Proof. Since M is Gorenstein injective over A x C it has a complete
injective resolution. From this can be extracted a short exact sequence

of (A x C)-modules,
0—-N-—K—M—0,

where K is injective and N Gorenstein injective over A x C', which
stays exact if one applies to it the functor Homuxo(L, —) for any
injective (A x C')-module L.

In particular, the sequence stays exact if one applies to it the functor
Hom g o (Homy (A x C) J), —) for any injective A-module J, because
Hom4(A x C,J) is an injective (A x C')-module by lemma 3.1(1).

By lemma 3.1(2), the injective (A x C)-module K is a direct sum-
mand in Homy4 (A x C, I) for some injective A-module . If K @ K’ =
Homy (A x C, ), then by adding K’ to both the first and the second
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module in the short exact sequence, we may assume that the sequence
has the form

0— N — Homyu(A x C,T) - M — 0.

The module N is still Gorenstein injective over Ax C', and the sequence
still stays exact if one applies to it the functor

HOII]Axc(HOHlA(A X Ca ‘])7 _)

for any injective A-module J.

Now let us consider in detail the homomorphism 7. FElements of
the source Hom4(A x C, I) have the form (a,v) where A — I and
C - T are homomorphisms of A-modules. The (A x C)-module
structure of Hom4(A x C,I) comes from the first variable, and one
checks that it takes the form

(i)%%wZQM+M@Wm

where x. () is the homomorphism A — I given by a — ay(c).
The target of n is M which is an A-module. When viewed as an
(A x C')-module, M is annihilated by the ideal 0 x C, so

(2) 0=(2)~M%w=n(2)-wm»=mM@ﬂ%

where the last = follows from the previous equation.
In fact, this implies

(3) n(a,0) =0

for each A —— I. To see so, note that there is a surjection F —
Hom4(C, I) with F free, and hence a surjection C ®4 FF — C ®4
Hom4(C, I). The target here is isomorphic to I by [3, prop. (4.4) and
obs. (4.10)], so there is a surjection C ®4 F — I. As C ®4 F is a
direct sum of copies of C, this means that, given an element ¢ in I, it

is possible to find homomorphisms ~q,...,7 : C — [ and elements
1y ..., ¢ in C with i = y1(e1) 4+ - -+7(cy). Hence the homomorphism
AT

given by a — ai is equal to

X (en)++r(er) = Xm(en) T+ Xo(er)s
and so equation (2) implies equation (3).
To make use of this, observe that the exact sequence of (A x C')-
modules

(4) 0—-C—AxC—A—-0
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induces an exact sequence
0 — Homu (A, I) — Hom4(A x C, 1) — Hom4(C, I) — 0.

So equation (3) can be interpreted as saying that the homomorphism
Hom (A x C,I) = M factors through the surjection Hom (A x
C,I) — Homu(C,I). This means that we can construct a commu-
tative diagram of (A x C)-modules with exact rows,

0 N Homy (A x C ) ——— M 0

0 M’ ~ Hom 4(C, 1) - M ~ 0.

We will show that if we view the lower row as a sequence of A-
modules by means of the ring homomorphism A — A x C, then it is
a short exact sequence with the properties claimed in the lemma.

First, I is injective over A by construction.

Secondly, applying the Snake Lemma to the above diagram embeds
the vertical arrows into exact sequences. The leftmost of these is

0 — Homu(A,I) — N — M' — 0.

Here the modules Homy(A,I) = I and N are Gorenstein injective
over A X C' by lemma 3.3(2), respectively, by assumption. Hence M’
is also Gorenstein injective over A x C' because the class of Gorenstein
injective modules is injectively resolving by [7, thm. 2.6].

Thirdly, by construction, the upper sequence in the diagram stays
exact if one applies to it the functor Hom 4o (Hom4 (A x C, J), —) for
any injective A-module J. It follows that the same holds for the lower
row. But taking Hy of lemma 3.4 shows

Hom yxc(Homy (A x C, J), —) ~ Homs(Homa(C, J), —),

so the lower row in the diagram also stays exact if one applies to it
the functor Hom4(Hom4(C, J), —) for any injective A-module J. O

The following lemmas use ¢A(A) and B(A), the Auslander and
Bass classes of the semi-dualizing module C| as introduced in [3, def.
(4.1)]. The proof of the first of the lemmas can be found in [5] (there
is also included a proof at the end of this paper).

Lemma 4.2. Let C be a semi-dualizing module for A, let M in ¢A(A)
satisfy Gidaxe M < 00, and write s = sup{i| H;M # 0}. Then there
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is a distinguished triangle in D(A),
*H—Y — M —,

where H is an A-module which is Gorenstein injective over A x C,
and where
ida(C®3Y) < Gidawe M.

Lemma 4.3. Let C' be a semi-dualizing module for A, let M be a com-
plex of A-modules with homology bounded to the right and pd, M <
00, and let H be an A-module which is Gorenstein injective over Ax C'.
Then
H_(j+1) RHOIHA(M, H) =0

for g =sup{i| H;M #0}.
Proof. Since M has homology bounded to the right and pd 4 M < oo,
there exists a bounded projective resolution P of M, and

H_(j41) RHoma(M, H) = Ext}(C], H)
where C7" is the j’th cokernel of P. Since

P
C— j+1—>Pj—>Cj — 0

is a projective resolution of C']P and since P is bounded, we have
pdy Cf < 00. Hence it is enough to show

Exty(M,H) =0

for each A-module M with pd, M < oo.
To prove this, we first argue that if I is any injective A-module then

Ext’ (M, Hom(C, 1)) =0
for ¢ > 0. For this, note that we have
RHom (M, Hom4(C, I)) = RHom4 (M, RHomy(C, I))
(a)
>~ RHomu(M®45C, 1)
=~ RHomy(C, RHom4 (M, I))
= RHomy (C,Homy (M, I))
where (a) and (b) are by adjunction, and consequently,
(5) Ext’ (M, Hom,(C, I)) = Ext’ (C, Hom (M, I))

for each i. The condition pd, M < oo implies id4 Hom (M, I) < oo,
and therefore Hom 4 (M, I') belongs to ¢ B(A) by [3, prop. (4.4)]. Thus
[3, obs. (4.10)] implies that the last module in (5) is zero for i > 0.
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Now set n = pd 4 M. Repeated use of lemma 4.1 shows that there
is an exact sequence of A-modules

(6)

0 — H — Homyu(C,I,,_1) — -+ —> Homu(C, Iy) — H — 0,
where Iy, ..., I, 1 are injective A-modules. Applying Hom4(M, —) to
(6) and using Ext’ (M, Hom4(C, I;)) = 0 for each i > 0 and each j,
we obtain

Exth (M, H) = Ext*" (M, H') =0
as desired. Here the last equality holds because pd, M = n. 0

Lemma 4.4. Let C be a semi-dualizing module for A and let M be in
cA(A). Set s =sup{i| H;M # 0} and suppose that M satisfies

H_(s11) RHomy (M, H) =0

for each A-module H which is Gorenstein injective over A x C. Then
Gidaxe M = ids(CRLM).

Proof. To prove the lemma’s equation, let us first prove the inequality

<. Let t = sup{i| Hy(CoLM) # 0} and n = ido(C@4M). We may
clearly suppose that n is finite. Let

be an injective resolution of C®%M. The complex M is in ¢.A(A), so
we get the first = in

M = RHom,(C, C®5 M) = RHom4(C, J) = Homu(C, J).

Lemma 3.3(2) implies that Hom4(C, J) is a complex of Gorenstein
injective modules over A x C. Since Hom4(C, J), = Homy4(C, J;) =0
for / < —n, we see that

Gidaxec M < n= ldA<C®IAM)

Let us next prove the inequality >. Recall that s = sup{i| H;M #
0}. We may clearly suppose that Gidsxc M is finite. By lemma 4.2
there is a distinguished triangle in D(A),

(7) SH —Y L M —,

where H is an A-module which is Gorenstein injective over A x C|
and where

(8) idA(C®YLY) < Gidawe M.

Applying RHom 4 (M, —) to (7) gives another distinguished triangle
whose long exact homology sequence contains

Ho RHomy (M, Y) — Ho RHomy (M, M) — H_; RHomu(M, $° H)
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which can also be written
Hompa)(M,Y) — Homp(ay(M, M) — H_(s41) RHomu (M, H) = 0,
where the last zero comes from the assumptions on M. Consequently,
there exists a morphism g : M — Y in D(A) with fg = 1,;. That
is, the distinguished triangle (7) is split, so Y 2 ¥°*H & M.
This implies
CRLY = (CRLYH) @ (CR5M)

from which clearly follows
(9) ids(C®LM) <ida(CRLY).
Combining the inequalities (8) and (9) now shows

ids(CoYM) < Gidgxe M
as desired. 0
Proposition 4.5. Assume that the ring A is local. Let C be a semi-

dualizing module for A, and let M be a complex of A-modules with
homology bounded to the right and fda M < oco. Then

idAC < GidAxcM—i-WidthA M.

