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HOMOLOGICAL DIMENSIONS AND ABELIAN
MODEL STRUCTURES ON CHAIN COMPLEXES

MARCO A. PEREZ

ABSTRACT. We construct Abelian model structures on
the category of chain complexes over a ring R, from the
notion of homological dimensions of modules. Given an
integer, n > 0, we prove that the left modules over a
ringoid R with projective dimension at most n form the
left half of a complete cotorsion pair. Using this result,
we prove that there is a unique Abelian model structure
on the category of chain complexes over R, where the
exact complexes are the trivial objects and the complexes
with projective dimension at most n form the class of
trivially cofibrant objects. In [4], the authors construct
an Abelian model structure on chain complexes, where the
trivial objects are the exact complexes, and the class of
cofibrant objects is given by the complexes whose terms
are all projective. We extend this result by finding a new
Abelian model structure with the same trivial objects where
the cofibrant objects are given by the class of complexes
whose terms are modules with projective dimension at most
n. We also prove similar results concerning flat dimension.

1. Introduction. In 2002, Hovey established in [14, Theorem 2.2]
a correspondence for constructing an Abelian model structure from two
compatible and complete cotorsion pairs (see, [14, Theorem 2.2]). We
apply this correspondence in order to construct new model structures
on the category of chain complexes, from certain special classes of chain
complexes involving homological dimensions.

In his book, [15, Section 2.3], Hovey constructs a model category
structure on the category Ch(rMod) of chain complexes of left R-
modules, where the weak equivalences are the quasi-isomorphisms and
the trivial cofibrations are the monomorphisms whose cokernels are pro-
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jective. We shall refer to this structure as the projective model structure.
We extend this model structure to any projective dimension. Specifi-
cally, we shall find a model structure with the same weak equivalences
where the trivial cofibrations are the monomorphisms whose cokernels
are complexes with projective dimension < n, with n a positive integer.
At the beginning of Section 3 we give a description of these complexes
as those exact complexes whose cycles have projective dimension < n.

The method we use for constructing the model structure mentioned
above involves the study in Section 3 of the category of left modules over
a ringoid R, denoted Mod (R). If we consider the class P,,(Mod (R))
of n-projective modules over R, i.e., modules with projective dimension
< n, then we show that every module in P, (Mod (fR)) is filtered by the
class (P, (Mod (RR)))<" of n-projective modules with cardinality < &,
where k is a fixed infinite regular cardinal satisfying a certain condition
with respect to fR. As a consequence, one has that P,(Mod (R)) is
the left half of a complete cotorsion pair. These facts in Mod (2R) are
generalizations of [2, Proposition 4.1, Theorem 4.2]. Since the cate-
gory Ch (gMod) of chain complexes of left R-modules is a particular
example of Mod (R), we have that the class of n-projective complexes
is the left half of a complete cotorsion pair, which turns out to be com-
patible with another complete cotorsion pair whose left half is given
by the class of differential graded n-projective complexes. In order to
prove this last assertion we present in Proposition 4.3 a rather simple
but interesting method that relates the completeness of two given com-
patible cotorsion pairs. Roughly speaking, we shall see that, in order
to show the completeness of two compatible cotorsion pairs, it suffices
to prove that either is complete.

As a consequence of Hovey’s correspondence, we shall get the
Abelian model structure described in Theorem 4.5 (the n-projective
model structure). One interesting application of this model structure
is given at the end of Section 4 and consists of finding another way to
compute extension groups Ext's (M, N) for every pair of left R-modules,
M and N. Recall that one normally computes Ext’s (M, N) by using ei-
ther a left resolution of M by projective modules or a right resolution of
N by injective modules. Somewhat surprisingly, there are many other
ways to do it. This was pioneered by Gillespie in [9, Section 5] who
proved that, in order to compute Ext%(M ,N), one can use a left reso-
lution of M by flat modules and simultaneously a right resolution of N
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by cotorsion modules. We prove that one can also use a left resolution
of M by modules of projective dimension at most n. The disadvantage
of doing so is that we use right resolutions of NV by a class of modules
which is hard to describe. The same results apply to the n-flat and n-
injective model structures (see Theorems 4.9 and 6.1), although in the
n-injective one we use right resolutions of N by modules of injective
dimension < n.