Proof. Denote by k the residue class field of A. Since fd4 M < oo, the
isomorphism [2, (A.4.23)] gives

RHom (k, C® M) = RHom 4(k, C)®% M.
This implies (a) in
inf{i| H; RHomy (k, C®5M) #0}

@ inf{ i | H;(RHomu(k, C)@% M) £ 0}

© inf{i| H; RHoma(k, C) # 0} + inf{ | H(M®%k) £0}

= —idAC+WidthAM,
where (b) is by the “Accounting Principle” [2, (A.7.9.2)]. Conse-
quently,
idy C = —inf{4| H; RHom(k, C®5 M) # 0} + width4 M
<ida4(C®Y M) + widthy M
= Gidgxc M + width 4 M.
The last = follows from lemmas 4.3 and 4.4. Lemma 4.3 applies to
M because fdy M < oo implies pd, M < oo by [12, Seconde partie,

cor. (3.2.7)], and lemma 4.4 applies because fd4 M < oo implies M €
cA(A) by [3, prop. (4.4)]. O
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Lemma 4.6. Let C' be a semi-dualizing module for A, let I be a faith-
fully injective A-module, and let M be a complex of A-modules with
right-bounded homology. Then

GidAGC HOIHA<M, I) = GfdAKC M.

Proof. From lemma 3.1(1) it follows that £ = Homu(A x C,I) is a
faithfully injective (A x C)-module. Hence
GidAGC HOH]A,XC(M, E) = GfdA,XC M

as follows from [2, thm. (6.4.2)].

But equation (1) in the proof of lemma 3.1 shows Hom 4o (M, E) =
Hom (M, I), so accordingly,

GidA[XC HOIHA(M, I) = GfdAD(C M.
U

Proposition 4.7. Assume that the ring A is local. Let C' be a semi-
dualizing A-module, and let N be a complex of A-modules with homol-
ogy bounded to the right and idq N < oo. Then

idy C < Gfdgwxe N + depth, N.
Proof. Apply lemma 4.6 and Matlis duality to proposition 4.5. U

5. PROPERTIES OF THE COHEN-MACAULAY DIMENSIONS

Theorem 5.1. Let A be a local ring with residue class field k. Then
the following conditions are equivalent.

(1) A is a Cohen-Macaulay ring with a dualizing module.

(2) CMids M < oo holds when M is any complex of A-modules
with bounded homology.

(3) There is a complex M of A-modules with bounded homology,
CMids M < oo, fdg M < 00, and widthy M < oo.

(4) CMidy k < 0.

(5) CMpd, M < oo holds when M is any complex of A-modules
with bounded homology.

(6) There is a complex M of A-modules with bounded homology,
CMpd, M < o0, idy M < o0, and depthy M < oo.

(7) CMpd 4 k < oc.

(8) CMfds M < oo holds when M is any complex of A-modules
with bounded homology.

(9) There is a complex M of A-modules with bounded homology,
CMfda M < o0, idgy M < 00, and depthy M < oo.
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(10) CMfd, k < oo.

Proof. Let us prove that conditions (1), (2), (3), and (4) are equivalent.
Similar proofs give that so are (1), (5), (6), and (7) as well as (1), (8),
(9), and (10).

(1) = (2). Let A be Cohen-Macaulay with dualizing module C'. Then
A x C' is Gorenstein by lemma 3.5. If M is a complex of A-modules

with bounded homology, then M is also a complex of (A x C')-modules
with bounded homology, so

GidA[XC M < oo

by [2, thm. (6.2.7)]. But as C'is in particular a semi-dualizing module,
this clearly implies
CMidy M < oo.

(2) = (3) and (2) = (4). Trivial.

(3) = (1). For CMids M < oo, the definition of CMid implies that
A has a semi-dualizing module C' with Gidawe M < oco. But when
fdga M < oo and width 4 M < oo also hold, then proposition 4.5 implies
idy C < 00. So A is Cohen-Macaulay with dualizing module C'.

(4) = (1). When CMid4 k < oo then A has a semi-dualizing module
C with

GidAD(C k < oo.

Then the homology of RHom s xc(Eaxc(k), k) is bounded by [7, thm.
2.22]. However,

(a)
RHom axc(Eaxc(k), k) = RHomawo (kY Eaxc(k)")
= RHOIHA[XC(]{?, m)

(b)
= RHOII]Axc(/{?,A X C),

where (a) is by Matlis duality and (b) is by [11, exer. 7.7]. So the
homology of RHomawc(k, A x C) is bounded, whence A x C' is a
Gorenstein ring. But then A is a Cohen-Macaulay ring with dualizing
module C' by lemma 3.5. U

Remark 5.2. In condition (3) of the above theorem, one could con-
sider for M either the ring A itself, or the Koszul complex K (z1,...,z;)
on any sequence of elements x,...,z, in the maximal ideal. These
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complexes satisfy fdy M < oo and widthy, M < oo, and so either of
the conditions

CMidg A < 00 and CMidy K(zq,...,2,) < o0

is equivalent to A being a Cohen-Macaulay ring with a dualizing mod-
ule.

Similarly, in conditions (6) and (9), one could consider for M either
the injective hull of the residue class field E4(k), or a dualizing com-
plex D (if one is known to exist). These complexes satisfy id4 M < oo
and depth , M < oo, and so either of the conditions

CMpd 4 E4(k) < 0o, and CMpd, D < oo,

and

CMfds E4(k) < 0o, and CMfdy D < oo

is equivalent to A being a Cohen-Macaulay ring with a dualizing mod-
ule.

The following results use CMdim, the Cohen-Macaulay dimension
introduced by Gerko in [6], and Gdim, the G-dimension originally
introduced by Auslander and Bridger in [1].

Lemma 5.3. Let A be a local ring with a semi-dualizing module C
and a finitely generated module M. If

Gpdye M < o0
then
CMdimg M = Gpd, . M.
Proof. Combining [6, proof of thm. 3.7] with [6, def. 3.2] shows
CMdimg M < Gpdy .o M.
So CMdimy4 M is finite and hence
CMdimy M = depth, A — depth, M
by [6, thm. 3.8].
On the other hand,
Gpdgue M = C-Gdimy M

by [8, prop. 3.1}, where C-Gdim, is the dimension introduced in [3,
def. (3.11)] under the name G-dim¢. So C-GdimaM is finite and
hence

C-Gdima M = depth 4 A — depth, M

by [3, thm. (3.14)].
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Combining the last three equations shows
as desired. 0

Theorem 5.4. Let A be a local ring with a finitely generated module
M. Then

CMdimy M < CMpd, M < Gdimy M,

and if one of these numbers is finite then the inequalities to its left are
equalities.

Proof. The first inequality is clear from lemma 5.3, since CMpd 4 M
is defined as the infimum of all Gpd 4, M.

For the second inequality, note that the ring A is itself a semi-
dualizing module, so the definition of CMpd gives < in

where the first = is by [8, cor. 2.17] and the second = follows as M is
finitely generated.

Equalities: If Gdimy M < oo then CMdimy4 M < oo by [6, thm.
3.7]. But Gdimy M < oo implies

Gdimy M = depthy A — depth, M
by [2, thm. (2.3.13)], and similarly, CMdim 4 M < oo implies
CMdimg M = depth, A — depth, M

by [6, thm. 3.8]. So it follows that CMdim 4 M = Gdim4 M, and hence
both inequalities in the theorem must be equalities.
If CMpdy M < oo then by the definition of CMpd there exists a

semi-dualizing module C' over A with Gpd . M < oco. But by lemma
5.3, any such C' has

and so it follows that the first inequality in the theorem is an equality.
O

Since much is known about CMdim 4, this theorem has several im-
mediate consequences for CMpd ,. The following is even clear from
the proof of the theorem.

Theorem 5.5 (Auslander-Buchsbaum formula). Let A be a local ring
with a finitely generated module M. If CMpd, M s finite, then

CMpd, M = depth 4, A — depth 4, M.
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A PROOF OF A LEMMA

A NOTE FOR THE READER

The purpose of this note is, for the convenience of the reader, to
provide a proof of the claim [5, lem. 4.2], stating that:

Lemma 0.1. Let C be a semi-dualizing module for A, let M in ¢A(A)
satisfy GidaxcM < 0o, and write s = sup{i| H;M # 0}. Then there
is a distinguished triangle in D(A),

Y*H —Y — M —,
where H is an A-module which is Gorenstein injective over A x C,

and where
ids(C®LY) < Gidawe M.

Lemma 0.1 is a generalization of a result which is to appear in Frankild—
Holm [4]. The paper [4] is delayed due to unfortunate circumstances
concerning A. Frankild’s health.

It is in accordance with the wishes of A. Frankild and P. Jgrgensen
that the generalized lemma 0.1 is to appear Frankild-Holm [4] and
not in Holm—Jgrgensen [5].

For the sake of the self-containedness of this thesis, we have chosen to
include this note.

Before proving Lemma 0.1, we need to recall [5, lem. 3.3 and 4.1]:

Lemma 0.2. The A-modules A and C' are Gorenstein projective over
AxC. If I is an injective A-module, then Homa(A,I) = I and
Hom, (C, I) are Gorenstein injective over A x C. O

Lemma 0.3. Let M be an A-module which is Gorenstein injective
over A xC. Then there exists a short exact sequence of A-modules,

0 — M — Homyu(C,J) — M — 0,

where J is injective over A and M' is Gorenstein injective over A xC'.
Furthermore, the sequence stays exact if one applies to it the functor
Hom s (Homa(C, I),—) for any injective A-module 1. O

Proof of Lemma 0.1. Consider the integers n = GidaxcM and
(1) s = sup{i| HM £ 0} = sup{i| Hi(C&5M) £0},

V.19
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where the last equality is by [1, prop. (4.8)(a)]. Let
COYM ~ [=0—1T,— 14— ---

be an injective resolution of C®%M. Since M € ¢A(A), we get the
first isomorphism in:

M ~ RHomu(C,C®%M) ~ RHom4(C,I) ~ Homu(C,I).

Define I” = Hom4(C, I), which by lemma 0.2 is a complex of Goren-
stein injective (A x C)-modules. Since GidaxcM = n, [2, thm. (2.5)]
implies that the A-module an is Gorenstein injective over A x C.
Consequently, repeated use of lemma 0.3 gives an exact complex of
A-modules:

J/:OHJ;HHJ;,H~-~—>J'7"HHZ£/”—>O

satisfying the following properties:
(i) For indices —n + 1 < i < s we have J; = Homy(C, J;) for
some injective A-module J;.
(ii) J!

.1 is Gorenstein injective over A x C.

(iii) The complex Hom,(Homu(C, I), J') is exact for every injec-
tive A-module I.

By the property (iii) we get a chain map of complexes:

I',> =0 0 I I VA 0
v v v v
J =0—J., J! J it VA 0

The short exact sequence 0 — J' — Conea — X(I' D) — 0, to-
gether with the fact that J’ is exact, gives the first isomorphism in:

Conea ~ XH(I', D) ~ X' = ¥ Homu(C, 1) ~ ST M.
The second isomorphism is because of the inequality:

(i) —n = —GidAxcM < inf M = inf['.

It is easy to see that the exact complex 0 — Z — ZI' — (0 is a
subcomplex of Cone «r, and thus the quotient complex ) satisfies:

Q ~ Conear ~ XL'M.
If we introduce the A-module H = J. , @ I}, which is Gorenstein

injective over A x C, together with the injective A-modules:

K,nJrl = J,nJrl and KZ = JZ @D [ifl for —n + 2 < 1 < S,
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then we may write () as:
Q = 0— H 5 Homyu(C,K,) — -+ — Homu(C, K_,, 1) — 0,

where H sits in degree s + 1. Note that if U; and U, are injective A-
modules, then every homomorphism ¢: Hom(C,U;) — Homyu(C, Us)
is induced from a homomorphism ¢ : Uy — Us; namely v = C ®4 ¢
because of the Hom-evaluation isomorphism [1, p. 11]:

C ©4Homa(C,U;) — Uy, i=1,2.
Consequently, ) induces a complex of injective A-modules:
K=0—-K;,—- - —K_,41 —0,

and this complex has the property that the mapping cone of the chain
map ¢: X*H — Homu(C, K) has @ as its mapping cone. Thus there
is a distinguished triangle in D(A):

Y*H — Homyu(C,K) — Q ~ .

Rotating this triangle and using that X71Q ~ M we get another
distinguished triangle in D(A):

(A1) M — ¥°H — Homyu (C,K) ~ .

Since H is a Gorenstein injective over A x C, lemma 0.3 gives an exact
sequence of A-modules, 0 — H' — Homu(C, L) — H — 0, where L
is injective, and H' is Gorenstein injective over A x C'. This sequence
induces a distinguished triangle in D(A):

(A2) SPH — ¥ Homu(C, L) — S°H ~ .

The triangles (Al) and (A2) appear as the left and right triangle,
respectively, in the “lower cap” diagram:

(%) Hom(C, K) ¥*Homy(C, L)
§ S H
{
{
M~ > YO

where the horizontal maps are given by composition. Applying the
octahedron axiom [3, (TR4’) p. 123] in the triangulated category D(A),
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we now get a complex Y together with an “upper cap” diagram:

(%) Hom4(C, K)

\\

o L
é/\

A

¥*Homu(C, L)

Y*H'

where the top and bottom parts of (xx) are distinguished triangles in
D(A). Applying the triangulated functor C®%— to the upper triangle
in (**) we get another distinguished triangle:

(%) CRLY — XL — K ~ .
Here we have use that Hom4(C, L) ~ RHom4(C, L) and that:
C®Y%(2°*RHomu(C, L)) ~ £*(C®'; RHom(C, L)) ~ $°L,

where the last isomorphism comes from [1, (A.4.24)]. A similar argu-
ment gives that C®Y% Hom(C, K) ~ K.

If i € Z with i < —n, then we have i +1 < —(n — 1) and i < s, where
the last inequality comes from () and (). Hence, for any A-module

T and any integer ¢ < —n, the long exact homology sequence induced
by (1) looks like:

0 & H,\y RHom (T, K) — H; RHom, (T, C®4Y) —

(b)

— H; RHomu(T, ¥°L) = H,_, RHom(T, L) < 0,

which implies that H; RHomy (7T, C®YLY) = 0. The first zero (a) is
because id4 K < n — 1, whereas the second zero (b) comes from the
fact that RHom (7, L) ~ Hom4(C, L) is a module. This proves that:

—inf{i| H; RHomu(T,C@45Y) #0} < n

for every A-module 7. By [1, (A.5.2.1)], we get an estimate for the
injective dimension:

ldA(C(X)iY) < n = GidA[xcM,

and the lower triangle in (%) is the desired one. O
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SEMI-DUALIZING MODULES AND RELATED
GORENSTEIN HOMOLOGICAL DIMENSIONS

HENRIK HOLM AND PETER JORGENSEN

ABSTRACT. A semi-dualizing module over a commutative noe-
therian ring A is a finitely generated module C' with RHom 4 (C, C)
A in the derived category D(A).

12

We show how each such module gives rise to three new homo-
logical dimensions which we call C—Gorenstein projective, C-
Gorenstein injective, and C—Gorenstein flat dimension, and in-
vestigate the properties of these dimensions.

INTRODUCTION

It is by now a well-established fact that over any associative ring A,
there exists a Gorenstein injective, Gorenstein projective and Goren-
stein flat dimension defined for complexes of A—modules. These are
usually denoted Gida(—), Gpd4(—) and Gfd4(—), respectively. Some
references are [2], [4], [11], and [14].

In this paper, we need to consider semi-dualizing A—modules C' (see
Definition 1.1), and in order to make things less technical, we only
consider commutative and noetherian rings.

For any semi-dualizing module (in fact, complex) C' over A, and any
complex Z with bounded and finitely generated homology, Christensen
[3] introduced the dimension G—-dimZ, and developed a satisfactory
theory for this new invariant.

If C' is a semi-dualizing A—module and M is any A—complex, then we
suggested in [10] the viewpoint that one should change rings from A
to A x C (the trivial extension of A by C; see Definition 1.2), and
then consider the three “ring changed” Gorenstein dimensions:

GidaxeM , GpdyoM and  GfdaxcM.

2000 Mathematics Subject Classification. 13D05, 13D07, 13D25, 18G10, 18G25.
Key words and phrases. Gorenstein homological dimensions, semi-dualizing
modules, pre-covering and pre-enveloping classes, trivial extension.
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The usefulness of this viewpoint was demonstrated as it enabled us to
introduce three new Cohen-Macaulay dimensions, which characterize
Cohen-Macaulay rings in a way one could hope for.

In this paper, we define for every semi-dualizing A-module C, three
new Gorenstein dimensions:

C-Gida(—) , C-Gpdy(—) and C-Gfdu(—),

which are called the C'-Gorenstein injective, C'—Gorenstein projective
and C'—Gorenstein flat dimension, respectively (see Definition 2.9).

It is worth pointing out that the, say, C'-Gorenstein injective di-
mension is defined in terms of resolutions consisting of so-called C'-
Gorenstein injective A—modules (see Definition 2.7); and it does not
involve a change of rings. The dimensions (}) have at least five nice
properties:

(1) For complexes with bounded and finitely generated homology,
our C-Gpd 4(—) agrees with Christensen’s G-dim¢(—) (Propo-
sition 3.1).

(2) The three C—Gorenstein dimensions always agree with the “ring

changed” dimensions Gidaxc(—), Gpd g, (—) and Gfdaxc(—),
which were so important in [10] (Theorem 2.16).

(3) If C' = A, the C—Gorenstein dimensions agree with the classical
Gorenstein dimensions Gida(—), Gpd,(—) and Gfda(—).

If A admits a dualizing complex D; cf. [4, Definition (1.1)], then finite-
ness of the C'-Gorenstein dimensions can be interpreted in terms of
Auslander and Bass categories (see Remark 4.1):

(4) If we define CT = RHomy(C, D), then for all (appropriately
homologically bounded) A-complexes M and N, we have the
following implications (Theorem 4.6):

M e Aci(A) & C-Gpd M < 0o & C-GidaM < oc;
N € Bgi(A) & C-GidaN < 0.
This generalizes the main results in [4, Theorems (4.3) and (4.5)].