In Section 5, we construct another model structure on Ch (rpMod)
from the class of n-projective modules. In [4], Bravo, et al., construct
an Abelian model structure on Ch (gMod), where the trivial objects
are the exact complexes and the class of cofibrant objects is given by
the complexes with projective terms. Among the arguments given by
the authors, there is a famous theorem by Kaplansky on projective
modules, which states that every projective module is a direct sum of
countably generated projective modules. We present an extension of
Kaplansky’s theorem to any projective dimension, in order to prove
that every degreewise (dw) n-projective complex (we mean a complex
whose terms have projective dimension < n) is filtered by the class
of chain complexes X such that each module Xj; has a projective
resolution of length n, where each projective term is written as a direct
sum of countably generated projective modules over a countable set.
We introduce the notion of nice sub-resolutions of n-projective modules
to show that every exact dw-n-projective complex is filtered by the
class of exact dw-n-projective complexes with cardinality < x, with
k > Card (R). This gives rise to an extension of some of the techniques
developed in Bravo, et al. [4], to the class of n-projective modules, from
which we obtain a new Abelian model structure on Ch (zkMod) where
the quasi-isomorphisms are weak equivalences and the monomorphisms
with (exact) dw-n-projective cokernels are (trivial) cofibrations.

Section 6 is devoted to obtaining two new model category structures
on Ch(gMod) from the class of modules with flat dimension < n
(see Theorems 6.1 and 6.2). This is motivated by early studies in
the case n = 0 developed by Aldrich, et al., in [1, Propositions 3.1,
4.1], where they proved that every flat complex is filtered by the class
of flat complexes with cardinality < k. They also proved a similar
result for the class of complexes which have all their terms flat. We
show how their techniques can be adapted to the case n > 0 to prove
analogous results for the class of n-flat complexes, i.e., complexes with
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flat dimension < n, and degreewise n-flat complexes, i.e., complexes
which have all their terms with flat dimension < n. Later, we deduce
that every chain complex can be covered by a complex with flat
dimension < n. This latter result represents an extension of Enochs’
Flat cover conjecture (which states that every module has a flat cover)
to the category of chain complexes and for any flat dimension.

The new model structures obtained in this paper are not monoidal
in general. However, at the end, we present an interesting application
of a Kiinneth theorem to show that the degreewise projective and
degreewise flat model structures on Ch (rMod) are monoidal in the
case where R is a commutative ring with weak dimension at most 1.

2. Preliminaries. Given an Abelian category C, two classes A and
B of objects in C form a cotorsion pair (A,B) if they are orthogonal
to each other with respect to the first extension bi-functor Exté(—7 =)
i.e., the following equalities are satisfied:

e A="1B:={X €0b(C)/Ext;(X,B) =0 for every B € B}.

e B=A':={X € Ob(C)/Ext:(A, X) =0 for every A € A}.

We are interested in a special class of cotorsion pairs (A, B) from which
it is possible to obtain pre-covers and pre-envelopes by the left and right
halves of (A, B), respectively. A cotorsion pair (A, B) in C is complete
if, for every object X of C, there exist two short exact sequences

0—B—A—X—0
and

0—X —B —A4A—0

where A, A’ € A and B,B’ € B. The map A — X is called a special
A-pre-cover and X — B’ a special B-pre-envelope.

Two cotorsion pairs (A, B’) and (A’, B) are compatible if there exists
a class of objects W in C such that A’ = ANW and B’ = BN W.

A class of objects A in C is said to be thick if it is closed under
retracts, and if for every exact sequence,

0— A —A— A" —0,
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two out of three of the terms A’, A and A” are in A, then so is the
third.

Theorem 2.1 (Hovey’s correspondence, [14, Theorem 2.2]). Let C be
a bi-complete Abelian category. If (A, BN W) and (AN W,B) are
complete cotorsion pairs in C and the class W is thick, then there
exists a unique Abelian model structure on C such that A is the class
of cofibrant objects. B is the class of fibrant objects and W is the class
of trivial objects.

Conwversely, if C is equipped with an Abelian model structure and A,
B and W denote the classes of cofibrant, fibrant and trivial objects,
respectively, then (ANW,B) and (A,BNW) are complete cotorsion
PaITs.

Roughly speaking, a model structure on a bi-complete category C is
given by three classes of morphisms of C, called cofibrations, fibrations
and weak equivalences, such that it is possible to use homotopy theory
in C. A trivial or acyclic cofibration is a map which is a cofibration and
a weak equivalence. Trivial fibrations are defined similarly. We do not
recall the axioms defining a model structure, but a good introduction
to this notion along with very detailed examples is in [15].

If we are given a model structure on an Abelian category, C, an
object X of C is said to be cofibrant (respectively, fibrant) if the map
0 — X is a cofibration (respectively, if X — 0 is a fibration). If 0 — X
is a weak equivalence, then X is said to be trivial or acyclic.

A model structure on a bi-complete Abelian category C is said to be
Abelian if the following two conditions are satisfied:

e A map f is a (trivial) cofibration if, and only if, f is a mono-
morphism and CoKer (f) is cofibrant (and trivial).

e A map ¢ is a (trivial) fibration if, and only if, g is an epimor-
phism and Ker (g) is fibrant (and trivial).

Eklof and Trlifaj’s theorem is probably one of the most effective
methods for obtaining complete cotorsion pairs. It states that, if S is
a set of objects in a Grothendieck category, then the cotorsion pair
(+(S1),8%) is complete (this theorem was originally proven in [6,
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Theorem 10] for the category of modules, but it is also valid in every
Grothendieck category, as specified in [11, Remark 3.2.2]).