Finally, each of the three C-Gorenstein dimensions has a related
proper variant, giving us three additional dimensions (Definitions 5.2

and 5.3):
C-Gida(—) , C-Gpdy(—) and C-Gfda(—).

It turns out that the best one could hope for really happens, as we in
Theorems 5.6, 5.8 and 5.11 prove:
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(5) The proper C—Gorenstein dimensions (whenever these are de-
fined) agree with the ordinary C—Gorenstein dimensions.

The paper is organized as follows:

In Section 1 we have collected some fundamental facts about the trivial
extension AxC', which will be important later on. Section 2 defines the
three new C'—Gorenstein dimensions and proves how they are related
to the “ring changed” Gorenstein dimensions over A x C'. Section 3
compares our C-Gpd 4(—) with Christensen’s G-dim¢(—). In Section
4 we interpret the C—Gorenstein dimensions in terms of Auslander
and Bass categories. Finally, Section 5 investigates the proper C—
Gorenstein dimensions.

Setup and notation. Throughout this paper, A is a fixed commu-
tative and noetherian ring with unit, and C' is a fixed semi-dualizing
A-module; cf. Definition 1.1 below.

We work within the derived category D(A) of the category of A-
modules; cf. e.g. [9, Chapter I] and [15, Chapter 10]; and complexes
M € D(A) have differentials going to the right:

oM, oM
7 [
M = o My — N2 M ——

We consistently use the hyper-homological notation from [2, Appen-
dix], in particular we use RHomy(—, —) for the right derived Hom
functor, and —®% — for the left derived tensor product functor.

1. A FEW RESULTS ABOUT THE TRIVIAL EXTENSION

In this section we collect some fundamental results about the trivial
extension, which will be important later on.

Definition 1.1. A finitely generated A-module C with RHom4(C, C') ~
Ain D(A) is called semi-dualizing (C = A is such an example).

Definition 1.2. If C is any A-module, then the direct sum A ® C
can be equipped with the product:

(a,c)-(a',d) = (ad’,acd +d'c).

This turns A @ C' into a ring which is called the trivial extension of A
by C' and denoted A x C.

We import from [10, Lemma 3.2] the following facts about the inter-
play between the rings A and A x C"

Lemma 1.3. Let A be a ring with a semi-dualizing module C'.



V14 HENRIK HOLM AND PETER JORGENSEN

(1) There is an isomorphism in D(A x C):
RHomy(Ax C,C) = Ax C.
(2) There is a natural equivalence of functors on D(A):
RHom gy (—, A x C') ~ RHomy(—, C).
(3) If M is in D(A) then the two biduality morphisms:
M — RHom(RHoma (M, C),C) and
M — RHomanc(RHom e (M, A x C), A x C)
are equal.
(4) There is an isomorphism in D(A x C):
RHom (A, A C) = C. O

Furthermore, we have the next result [10, Lemma 3.1] about injective
modules over A and A x C":

Lemma 1.4. The following two conclusions hold:
(1) If I is a (faithfully) injective A-module then Hom (A x C,I)

is a (faithfully) injective (A x C)—module.
(2) Each injective (Ax C')-module is a direct summand in a module
Homy (A x C, I) where I is some injective A—module. O

Using the same methods, we obtain:

Lemma 1.5. The following two conclusions hold:
(1) If P is a projective A—module then (Ax C)®4 P is a projective
(A x C)—module.
(2) Each projective (Ax C')—module is a direct summand in a mod-
ule (AX C)®4 P where P is some projective A—module. [

2. C—GORENSTEIN HOMOLOGICAL DIMENSIONS

Let M be an (appropriately homologically bounded) A-complex. In
[10] we demonstrated the usefulness of changing rings from A to Ax C,|
and then considering the “ring changed” Gorenstein dimensions:

GidA[xcM s GpdAGCM and GfdA[XCM.

This point of view enabled us to introduce three Cohen-Macaulay di-
menstons which characterize Cohen-Macaulay local rings in a way one
could hope for. The next result is taken from [10, Lemma 4.6].

Proposition 2.1. If E is a faithfully injective A—module, and M is
any homologically right-bounded A—complex, then:

GidA[XC HOIHA(M, E) = GfdA[xcM. [
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Lemma 2.2. Let J be an injective A—module and Q) a projective A-

module. Then we have a natural equivalence of functors on D(Ax C):
(1) RHomaxc(Homy (A x C,J),—) ~ RHoms(Homa(C, J), —).
(2) RHomwc(—, (A X C)®4 Q) ~ RHomu(—,C ®4 Q).

Proof. (1) is [10, Lemma 3.4], and (2) is proved similarly. O

Corollary 2.3. For any A-module M, and integer n we have:
(1) Ext’y (Homa(C, J), M) = 0 for all injective A-modules J if and
only if Exty .o (U, M) = 0 for all injective (A x C')-modules U.
(2) Exti(M,C ®4 P) = 0 for all projective A-modules P if and
only if Ext"y, ~(M,S) = 0 for all projective (A x C')-modules

S.
Proof. (1) follows from Lemmas 2.2(1) and 1.4, while (2) is a conse-
quence of Lemmas 2.2(2) and 1.5. O]

We need to recall the next result from [10, Lemma 4.1]. Its proof uses,
in fact, Lemmas 2.2(1) and 1.4.

Lemma 2.4. Let M be an A-module which is Gorenstein injective
over A x C. Then there exists a short exact sequence of A—modules,
0 — M'"— Homu(C,I) — M — 0,
where I is injective over A and M' is Gorenstein injective over Ax C'.

Furthermore, the sequence stays exact if one applies to it the functor
Homy (Homa(C, J), —) for any injective A-module J. O

“Dualizing” the proof of Lemma 2.4; this time using Lemmas 2.2(2)
and 1.5, we establish the next:

Lemma 2.5. Let M be an A-module which is Gorenstein projective
over A x C. Then there exists a short exact sequence of A—modules,

0—- M —C®@sP— M —0,

where P is projective over A and M’ is Gorenstein projective over
A x C. Furthermore, the sequence stays exact if one applies to it the
functor Homg(—,C ®4 Q) for any projective A—module Q. O

The last result we will need to get started is [10, Lemma 3.3]:

Lemma 2.6. The A—modules A and C' are Gorenstein projective over
Ax C. If I is an injective A-module, then Homa(A,I) = I and
Hom,(C, I) are Gorenstein injective over A x C. O

Next, we introduce three new classes of modules:

Definition 2.7. An A-module M is called C'-Gorenstein injective if:
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(11) Ext3'(Homu(C, I), M) = 0 for all injective A-modules 1.
(I2) There exist injective A—modules Iy, I, . .. together with an ex-
act sequence:

- — Homy(C, I) — Homa(C, Iy) - M — 0,

and also, this sequence stays exact when we apply to it the
functor Hom 4 (Hom 4 (C, J), —) for any injective A-module J.

M is called C'-Gorenstein projective if:

(P1) Ext3'(M,C ®4 P) = 0 for all projective A-modules P.
(P2) There exist projective A-modules P°, P!, ... together with an
exact sequence:

0—>M—->C@,P°—C®@4P — -,

and furthermore, this sequence stays exact when we apply to
it the functor Homa(—, C ®4 @) for any projective A—module

Q.
Finally, M is called C-Gorenstein flat if:
(F1) Tor4,(Hom4(C,I), M) = 0 for all injective A-modules I.

(F2) There exist flat A-modules F°, F, ... together with an exact
sequence:

0-M—->CRUF° - CQuF" — .-,

and furthermore, this sequence stays exact when we apply to
it the functor Hom4(C, I) ® 4 — for any injective A-module I.

Example 2.8. (a) If I is an injective A-module, then Hom4(C, I)
and I are C'-Gorenstein injective because:

It is easy to see that Hom(C, I) is C—Gorenstein injective. Concern-
ing I itself it is clear that condition (I1) of Definition 2.7 is satisfied.
From Lemma 2.6 it follows that I is Gorenstein injective over A x C,
so iterating Lemma 2.4 we also get condition (I2).

(b) Similarly, if P is a projective A-module, then C'®4 P and P are
C—Gorenstein projective. The last claim uses Lemmas 2.6 and 2.5.

(c) If F'is a flat A-module, then C® 4 F' and F' are C—Gorenstein flat.
The last claim uses (a) together with Propositions 2.1, 2.13(1), 2.15
(the last two can be found below).

Definition 2.9. By Example 2.8(a), there exists for every homo-
logically left-bounded complex N a left-bounded complex Y of C—
Gorenstein injective modules with Y ~ N in D(A). Every such Y is
called a C-Gorenstein injective resolution of N.
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C—-Gorenstein projective and C'—-Gorenstein flat resolutions of homo-
logically right-bounded complexes are defined in a similar way, and
they always exist by Examples 2.8(b) and (c). Thus, we may define:

For any homologically left-bounded A—complex N we introduce:
C-GidyN = iri}f(sup {nez|Y., # O}),

where the infimum is taken over all C—Gorenstein injective resolutions
Y of N. For a homologically right-bounded A-complex M we define:

C-Gpd, M = i§f<sup {n €Z|X, # 0}>7

where the infimum is taken over all C—Gorenstein projective resolu-
tions X of M. Finally, we define C-Gfd 4 M analogously to C-Gpd 4 M.

Observation 2.10. Note that when C' = A in Definition 2.7, we re-
cover the categories of ordinary Gorenstein injective, Gorenstein pro-
jective, and Gorenstein flat A—modules.

Thus, A-Gida(—), A-Gpd,(—), and A-Gfd,(—) are the usual Goren-
stein injective, Gorenstein projective and Gorenstein flat dimensions
over A, which one usually denotes Gida(—), Gpd4(—) and Gfds(—),

respectively.

Lemma 2.11. Let M be an A-module which is C'-Gorenstein injec-
tive. Then there exists a short exact sequence of (A x C')-modules,

0O—-M —U-—M—0,

where U is injective over A x C and M’ is C-Gorenstein injective
over A. Furthermore, the sequence stays exvact if one applies to it the
functor Homawo(V, =) for any injective (A x C')-module V.

Proof. Since M is C—Gorenstein injective, we in particular get a short
exact sequence of A-modules:

0 — N — Homuy(C,I) — M — 0,

where [ is injective and N is C-Gorenstein injective, which stays
exact under Hom 4 (Hom 4(C, J), —) when J is injective. Applying the
functor Homy4(—, ) to the exact sequence:

(%) 0—-C—AXxC—A—=0
gives an exact sequence of (A x C')-modules:

(xx) 0 — I — Homa(A x C,I) — Homy(C,I) — 0.
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If viewed as a sequence of A—modules then this is split, because the
same holds for (x). Combining these data gives a commutative dia-
gram of (A x C)-modules with exact rows:

0 — M’ — Homa(A x C,I) —= M — 0

| |

0 N Hom,(C, 1) M 0.
We will prove that the upper row here has the properties claimed in
the lemma:
First, Homy(A x C,I) is an injective (A x C)-module by Lemma
1.4(1). Secondly, using the Snake Lemma on the diagram embeds the
vertical arrows into exact sequences. The leftmost of these is:
0—I—M —N—O0,

proving that as A-modules, M’ = [ & N. Here N is C—Gorenstein
injective by construction, and I is by Example 2.8(a). So M’ is clearly
also C—Gorenstein injective.

Finally, by construction, the lower row in the diagram stays exact
under Homy (Hom,(C, J), —) when J is injective. If viewed as a se-
quence of A—modules then the sequence (xx) is split, so the surjection
Homy (A x C, 1) — Homu(C, I) is split, and therefore the upper row
in the diagram also stays exact under Hom 4 (Homy(C, J), —).

By applying Ho(—) to Lemma 2.2(1), we see that the upper row in the
diagram stays exact under Hom g (Homa(Ax C, J), —) when J is an
injective A-module. Thus, it also stays exact under Hom 4 (V, —) for
any injective (A x C')-module V', because of Lemma 1.4(2). O

By a similar argument we get:

Lemma 2.12. Let M be an A—module which is C—Gorenstein projec-
tive. Then there exists a short exact sequence of (A x C')—modules,

0—-M-—R— M —0,

where R is projective over A x C' and M’ is C—Gorenstein projective
over A. Furthermore, the sequence stays exact if one applies to it the
functor Homayc(—, S) for any projective (A x C)—module S.

Proposition 2.13. For any A-module M the two conclusions hold:

(1) M is C-Gorenstein injective if and only if M is Gorenstein
injective over A x C.

(2) M is C-Gorenstein projective if and only if M is Gorenstein
projective over A x C.
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Proof. (1) If M is C—Gorenstein injective, then Lemma 2.11 gives the
“left half” of a complete injective resolution of M over A x C.

Conversely, if M is Gorenstein injective over A x C', then Lemma 2.4
gives the existence of a sequence like the one in Definition 2.7 (12).
Now, to finish the proof we only need to refer to Corollary 2.3(1).

(2) Similar, but using Lemmas 2.12, 2.5 and Corollary 2.3(2). O

Before turning to C'-Gorenstein flat modules, we need to recall the
notion of Kaplansky classes from [8, Definition 2.1], which is refor-
mulated in Definition 5.4, Section 5. The following lemma will be
central:

Lemma 2.14. The class F = {C ®4 F'| F flat A-module} is Kaplan-
sky, and furthermore it is closed under direct limits.

Proof. Every homomorphism ¢: C ®4 F) — C ®4 F5, where F; is
flat, has the form ¢ = C ® 4 ¢ for some homomorphism ¢ : F; — Fb;
namely ¢ = Hom4(C, ), because Homy(C, C ®4 F;) = F;.

With this observation in mind it is clear that F is closed under direct
limits, since the class of flat modules has this property.

To see that F is Kaplansky, we first note that a finitely generated
A-module has cardinality at most x = max{|A[, No}.

Now, assume that x is an element of G = C ®4 F, where F is a
flat A-module. Write z = Y ! ¢ ® z; for some c¢i,...,¢, € C
and zy,...,x, € F. Let S be the A-submodule of F generated by
x1,...,Ty, and then use [16, Lemma 2.5.2] (or [6, Lemma 5.3.12]) to
enlarge S to a pure submodule F’ in F' with cardinality:
IF'| < max{|S]-|A],Ro} < r.

Since F'is flat and F' C F' is a pure submodule, then F’ and F/F’
are flat as well. Furthermore, exactness of:

0—>C®AF,—>C®AF—>C®A(F/F,)—>O.
shows that G’ = C®4 F" is a submodule of G = C® 4 F which contains
x. Clearly, G' and G/G' = C @4 (F/F’) belong to F, and:

] = |C@aF| < 12| < 2~

Note that the cardinal number 2% only depends on the ring A. 0
The next proof is modeled on that of [2, Theorem (6.4.2)].

Proposition 2.15. Let M be an A—module. Then M is C'-Gorenstein
flat if and only if M is Gorenstein flat over Ax C. In the affirmative
case, M has the next property, which implies Definition 2.7 (F2):
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(F2’) There exist flat A—modules F°, F', ... together with an exact
sequence:

0-M—->CRF'—-CesF' — -,

and furthermore, this sequence stays exact when we apply to it
the functor Homy(—,C ®4 G) for any flat A-module G.

Proof. For the first statement, it suffices by Propositions 2.1 and
2.13(1) to show that if E is a faithfully injective A-module, then:

M is C—Gorenstein flat < Hom4 (M, E) is C—Gorenstein injective.

For any injective A-module I we have (adjointness) isomorphisms:
Ext’(Homu(C, I), Hom, (M, E)) =
Hom 4 (Tor (Homu(C, I), M), E).
Thus, Definition 2.7 (F1) for M is equivalent to (I1) for Hom (M, E).
fS=0—- M —C®4F°— C®4F' — --- is a sequence for M
like the one in Definition 2.7 (F2), then, using adjointness, it is easy

to see that Homy (S, F) is a sequence for Hom 4 (M, E) like the one in
(I2). Therefore, we have proved the implication “="

To show “<”, we assume that Hom4 (M, F) is C-Gorenstein injective.
First note that (F2’) really implies Definition 2.7 (F2), since:

Hom 4(Homu(C,I) ®4 —, F) ~ Homu(—, Hom,(Hom4(C, 1), E))
~ Homy(—,C ®4 Homy(I, E)),

and when [ is injective, then G = Homx(/, E) is flat. In order prove
(F27), it suffices to show the existence of a short exact sequence:

(1) 0—-M-—->C®s F— M —0,

satisfying the following three conditions:
(1) F is flat,
(2) Homu(M', E) is C—Gorenstein injective,
(3) Hom4((1),C ®4 G) is exact for any flat A—module G.

Because then one obtains the sequence in (F2’) by iterating (t). By
Lemma 2.14, the class of A-modules:

F = {C®4F|F flat A-module}.

is Kaplansky. Furthermore, it is closed under arbitrary direct prod-
ucts; since C' is finitely generated and A is noetherian, and hence |8,
Theorem 2.5] implies that every A-module has an F—preenvelope.
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Note that since Hom4 (M, F) is C—Gorenstein injective, there in par-
ticular exists an epimorphism Homy(C, I) — Homy (M, E), where [
is injective. Applying Hom4(—, F), we get a monomorphism:

M — Homyu(Homa(M, F), E)
— Homy(Homu(C, 1), E) =2 C ®4 Homu(I, E) € F.

Thus, M can be embedded into a module from F. Therefore, taking
an F—preenvelope p: M — C ®4 F of M, it is automaticly injective;
and defining M’ = Coker , we certainly get an exact sequence (7)
satisfying (1) and (3).