If (A, B) is a cotorsion pair such that B = St for some set S, then
(A, B) is said to be cogenerated by S. In this work, every time we want
to show that a cotorsion pair (A, B) is complete, we shall find a set S
such that every object in A is S-filtered. Under these conditions, the
pair (A, B) is cogenerated by S.

A transfinite composition in a cocomplete Abelian category C is a
morphism of the form f: Fy — CoLimy<)(F,), where F': [\] = C is a
colimit preserving functor and A is an ordinal. The morphism f is also
known as the transfinite composition of the morphisms F,, — Fi, 1 for
every a +1 < A. If) in addition, all the morphisms F,, — F,; are

monic with cokernel in some class S, Fj EN CoLimgy<)(F,) is called
a transfinite extension of Fy by S. If Fy € S as well, the colimit
CoLimy<x(Fy) is called a transfinite extension of S.

If X is an object of C such that X = CoLim,<(F,) is a transfinite
extension of S, X is said to be S-filtered and the family (F, : a < \)
an S-filtration.

Definition 2.2. Let A be a class of objects in an Abelian category C.
We shall say that an object X has a left A-resolution if there exists an
exact sequence

e — A — A — X — 0,

where A, € A for every k € Z>¢. In this sense, we shall say that
X is a left n-A-object if it has a finite left A-resolution of length n,
i.e., an exact sequence as above where Ay = 0 for every k > n. Right
A-resolutions and right n-.A-objects are defined dually.

We recall that a cotorsion pair (A, B) in C is hereditary if Ext’ (A, B)
is null for every A € A, B € B and i > 1. The following result is easy
to prove.

Lemma 2.3. Let (A, B) be a hereditary cotorsion pair in an Abelian
category C. Then the classes of left n-A-objects and right n-B-objects
are both closed under extensions.
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The following lemma is proven in the category of left R-modules
in [11], but the arguments appearing there carry over to every
Grothendieck category.

Lemma 2.4 (Eklof [11, Lemma 3.1.2]). Let X and Y be two objects
of a cocomplete Abelian category C, and suppose X = CoLimgy<x(X4),
where (Xo : « < X) is a transfinite extension of L{Y}. Then
X e H{v}.

As a consequence, we have the following proposition.

Proposition 2.5. Let (A, B) be a cotorsion pair in an Abelian category
C. If § C A is a set of objects in C such that every object of A is S-
filtered, then (A, B) is cogenerated by S.

3. Cotorsion pairs from projective dimensions of left mod-
ules over a ringoid. In this section, we shall study some facts con-
cerning the projective dimension of objects in an Abelian category C.
We shall focus on the particular case where C is the category Mod (R)
of modules over a ringoid fR, for which we prove the class of objects
with projective dimension bounded by some n > 0 is the left half of
a cotorsion pair cogenerated by a set. This was initially proven by
Aldrich, et al., in [2] in the case C is the category of left R-modules
rMod. We provide some modifications to their arguments to gen-
eralize their results to Mod (R). The advantage in doing this lies in
the fact that both RkMod and the category Ch (rMod) of complexes
of the left R-modules are particular examples of categories of modules
over a ringoid.

We recall some notation in the category Ch (C) of complexes over
an Abelian category C. Given a chain complex X = (X,,)mez with
boundary or differential maps 9;% : X,, — X,,,_1, the object Z,,,(X) :=
Ker(9;}) is called the m-cycle of X, and B,,(X) := Im(9;5 ;) the m-
boundary of X.

Example 3.1. Let C € Ob(C). The mth sphere complex centered at
C, denoted S™((C), is defined by (S™(C))p, := C and (S™(C))x :=0
if kK # m. The mth disk complex centered at C, denoted D™(C), is
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defined by (D™(C)); := C if k =m or m — 1, and 0 otherwise, where
the only non-zero boundary map oL © s the identity id ¢.

From now on, left n-Py(C)-objects and right n-Zy(C)-objects shall
be called n-projective and n-injective objects, respectively. Let X be
an object in an Abelian category C. Let pd(X) and id (X) denote
the projective and injective dimension of X, respectively. Note that
X is n-projective (respectively, n-injective) if, and only if, pd (X) < n
(respectively, id (X) < n). We shall denote by P, (C) and Z,(C) the
classes of n-projective and n-injective objects of C, respectively.

Example 3.2 ([2, Theorem 4.2]). Let R be an associative ring with
unity and £ an infinite cardinal such that x > Card (R). The class
Pr. := Pn(rMod) of n-projective modules is the left half of a cotorsion
pair (P, (P,)*) cogenerated by a set of representatives by the class

(Pn)=% := {M € P, : Card (M) < k}.