Finally, we argue that (2) is true. Keeping Proposition 2.13(1) in mind
we must prove that Hom (M, E) is Gorenstein injective over A x C.
Applying Homa(—, E) to (T) we get:

(1) 0 — Homa(M', E) — Homa(C, J) — Homa(M, E) — 0,

where J = Homy (F, E) is injective. Hom4(C, J) and Hom (M, E) are
both Gorenstein injective over Ax C'— the last module by assumption.
Hence, if we can prove that Ext!,, (U, Homy(M' E)) = 0 for every
injective (A x C')—module U, then [5, Theorem 2.13] gives the desired
conclusion. Using Corollary 2.3(1), we must prove that:

(8) Ext’,(Hom(C, I), Hom,(M', E)) = 0

for all injective A—modules I. Consider the commutative diagram with
exact columns:

0
Extl (Hom(C, I), Hom4(M', E)) 0
Hom 4 (Hom 4(C, I), Hom 4 (M, E)) < Homy (Hom4(C, I) ® 4 M, E)

Homy (Hom 4 (C, I),Hom 4(C, J)) = Hom 4 (Hom 4 (C,I) ®4 (C ®4 F), E)

The first column is the induced long exact sequence which comes from
applying Hom 4 (Homa(C, 1), —) to (). We get another monomor-
phism when we apply Hom(C, 1) ®4 — to the one 0 - M — C®4 F
from (t); this follows from the property (3) which (}) satisfies together
with the calculation preceding (f). Turning this into an epimorphism
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with Homy(—, E) we get the second column. The vertical isomor-
phisms are by adjointness. The diagram implies that the module in
(k) is zero. O

Theorem 2.16. For any (appropriately homologically bounded) A—
complex M, we have the following equalities:

C-GidyM = GidgxcM,
C-GpdyM = GpdyucM,
C-GfduM = GfdaxcM.

Proof. The proof uses Propositions 2.13(1),(2) and 2.15 in combina-
tion with [4, Theorems (2.5), (2.2) and (2.8)]. We only prove that
C-GidaM = GidaxcM, since the proofs of the other two equalities
are similar:

From Proposition 2.13(1) we get that every C—Gorenstein injective
A-module is also Gorenstein injective over A x C', and this give us the
inequality “>7".

For the opposite inequality “<”, we may assume that n = Gid e M is
an integer. Pick a left-bounded complex I of injective A-modules such
that [ ~ M in D(A). By Lemma 2.6 the modules I; are Gorenstein
injective over A x C', and therefore [4, Theorem (2.5)] implies that the
A-module Z’ | is Gorenstein injective over A x C.

Now, Proposition 2.13(1) shows that Z’  is C-Gorenstein injective.

n

By Example 2.8(a), the complex /_,D = -+ — I_,,; — Z’  — 0 con-
sists of C—Gorenstein injective A-modules, and since I_,D ~ 1 ~ M
we see that C-GidaM < n. O

Corollary 2.17. For any (appropriately homologically bounded) A-
complex M, we have the following equalities:

GidaxaM = GidgpeyM = Gida M,

GpdyuaM = Gpdypy) ey M = Gpdy M,

GfdaxaM = GfdypeyM = Gfdy M.
Proof. This follows immediately from Theorem 2.16; we only have

to note that A x A = A[z]/(2?) (sometimes referred to as the dual
numbers over A). O

Having realized that, on the level of A—complexes, the three (classical)
Gorenstein dimensions can not distinguish between A and A x A, we
can reap a nice result from the work of [10]:

Theorem 2.18. If (A, m, k) is local, then the following conditions are
equivalent:
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(1) A is Gorenstein.

(2) There exists an A—complex M such that all three numbers fda M,
Gidg M and widthy M are finite.

(3) There exists an A—complex N such that all three numbers ida N,
Gpdy N and depthy N are finite.

(4) There exists an A—complex N such that all three numbers ida N,
Gfda N and depth 4N are finite.

Proof. 1t is well-known that over a Gorenstein ring, every homologi-
cally bounded complex has finite Gorenstein injective, Gorenstein pro-
jective and Gorenstein flat dimension, and thus (1) = (2), (3), (4).

Of course, (3) = (4); and using Corollary 2.17, the remaining impli-
cations (2) = (1) and (4) = (1) follow immediately from [10, Propo-
sitions 4.5 and 4.7]. O

Remark 2.19. There already exist special cases of this result in the
literature: If A admits a dualizing complex, then [2, (3.3.5)] compared
with [4, Theorems (4.3) and (4.5)] gives Theorem 2.18. If one drops
the assumption that a dualizing complex should exists, then Theorem
2.18 is proved in [12, Corollary (3.3)], but only for modules.

3. COMPARISON WITH CHRISTENSEN’S G—dim¢(—)

In [3, Definition (3.11)], Christensen introduced the number G-dim¢Z
for any semi-dualizing complex C', and any complex Z with bounded
and finitely generated homology. When C' = A (and Z is a module),
we recover Auslander—Bridger’s G—dimension by [2, Theorem (2.2.3)].

Proposition 3.1. If C is a semi-dualizing A—module, and M an A-
complex with bounded and finitely generated homology, then:

C-Gpdy,M = G-dim¢M.
Proof. By Theorem 2.16, the proposition amounts to:
The homology of M is bounded and finitely generated over A, and
hence it is also bounded and finitely generated over A x C. So by
e.g. [4, Theorem (2.12)(b)] or [2, Theorem (4.2.6)], the left hand side
in (x) equals G-dim oM (Auslander-Bridger’s G-dimension over the
ring A x C'). We must therefore prove that:
(**) G*dimA[XCM = G*dlmcM
The left hand side is finite precisely if the biduality morphism:

M — RHOH]Axc(RHOHlAKCa\/[,A X C),A X C)



VI.14 HENRIK HOLM AND PETER JORGENSEN

is an isomorphism, and the right hand side is finite precisely when
M — RHom(RHomy4 (M, C), C)

is an isomorphism. But these two morphisms are equal by Lemma
1.3(3), so the left hand side and right hand side of (xx) are simulta-
neously finite. When the left hand side of (xx) is finite, it equals:

—inf RHomgno (M, A x C),
and when the right hand side is finite, it is equal to:
—inf RHoma (M, C)
But these two numbers are equal by Lemma 1.3(2). O

Observation 3.2. Christensen’s G-dim¢(—) only works when the
argument has bounded and finitely generated homology, but it has
the advantage that C' is allowed to be a semi-dualizing complez.

By Theorem 2.16, we get that for A—complexes M, the C—Gorenstein
projective dimension C-Gpd 4 M agrees with the “ring changed” Goren-
stein projective dimension Gpd 4, ~M.

It is not immediately clear how one should make either of these di-
mensions work in the world of rings and modules/complexes when C
is a semi-dualizing complex. Because in this case, A X C' becomes a
differential graded algebra, and the C—Gorenstein projective objects
in Definition 2.7 (from which we build our resolutions) become com-
plexes.

In [1, Page 28] we find an interesting comment, which makes it even
more clear why we run into trouble when C'is a complex:

“On the other hand, let C' be a semi-dualizing complex with amp C' =
s > 0. We are free to assume that inf C' = 0, and it is then immediate
from the definition that G—-dimcC = 0; but a resolution of C' must
have length at least s, so the G—dimension with respect to C' can not
be interpreted in terms of resolutions.”

It is notable that the number Gpd , RHom(C, N), N € B¢(A), occur-
ing in Theorem 4.3 below makes perfect sense even if C' is a complex.

4. INTERPRETATIONS VIA AUSLANDER AND BASS CATEGORIES

In this section, we interpret the C—Gorenstein homological dimensions
from Section 2 in terms of Auslander and Bass categories.
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Remark 4.1. Let C be a semi-dualizing A—complex. In [3, Section
4] is considered the adjoint pair of functors:
cRL—

D(4) D(A)
RHom 4 (C,—)

and the full subcategories (where Dy,(A) is the full subcategory of D(A)
consisting of homologically bounded complexes):

M and C®4 M are in Dy,(A) and }

Ac(A) = {M € D(4) M — RHomy (C, C®IAM) is an isomorphism

and

Bo(A) = {N € D(A)

N and RHom4(C, N) are in Dy(A) and
C®% RHom(C, N) — N is an isomorphism [
It is an exercise in adjoint functors that the adjoint pair above restricts
to a pair of quasi-inverse equivalences of categories:

coL -

RHom 4 (C,—)

Theorem 4.2. For any complex M € Ac(A) we have an equality:
C-GidyM = Gid(CR45M).

Proof. Throughout the proof we make use of the nice descriptions of
the modules in Ac(A) and B¢ (A) from [3, Observation (4.10)].

STEP 1: In order to prove the equality C-Gid4M = Gid4(C®%M),
we first justify the (necessary) bi-implication:
(f) M is C-Gorenstein injective <=

C ®4 M is Gorenstein injective
for any module M € Ac(A).
“=": By Definition 2.7(I2) there is an exact sequence:
(%) -+ — Homu(C, I;) — Homu(C, Iy) - M — 0,

where Iy, I, . .. are injective A—modules. Furthermore, we have exact-
ness of Hom4(Hom4(C, J), (x)) for all injective A—modules J.