Using induction and the fact that the class of exact chain complexes
is thick, the following result follows.

Lemma 3.3. Let C be an Abelian category.
(i) If

0—A4A,— - —A—X—0

is an exact sequence in Ch(C) such that A; is exact for every
0 <i<mn, then so is X.

(i) If
0—Y —B"—...—B"—0
is an exact sequence in Ch (C) such that B' is exact for every

0<i<n, then soisY.

Lemma 3.4. Consider a short exact sequence

0—Y -z 9% x50

of chain complexes over C.
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(i) The sequence
0—Z,Y)— Z,(2) — Zn(X) — 0

is exact if Y is an exact complez.
(ii) The sequence
O—>Ym—>Zm—>Xm—>O
Bu(Y)  Bu(Z)  Bu(X)

is exact if X is an exact complex.

Proof. We only show the first statement for pkMod, by [19, Theo-
rem 3, page 204]. Let Z,,,(f) : Zm(Y) = Zn(Z) be the homomorphism
induced by the universal property of kernels, given by y — f,,(y) for
every y € Zn,(Y). The homomorphism Z,,(g) : Zn(Y) = Zn(X) is
defined similarly. It is easy to check that Z,,(f) is monic and that
Ker (Z,,(9)) = Im (Z,,(f)). These facts do not depend on the exact-
ness of Y. Let z € Z,,,(X). There exists z € Z,,, such that © = g,,(2).
We have g,,_1 0 0Z(2) = 0;X 0 gm(2) = 0. Since the sequence

0—Y1—Z2Zm-1—Xpm1—0

is exact, there exists y € Y,,_; such that 8%(z) = fn_1(y). Then
Fz 0041 (y) = D4y © fmr(y) = 0, and so 9%_,(y) = O since
fm—2 is monic. By the exactness of Y there exists ¢y’ € Y, such that
y =0, (y). Hence, 07 (2 = fm(y')) = 0 and gim(z — fm(y)) = 2. O

Using Lemma 3.4 along with the induction principle, we obtain the
following result.

Lemma 3.5. Let
0—>Anﬁ>An,1—>---—>A1 £>A0—>0

be an exact sequence in Ch(C) of exact chain complexes. Then for

every m € Z, the m-cycles Z,,(A;) form the following exact sequence
in C:

0—Zn(An) — Zn(Ap—1) — -+ — Zn (A1) — Zn(4g) — 0.

Statement (ii) of the next proposition is proven in [8, Theorem
3.1.3]. We give here a different argument.
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Proposition 3.6. LetC be an Abelian category and n a positive integer.

(i) Assume C has enough projective objects. A chain compler X is
n-projective if, and only if, X is exact and each m-cycle is an
n-projective object of C.

(ii) Assume C has enough injective objects. A chain complex Y is
n-injective if, and only if, Y is exact and each m-cycle is an n-
injective object of C.

Proof. Let X be an exact complex with n-projective cycles. Consider
a partial projective resolution

0 —K —P,1— - —F—X—0

Note that K is exact by Lemma 3.3. Notice also that Z,,(F;) is
projective for every 0 < i < n — 1 and every m € Z. It follows by
Lemma 3.5 that Z,,,(K) € Q"(Z,,,(X)) (where Q"(Z,,(X)) denotes the
class of n-syzygies of Z,,(X)). Hence, Z,,(K) € Py(C) since Z,,(X) is
n-projective. The converse follows similarly. ]

We shall see that the class P,(Ch (gMod)) of n-projective chain
complexes is the left half of a complete cotorsion pair. This, along with
Example 3.2, is a consequence of a more general result in the category
Mod (fR) of left modules over a ringoid R. We begin by studying the
projective dimension of objects in this category.

A small pre-additive category fR is called ringoid or ring with many
objects. Then we have a composition law
Homg (b, ¢) ® Homg (a,b) — Homp (a, )
YQrr——>yox
for every a,b,c € Ob (R), and a unit id, € Homgp (a, a) for every a €
Ob (MR). The composition law defines a ring structure on Homp (a, a)
for every a € Ob (R). Moreover, the Abelian group Homgs (a, b) has the

structure of a bi-module, with a left action by Homg (b, b) and a right
action by Homg/(a, a).

Example 3.7.

(i) Every ring R can be regarded as a ringoid PR having a single
object % if we put Homgp (,x) = R.



(i)

A

HOMOLOGICAL DIMENSIONS 961

We shall denote by & the ringoid generated by the following
infinite graph together with the relation 0,, 0 0,41 = 0 for n € Z.

€2 ey ep e_1 e_o
Loag, O 0 g 0 o, O
2 1 0 -1 —2

We have Ob (&) = Z and
(e;) :={m-e;:meZ} ifj=i,
Homg(4,7) = (0;) :={m-0;:meZ} ifj=i+1,

0 otherwise.

(left) module over R is an additive functor M : R — Ab, where

Ab is the category of Abelian groups. A map of (left) R-modules is a
natural transformation M — N.

Example 3.8. Given a ringoid 98 and a € Ob (R), the covariant
functor Homg (a, —) : R — Ab is a (left) 53-module.

The category Mod (R) of left modules over R is defined as the
category [, Ab] of additive functors & — Ab. Note that Mod (R) is
Abelian and bi-complete since Ab is.

Example 3.9 (Specific examples of Mod (fR)).

(i)
(i)

If R is the ringoid of Example 3.7 (i), then Mod (R) is the
category RMod of left R-modules.

Recall that the tensor product C @ D of two pre-additive cate-
gories C and D is the pre-additive category defined by putting
Ob(C ® D) = Ob(C) x Ob (D) and Homegp((C, D), (C', D)) =
Home (C,C") ® Homp(D, D). If C, D and & are pre-additive
categories, then we have a canonical isomorphism of pre-additive
categories [C ® D, €] ~ [C,[D,£]]. In particular, if  and R are
ringoids, then [K,Mod (R)] = [K,[R,Ab]] ~ [K ® R, Ab] =
Mod (K @ R). If we consider a ring R and the ringoid & defined
in Example 3.7 (ii), then we have an isomorphism [&, Mod (R)] &
Mod (6 ® R) of additive categories. This means that a chain
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complex of R-modules is a module over the ringoid & ® R, i.e.,
Ch (gMod) =2 Mod (6 ® R).
Remark 3.10. A sequence
oo — My — My — M_{ — -

of left MR-modules is exact if, for every a € Ob(R), the sequence of
Abelian groups

oo — My(a) — My(a) — M_1(a) — -

is exact.

Definition 3.11. We shall say that an element x € M (a) is homoge-
nous of grade a, and we shall write a = |z|.

If M is a left module over R, then the map
Homp (a,b) — Homan (M (a), M (b))
of Abelian groups defined by M induces a multiplication
Homg (a,b) ® M(a) — M(b)
(ryx) —r-x:=M(r)(z),

for every a,b € Ob (). The product of r € Homg(a,b) by x € M(a)
is an element 7 -z € M (b).

Definition 3.12. We shall say that a linear combination of homoge-
nous elements y = > . ;7 - x; is admissible if y is homogenous and
r; € Homgp (|24, |y|) for every i € I. We shall accept infinite combina-
tions in the case where r; = 0 for all but finitely many ¢ € I.

Definition 3.13. If M is a left Si-module, we shall say that a family
N = {N(a) : a € Ob(R)} of subgroups N(a) C M(a) is a submodule
of M if x € N(a) implies r -z € N(b) for every r € Hommn (a, b).

Remark 3.14. Note that the family {N(a) : a € Ob(R)} in the
previous definition defines a functor N : & — Ab, where N(r) is the
restriction M(r)|n(q) for every map r : a — b. Conversely, if N is a
sub-functor of M, then {N(a) : a € Ob (R)} is a submodule of M.
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We want to construct, for every n-projective left YR-module, a trans-
finite extension of “small” n-projective R-modules. The construction of
this transfinite extension in the case C = gkMod is based on a method,
probably first introduced by Aldrich, et al., in [2], known as the zigzag
procedure. We shall explain how to adapt this procedure to the category
Mod (fR).

We need to introduce some notation and recall the notion of free
R-modules.

Definition 3.15. If M is an PR-module, we shall say that a submodule
N C M is generated by a family {x;},cr of homogenous elements if N
is the smallest submodule of M which contains all the elements x;.

Let N € M be a submodule generated by a family {z;}cr of
homogenous elements of M. Then an element x € M (a) belongs to
N(a) if and only if it is an admissible linear combination

xr = E Ty - X;

icl

(where r; = 0 for all but finitely many ¢ € T).

Definition 3.16. We shall say that a family {x;};,c; of homogenous
elements of M is a basis of M if every homogenous element = € M can
be written uniquely as an admissible linear combination

r = E Ty Ty

icl

We shall say that M is free if it admits a basis.

If R is a ringoid and M is a left SR-module, then it follows from
Yoneda’s lemma that, for every a € Ob(R) and every z € M(a),
there is a unique map of 93-modules « : Hom, (a, —) — M such that
x = ag(id4). More generally, if {a;};cs is a family of objects of R, let
us put

(a; i el):= @Homm(ai, -)

i€l
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and [i] := (u;)q,(id 4,), where u; : Homp(a;, —) — {(a; : @ € I) is the
inclusion. Consider a family of elements {x;}scr in [],c; M(a;). Then,
for each i € I, we can write 7; = (a')y,(ids,), where a! is a map
Homp (a;, —) — M of left R-modules. Since Mod (fR) is cocomplete,
there exists a unique map f : (a; : i € I) — M such that the following
triangle commutes:

Homg (a;, —) . EN (a; i el

a?