M belongs to Ac(A), and so does Homy(C, I) for any injective A-
module I, since I € Bg(A) by [3, Proposition (4.4)]. In particular,
C' is Tor-independent with both of the modules M and Hom(C, I).
Hence the sequence (x) stays exact if we apply to it the functor C® 4—,
and doing so we obtain:

(%) o= = Ih - C®s M — 0.
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By similar arguments we see that if we apply Hom4(C, —) to the
sequence (kx), then we get (%) back. If J is any injective A—module,
then we have exactness of Hom4(J, (%)) because:

1

Hom 4 (C' ®4 Homy(C, J), (xx))
Hom 4 (Hom 4 (C, J), Hom(C, (xx)))
>~ Homy(Homa(C, J), (x)).

Hom 4(J, (%))

12

Thus, (+x) is a “left half” of a complete injective resolution of the
A-module C' ®4 M. We also claim that Ext’y(J,C ®4 M) = 0 for all
7 > 0 and all injective A-modules J. First note that:

(©)
Ext’y(J,C ®4 M) = H'RHom4(C®% RHomy(C, J), Co4 M)

—
o
Na%

—~
o
=

1%

H' RHom 4 (RHom4(C, J), RHom4 (C, C@5 M))

—
¢}
~

1%

H' RHom 4 (RHom4 (C, J), M)
Ext’ (Hom4(C, J), M).

12

Here (a) is follows as J € Ba(A) by [3, Proposition (4.4)]; (b) is by
adjointness; and (c) is because M € Ac(A). This last module is zero
because M is C—Gorenstein injective. These considerations prove that
C ®4 M is Gorenstein injective over A.

“<”: If C ®4 M is Gorenstein injective over A, we have by definition
an exact sequence:

(1) i LI > C®4 M —0,

where [y, I, ... are injective A—modules. Furthermore, we have exact-
ness of Homu(J, (1)) for all injective A-modules J.

Since Iy, I1,... and C' ®4 M are modules from B (A), then so are all
the kernels in (1), as Bo(A) is a full triangulated subcategory of D(A).
If N € Be(A), then Extil(C, N) =0, and consequently, the sequence
(1) stays exact if we apply to it the functor Hom 4(C, —). Doing so we
obtain:

(i) I HOmA<C; [1) — HOHIA(C, [0) — M — 0.
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If J is any injective A—module, then we have exactness of the complex

Hom, (Homa(C, J), (f)) because:

Hom 4(Homu4(C, J), (1)) = Hom(Homu(C, J), Homa(C, (1)))
Hom 4 (C' ®4 Homyu(C, J), (1))
Hom4 (/, (1))-

Furthermore, (¢) above gives that:
Ext7' (Homyu(C, J), M) = Ext3'(J,C @4 M) = 0,

for all injective A—modules J. The last zero is because C' ® 4 M is
Gorenstein injective over A. Hence M is C—Gorenstein injective.

STEP 2: To prove the inequality C-GidqM > Gidy(C®4M) for
any complex M € Ac(A), we may assume that m = C-GidyM =
GidgxcM; cf. Theorem 2.16, is an integer. Since C®%M is homo-

logically bounded, there exists a left-bounded injective resolution I of
C®L% M, that is, I ~ C®%M in D(A).

We wish to prove that the A-module Z’  is Gorenstein injective.
Since M belongs to Ac(A), we get isomorphisms:

M ~ RHom4(C,C®4M) ~ RHomu(C, 1) ~ Homy(C,I).

Now, Hom,4(C, I) is a complex of Gorenstein injective A x C—modules,

12

1%

and thus the A-module L := lefnmA(C’I) is Gorenstein injective over
A x C by [4, Theorem (2.5)]. By Proposition 2.13(1), L is also C—
Gorenstein injective. Note that:

“m = —Gidaxe M < inf M & inf(CLM) = inf1,

where the equality (a) comes from [3, Lemma(4.11)(b)]. Therefore,
0—-2  — 1., — I, isexact, and applying the left exact functor
Hom4(C, —) to this sequence we get an isomorphism of A-modules:

() L = zHoma @~ Hom,(C,ZL,).
We have a degreewise split exact sequence of complexes:
0—-"z!  — I ,>—1I,3—0,

where we have used the notation from [2, Appendix (A.1.14)] to denote
soft and hard truncations. Since I_,,,1 has finite injective dimen-
sion it belongs to Bo(A) by [3, Proposition (4.4)], and furthermore,

[0 ~1~Ce5M € Bo(A).

Thus, the module Z’, is also in B¢ (A), as Bo(A) is a full triangulated
and shift-invariant subcategory of D(A). Consequently, the module L
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from (b) belongs to Ac(A) and has the property that C ®4 L = 71 .
Therefore, the implication “=" in () gives that Z’  is Gorenstein
injective over A, as desired.

STEP 3: To prove the opposite inequality C-Gid4M < Gida(C®% M)
for any complex M € Ag(A), we assume that n = Gid4(C® M) is an
integer. Pick any left-bounded injective resolution I of C®4 M. Then
the A-module Z” is Gorenstein injective by [4, Theorem (2.5)].

As in STEP 2 we get M ~ Homu(C, I), and thus it suffices to show
that the module:

N .= z8oma@D o~ gom,(C, 77 ,).

is C—Gorenstein injective, because then M ~ Hom(C,I)_,D shows
that C-GidaM < n. As before we get that N is a module in Ax(A)
with C ®4 N = Z' | which this time is Gorenstein injective over A.

—n?

Therefore, the implication “<” in () gives that N is C—Gorenstein
injective. U

Using Proposition 2.13(2), a similar argument gives:

Theorem 4.3. For any complex N € Bo(A) we have an equality:
C-GpdyN = Gpd, RHomy(C, N). O

From Theorems 4.2 and 2.16, and Proposition 2.1 we can easily derive:

Theorem 4.4. For any complex N € Bo(A) we have an equality:
C-GfdyuN = Gfdy RHom4(C, N).

Proof. Let E be a faithfully injective A-module. Since N € B¢ (A) it
is easy to see that RHom 4 (N, E') ~ Homyu (N, E) is in Ac(A). Hence:

C-Gfd4N = C-Gids RHom,(N, E)
= Gidy (C®'; RHomyu(N, E))
= Gids RHomy(RHom,4(C, N), E)
= Gfdy RHoma(C, N).
The second last isomorphism comes from [2, (A.4.24)]. O

In the rest of this section, we assume that A admits a dualizing complex
D4; cf. [4, Definition (1.1)]. The canonical homomorphism of rings,
A — Ax C, turns Ax C' into a finitely generated A-module, and thus

DA*C = RHomy (A x C, D?)

is a dualizing complex for A x C.
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Lemma 4.5. There is an isomorphism over A,
DA*CgL LA = RHomy(C, DY).
Proof. This is a computation:

DA*CghL A = RHomu(Ax C,D)®Y, A

—
o
Na%

12

RHom 4 (RHom 4 (A, A x C), D?)

—
o
=

12

RHom4(C, DY),

where (a) holds because D4 has finite injective dimension over A and
(b) is by Lemma 1.3(4). O

By [3, Corollary (2.12)], the complex CT = RHomy4(C, D) is semi-
dualizing for A. We now have the following generalization of the main
results in [4, Theorems (4.3) and (4.5)]:

Theorem 4.6. Let M and N be A—complexes such that the homology

of M s right-bounded and the homology of N is left-bounded. Then:
(1) M € Aci(A) <— C-Gpd M < 0 <= C-Gfd M < oc.
(2) N € Bei(A) <= C-GidsN < oc.

Proof. Recall that DA*¢ = RHom 4 (A x C, D#) is a dualizing complex
for Ax C. If M is a complex of A-modules then

CTeiM RHom (C, DY)@% M

—
o
Na%

12

(DY AR M
DAKC@%KCM

I

and

RHomy (CT, M) = RHom,(RHomy(C, D?), M)

—~
o
=

12

RHomy (DA*Y®Y . oA, M)

—~
¢}
~

1

RHom 4o (DA%, RHomy (A, M))
RHOHlec(DAIXC, M),

12

where (a) and (b) are by Lemma 4.5 and (c) is by adjunction. So
using the adjoint pair:
ctek-
D(4) D(4)

RHom 4 (CT,-)
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on complexes of A-modules is the same as viewing these complexes as
complexes of (A x C')-modules and using the adjoint pair:

DAKC@%KC_
D(A x C) D(Ax C)

RHom 4 ¢ (DA%C,—)

Hence a complex M of A-modules is in Agi(A) if and only if it is in
Apaxc(AxC) when viewed as a complex of (Ax C')-modules. If M has
right-bounded homology, this is equivalent both to Gpd - M < oo
and Gfdsxc M < oo by [4, Theorem (4.3)], and by Theorem 2.16 this
is the same as C-Gpd M < oo and C-Gid4M < oo.

So part (1) of the theorem follows, and a similar method using [4,
Theorem (4.5)] deals with part (2). O

5. PROPER DIMENSIONS

In this section, we define and study the proper variants of the dimen-
sions from Theorem 2.16. The results to follow depend highly on the
work in [8].

In Definition 2.9 we introduced the dimensions C-Gid4(—), C-Gpd 4(—)
and C-Gfda(—) for A-complexes. When M is an A-module it is not
hard to see that these dimensions specialize to:

C-GidgM = inf {n e Ny

0—-M—1°—... = " —0is exact
and I°,...,I" are C—~Gorenstein injective [’

and similarly for C-Gpd 4,M and C-Gfds M.