M

Note that oy, ([i]) = aqg; 0 (Ui)e; (ida;) = ("), (id o;) = x; for every
1 € I. Tt follows that the R-module (a; : i € I) is freely generated by
the elements [¢] of grade a; for i € I.

Definition 3.17. The family {a;}ics defines a map | —|: I — Ob (R)
if we put |i| = a; for ¢ € I. We shall say that the set I equipped with
the map | — | : I — Ob (R) is R-graded.

If I is an M-graded set, then the R-module (I) = @, ; Homep (|i], —)
is freely generated by elements [i] of grade |i| for i € I.

Proposition 3.18. An R-module M 1is free if, and only if, it is
isomorphic to a coproduct of R-modules Homm(a;,—) for a family
{a;}icr of objects of R,

M = @ Homgy (a;, —).
iel

Proof. The implication (<) follows by the comments above. Now
suppose M is a free left module over 93 admitting a basis {x;}icr.
Consider the natural transformation « : {(a; : ¢ € I) >— M given
above, where z; € M (a;). We check that « is a natural isomorphism,
ie, ap : @, Homp(a;,b) — M(b) is an isomorphism for every
b€ Ob(R). Let z € M(b). We can write z as a unique admissible
linear combination = ), ;7 - x;, where r; € Homwx(a;,b) for
every ¢ € I. Since o is a natural transformation, we have that
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M(r;) oo, = apo{a;:i € I)(r;). Then,
z = M(ri) (i) =Y M(ri)(aq (i)

iel el
= Zab o(a; : i€ I)(r;)([1])
iel
=S au(rs - [i]) = aw (Z : M) :
iel iel
where ;7 - [i] is unique. 0

Corollary 3.19. Ewvery free (left) R-module is projective.

Proof. Since the direct sum of projective objects is projective, by
the previous proposition it suffices to show that Homgy (a, —) is projec-
tive in Mod (), i.e., that the functor Hompioq () (Homm (a, —), —) :
Mod () — Ab is exact. Suppose we are given a short exact sequence
0> M —- M — M"—0in Mod (f). Then the sequence:

0 — Hommod () (Homm (a, —), M) — Hommoa () (Hommn (a, —), M)

— "
HomMod (R) (Homm(fh 7)7 M ) —0

is exact since it is isomorphic to
0— M'(a) — M(a) — M"(a) — 0,

by Yoneda’s lemma. |

Proposition 3.20 (Eilenberg’s trick for modules over a ringoid). For
every projective \R-module P, there exists a free \R-module F together
with an isomorphism P® F = F.

As a consequence of the Eilenberg’s trick, we have:

Corollary 3.21. FEvery n-projective (left) -module has a left free
resolution of length n.
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Definition 3.22. Let x be an infinite regular cardinal strictly greater
than the cardinality of Homg (a,b) for every a,b € Ob (R). We shall
say that an R-module M is k-small if Card (M(a)) < k, for every
a € Ob (R).

Remark 3.23 (x-small modules and complexes). Let % be a ringoid
and £ an infinite regular cardinal such that x > Card(Homg(a, b)) for
every a,b € Ob(R). Given a class X of left modules over R, we shall
denote by X<* the class of k-small left modules in X.

(i) If R is the ringoid of Example 3.7 (i), then we have that x >
Card (R) and that a left R-module M is x-small if, and only if,
Card (M) < k.

(ii) We know Ch (rMod) is equivalent to the category of left modules
over the ringoid & ® R, with & as in Example 3.7 (ii). It is not
hard to see that x > Card (R) and that the following conditions
are equivalent for every chain complex X in Ch (rMod):

(a) X is k-small.
(b) Card (X,,) < k for every m € Z.
(€) Do pmez Card (Xp,) < k.

We shall say for the rest of this work that a left R-module M is k-
small if Card (M) < k, and that a chain complex X in Ch(zMod) is
r-small if each X, is a k-small module, where k is an (infinite) regular
cardinal satisfying x > Card (R).

Lemma 3.24 (Generalization of [2, Proposition 4.1]). Let x be an
infinite reqular cardinal as in Definition 3.22. Let M be an n-projective
R-module. Then for every homogeneous element x € M (a) there exists
a k-small submodule N — M with x € N(a) such that the R-modules
N and M/N are n-projective.

Proof. By Corollary 3.21, we start with a free resolution of M, say
31

n

0 — (L) 2% (In_y) — - — (I1) 25 (To) 2% M — 0,
where I is an PR-graded set for every 0 < k < n.
The map
(D0)a = P Homu([i], a) — M (a)

i€lp
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is surjective, so we can find a finite number of maps r;, : [i1] —
ay...,7r5 © lig] = a such that x = (90o)q(ri; + -+ + 7i,.). Then
Zo = {i1,...,ix} is a finite subset of Iy such that « € 9y({Zy)) (by abuse
of notation, this shall mean that « € (), © (Zo)(a)). Consider the
natural transformation Og|(z,) : (Zo) — M, and let y € Ker (do|(z,))
be of degree b. Since (I1)(b) — (Ip)(b) — M(b) is exact, there exists
y' € (I1)(b) such that y = (01)s(y’). We can write y' = Ziezf ri - ],
where Z7 is a finite subset of I). Let Z; = | {Z} : y € Ker (do)(z,))}-
In order to estimate the number of elements of Z}, note that for
each y € Ker (dol(z,)) we have a unique tuple (p; : i € Zp), with
pi € Homgp ([7], b). Then we have

Card (Z) = Z {Card(Z}) : y € Ker (8ol(z,)) }
< Card (Ker (80|<Z0>)) since each Z} is finite,
< Card ({(r; i € Zy) : y € Ker (9ol(zy))})
< [] card (Homs(li], b)) < ,

1€Zo

and so Z; is a s-small subset of I such that 9;((Z1)) 2 Ker (0o|(z,)),
ie., (01)s((Z1)(b)) 2 Ker ((9o0)vl(z,)(v)) for every b € Ob(R). In a
similar way, we can find a x-small subset Zy C I5 such that 02((Z2)) 2
Ker (01](z,)). We keep repeating this procedure until we get a x-small
subset Z,, C I,, such that 9((Z,)) D Ker (0,-1(z,_,))-

The next step in the zigzag procedure consists of choosing a x-small
subset Zflljl C I,_1, containing Z,_1, such that 9,((Z,)) C <Z7(117)1>
Let y € 0,({Z,)) of degree b. Then y = (9,)p(2), where

z= Z i - [d].
i€Zn
We have
i€Zn

On the other hand,
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for a finite set Zfll_)’ly’i C I,_1. Thus,

y=>. > 4= > a-l

€2 jea Dy sz

n—1
where Zfi)l is the disjoint union

| {29 sy € 0.((2,) and i€ Z,).
We have

Card (27(21) = Z {Card (Zr(i)’ly’i> cy €0, ((Zy)) and i€ Zn}
< Card ({(r;:91€ Zp) :y € 0n ({(Zn))}) < &.

Then Zflljl is a x-small subset of I,_; such that 0,((Z,)) C <Z7(1121>
Note that we can construct Zflljl containing 7, 1. Similarly, there is a
k-small subset Z(l)2 C I,,_5 containing Z,_o such that 8n71(<ZT(Llf)1>)

C <Z(1) >

n—2
At this point, we just need to mimic the argument given in the
proof of [2, Proposition 4.1], with the corresponding considerations for
Mod (fR). Set

Jk ::ZkUZ,gl)Uo~

for every 0 < k < n. It is clear that (Ji) := @, ; Homn([i], —) is a
k-small submodule of (I;). By construction, we have an exact sequence

0 — (o) 2 (i) — - — () 25 (J) 2 N — 0,

where N = CoKer ({J1) % (Jo)). Note that z € N and that each
(Jy) is projective by Corollary 3.19. It remains to show that M/N is
n-projective. It suffices to take the quotient of the resolution of M by
the resolution of IV, to get an exact sequence

{In) (In-1) (Io) M
<Jn> 7 (Jn71> o <J0> N

It is not hard to check that (I;)/(Jk) = (I — Ji). So the previous
sequence is a projective resolution of length n of M/N. (]

00—
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Proposition 3.25. Let (A,B) be a hereditary cotorsion pair of left
modules over R and k a regular cardinal satisfying the condition k >
Card (Homg (a, b)) for every a,b € Ob (R). Suppose, for each left n-
A-module X and each x € X, there exists a k-small left n-A-module
X, C X such that x € X, and that X/X, is also a left n-A-module.
Then every left n-A-module is a transfinite extension of the class of
k-small left n-A-modules.

Proof. Let X be a left R-module as described in the statement.
Choose any xg € X. Then there exists a small left n-A-module X
such that zg € Xy and such that X/Xj is also a left n-A-module.
Now choose a class 1 + Xo # 0 + Xg. Then there exists a small
left n-A-module X;/X, such that ;1 + Xo € X1/Xo and such that
X/X1 2 (X/Xo)/(X1/Xo) is a left n-A-module. Note that Xo C X;
and that X is x-small since Card (X;) = Card (X;/X) - Card (Xo).
Since we have a short exact sequence

0—>X0—>X1—>X1/X0—>0,

where Xy and X;/X, are left n-A-modules, by Lemma 2.3, X is also
a left n-A-module. Using transfinite induction, we can construct a
family of modules (X, : @ < A), for some ordinal A, such that X is the
transfinite extension X = CoLim,«)X,. O

The following theorem is proven in [2] for the category pMod . The
arguments carry over easily to the category of modules over ringoids.