Definition 5.1. Let Q be a class of A-modules (which contains the
zero-module), and let M be any A—module. A proper left Q-resolution
of M is a complex (not necessarily exact):

(1) = Q1= Qo — M —0,

where Qp, @1, - .. € Q and such that (1) becomes exact when we apply
to it the functor Hom(Q, —) for every @ € Q. A proper right Q-
resolution of M is a complex (not necessarily exact):

(i) O—>M—>QO—>Q1—>-~-,

where Q°,Q', ... € Q and such that (1) becomes exact when we apply
to it the functor Homy4(—, Q) for every @ € Q.

Definition 5.2. Let Q be a class of A-modules, and let M be any
A-module. If M has a proper left Q-resolution, then we define the
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proper left Q—dimension of M by:

0—>Qn—>"'—>Q0—>M—>OiS}

L-dimQM = inf {n €Nl 5 proper left Q-resolution of M

Similarly, if M has a proper right Q-resolution, then we define the
proper right Q—dimension of M by:
OHM—)QOH~-~—>QnHOiS}

R-dimqM = inf {n eNoty proper right Q-resolution of M

Definition 5.3. We use Glg(A), GP¢(A) and GF¢(A) to denote the
classes of C—Gorenstein injective, C—Gorenstein projective and C—
Gorenstein flat A-modules, respectively.

A proper right Gl (A)-resolution is called a proper right C—Gorenstein
injective resolution, and with a similar meaning we use the terms
proper left C—-Gorenstein projective/flat resolution.

Finally, we introduce the (more natural) notation:
e C-Gid4(—) for the proper right Gl (A)-dimension,
e C-Gpd,(—) for the proper left GP-(A)-dimension,
o (C-Gfds(—) for the proper left GFo(A)-dimension,

whenever these dimensions are defined.
The next definition is taken directly from [8, Definition 2.1]:

Definition 5.4. Let F be a class of A-modules. Then F is called
Kaplansky if there exists a cardinal number s such that for every
module M € F and every element x € M there is a submodule N C M
satisfying z € N and N, M/N € F with |N| < &.

Lemma 5.5. The class of C'—~Gorenstein injective A—modules is Ka-
plansky.

Proof. The class of Gorenstein injective (Ax C')-modules is Kaplansky
by [8, Proposition 2.6]. Let k be a cardinal number which implements
the Kaplansky property for this class.

Now assume that M is a C—Gorenstein injective A—-module, and that
x € M is an element. By Proposition 2.13(1), M is Gorenstein injec-
tive over A x C, and thus there exists a Gorenstein injective (A x C')-
submodule N C M with x € N and |N| < k, and such that the
(A x C')-module M/N is Gorenstein injective.

Since M is an A—module, when we consider it as a module over A x C,
it is annihilated by the ideal C' C A x C. Consequently, the two
(Ax C)-modules N and M/N are also annihilated by C'. This means
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that N and M/N really are A—-modules which are viewed as (A x C)—
modules. Hence Proposition 2.13(1) implies that N and M/N are
C—Gorenstein injective A-modules; and we are done. O

Theorem 5.6. Every A-module M has a proper right C'—Gorenstein
injective resolution, and we have an equality:

C-GidaM = C-Gidys M.

Proof. By Lemma 5.5 above, the class of C—Gorenstein injective A—
modules is Kaplansky, and it is obviously also closed under arbitrary
direct products. Therefore, [8, Theorem 2.5 and Remark 3] implies
that every A-module admits a proper right C—Gorenstein injective
resolution.

Every injective A-module is also Gorenstein injective by Example
2.8(a), and hence a proper right C—Gorenstein injective resolution
is exact. Consequently, we immediately get the inequality:

C-GidyM > C-Gid4 M.

To show the opposite inequality, we may assume that n = C-Gid4 M is
finite. Let 0 — M — E° — E' — ... be a proper right C—Gorenstein
injective resolution of M. Defining D" = Coker(E"? — E"') we
get an exact sequence:

0—-M-—>E"—... - E" D" -0,

which also stays exact when we apply to it the (left exact) functor
Homu(—, E) for every C—Gorenstein injective A-module E. Since
C-GidaM = GidaxcM = n, we get by [11, Theorem 2.22] and Propo-
sition 2.13(1) that D" is C—Gorenstein injective, so C-GidyM < n. O

Sometimes, nice proper right C—Gorenstein injective resolutions exist:

Proposition 5.7. If M is module in Ac(A) such that n = C-GidaM
1s finite, then there exists a proper right C'—Gorenstein injective reso-
lution of the form:

(*)  0— M — H° — Homu(C, ') — -+ — Homu(C, I") — 0,
where H° is C~Gorenstein injective and I', ..., I"™ are injective.

Proof. As in the proof of Theorem 4.2, the assumption M € Ac(A)
gives the existence of an exact sequence of A-modules:

0 — M — Homyu(C, J°) — ... — Homyu(C, J* ') — D" — 0,
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where JY, ..., J" ! are injective, and D" is Gorenstein injective over
A x C. Applying Lemma 2.4 to D™ we get a commutative diagram of
A-modules with exact rows:

0—= M —= Homu(C, J) — -+ —= Hom4(C, J" ') —= D" ——=0

|
0 — D% —— Homu(C,U%) — -+ ——= Hom(C,U""!) —= D" ——=0
where U°, ... U"! are injective and D is C—Gorenstein injective.
The mapping cone of this chain map is of course exact, and further-
more, it has 0 — D" — D" — 0 as a subcomplex.

Consequently, we get the exact sequence (x), where I' = U™l @ J*
for i = 1,...,n — 1 together with I™ = U™~ ! are injective; and H° =
D% & Homy(C, J°) is C—Gorenstein injective.

We claim that the sequence (x) remains exact when we apply to it

the functor Hom(—, N) for any C—Gorenstein injective A-module N
(and this will finish the proof):

Splitting () into short exact sequences, we get sequences of the form
0— X —=Y — Z — 0, where Z has the property that it fits into an
exact sequence:

0 — Z — Homy(C, E°) — Homy(C, E™) — 0,
where E°, ..., E™ are injective. Therefore, it suffices to prove that
every such module Z satisfies Ext};(Z, N) = 0 for all C-Gorenstein

injective modules N. But as Ext3'(Homy(C, EY),N) = 0 for i =
0,...,m, this follows easily. O

We do not know if every module has a proper left C—Gorenstein pro-
jective resolution. However, in the case where A admits a dualizing
complex and where C' = A, then the answer is positive by [13, Theo-
rem 3.2].

“Dualizing” the proof of Theorem 5.6 (except the first part about
existence of proper resolutions) and Proposition 5.7, we get:

Theorem 5.8. Assume that M is an A-module which has a proper
left C—Gorenstein projective resolution. Then we have an equality:

C—GpdAM = C—GpdAM O

Proposition 5.9. If M is module in Bo(A) such that n = C-Gpd M
15 finite, then there exists a proper right C'—Gorenstein projective res-
olution of the form:

0—->C®aP,— - —>CR1P—>Gy—M-—0
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where Go is C—Gorenstein projective and Py, ..., P, are projective.
Furthermore, if M s finitely generated, then Gy, Py, ..., P, may be
taken to be finitely generated as well. Il

The C—-Gorenstein flat case is more subtle. We begin with the next:

Lemma 5.10. The class of C—Gorenstein flat A—modules is Kaplan-
sky, and closed under direct limits.

Proof. As in the proof of Lemma 5.10; this time using [8, Proposi-
tion 2.10], we see that the class of C—Gorenstein flat A-modules is
Kaplansky.

By Proposition 2.15, a module M is C—Gorenstein flat if and only if
M satisfies conditions (F1) in Definition 2.7 and (F2’) in Proposition
2.15. Clearly, the condition (F1) is closed under direct limits.

Concerning condition (F2’), we recall from Lemma 2.14 that the class
of A-modules F = {C' ®4 F'| Fflat A-module} is closed under direct
limits. Condition (F2’) states that M admits an infinite proper right
F-resolution, or in the language of [7, 8], that ug(M) = oo. Hence [8,
Theorem 2.4] implies that also (F2’) is closed under direct limits. O

Theorem 5.11. Every A-module M has a proper left C'-Gorenstein
flat resolution, and there is an equality:

C-GfdgaM = C-Gfds M.

Proof. The class GF¢(A) of C—-Gorenstein flat modules contains the
projective (in fact, flat) modules by Example 2.8(c), and furthermore,
it is closed under extensions by [11, Theorem 3.7] and Proposition
2.15.

Thus, by Lemma 5.10 above and [8, Theorem 2.9] we conclude that the
pair (GF¢(A), GFo(A)1Y) is a perfect cotorsion theory according to [8,
Definition 2.2]. In particular, every module admits a C—Gorenstein
flat (pre)cover, and hence proper left C-Gorenstein flat resolutions
always exist.

The equality C-GfdyM = C-Gfd4M follows as in Theorem 5.6; this
time using [11, Theorem 3.14] instead of [11, Theorem 2.22]. O
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