Theorem 3.26 ([2, Theorem 4.2] for modules over ringoids). The class
of n-projective left R-modules P,(Mod (R)) is the left half of a heredi-
tary and complete cotorsion pair (P,(Mod (R)), (P,(Mod (R)))*+) co-
generated by a set of representatives of the class (P, (Mod (R)))<~.

4. n-projective model structures. The goal in this section is
to construct a new Abelian model structure on Ch(zrMod) where
the weak equivalences are given by the quasi-isomorphisms and the
trivial cofibrations by monomorphisms with n-projective cokernels.
The motivation of this problem comes from the case n = 0 studied
by Hovey in [15, subsection 2.3].
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Given two chain complexes X and Y in Ch (C), the enriched hom-
compler Hom'(X,Y) is defined by

Hom'(X,Y ), := [ [ Home (X, Yo y1)
keZ

for every m € Z, with boundary maps

AHom (XY) : Hom/(X,Y ), — Hom' (X, Y )1
f=0n: Xy — Yogr)rez

> (O 0 fr— (1) fre1 0 O ker

We recall the following notions given by Gillespie in [9, Definition
3.3]. Let (A, B) be a cotorsion pair in an Abelian category C. A chain
complex X in Ch (C) is:

(1) An A-complex if X is exact, and each cycle Z,,,(X) is in A.

(2) A dg-A-complex (“dg”for differential graded) if X,,, € A for each m
and every chain map X — B is homotopic to zero (or equivalently,
the complex Hom'(X, B) is exact) whenever B is a B-complex.

(3) A dg-B-complez if X,,, € B for each m and every chain map A — X
is homotopic to zero (or equivalently, the complex Hom'(4, X) is
exact) whenever A is an A-complex.

Let JZ, dg/T and dgg denote the classes of A-complexes, dg-.A-
complexes and dg-B-complexes, respectively.

—~

Example 4.1. By Proposition 3.6, P,,(C) and Z,,(C) are the classes of
n-projective and n-injective complexes in Ch (C), respectively.

Consider the class P,, of n-projective left R-modules. We know by [2,
Theorem 4.2] that (P, (P,)"1) is a hereditary and complete cotorsion
pair in RkMod. So, by [9, Corollary 3.8 and Theorem 3.12], we have
two compatible cotorsion pairs (Py, (P,)+) and (dgP,, (dgP,)*). By
Example 3.9 (ii) and Proposition 3.26, we have the following result.

Corollary 4.2. The cotorsion pair (Pp, (Py)
plete.

L) is hereditary and com-
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The fact that the pair (dgﬁ,(dgﬁ;)ﬂ is complete shall be a
consequence of the following result.

Proposition 4.3. Let (ANW,B) and (A,BNW) be two compatible
cotorsion pairs in an Abelian category C.

(i) Suppose (W, W) is a cotorsion pair cogenerated by a set Syy.
If the pair (ANW,B) is also cogenerated by a set Sanw, then
(A, BNW) is cogenerated by Sanw U Sw.

(ii) Suppose C has enough projective and injective objects. If both
(W, W) and (W, W1) are complete cotorsion pairs, then the
pair (A, BNW) is complete if, and only if, (ANW, B) is.

Proof. Part (i) follows by

BAW = (Sanw)™ N (Sw)t = (Sanw USw)™*.

For part (ii), we only prove the implication (=), since the other is
dual. So suppose (A, BNW) is complete, and let X be an object in C.
Since (W, W) is complete, there exists a short exact sequence

0—X—>C—W—0,

where C' € W+ and W € W. Since (A, BNW) is complete, there exists
a short exact sequence

0—B—A—W —0,

where A € A and B € BN W. Taking the pullback of C — W and
A — W and using [19, Proposition 2, page 203], we get two exact
sequences

0—X —>CxywA—A—0,
0—B—CxyA—C—0.

Since W is closed under extensions, we have A € ANW. It suffices to
show C xy A € B. Note that ANW C W implies W+ C (ANW)+ = B.
Then C € B. It follows that C' xyw A € B since B is closed under
extensions. Hence, X — C xy A is a special B-pre-envelope. By [21,
Corollary 2.4], (AN W, B) is complete. O
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Remark 4.4. A cotorsion pair (A, B) in an Abelian category C is
functorially complete if, for every object X, there exist a special A-
pre-cover A — X and a special B-pre-envelope X — B such that A
and B are both functorial in X.

(i) Proposition 4.3 (ii) is also valid for functorially complete cotorsion
pairs. In this sense, (ii) can also be stated as follows:
(ii") If C has functorially enough projective and injective objects,
and if (£W, W) and (W, W) are functorially complete, then
(A, BNW) is functorially complete if, and only if, (ANW, B)
is.
(ii) In the statement of Eklof and Trlifaj’s theorem, cotorsion pairs
cogenerated by sets are actually functorially complete.
(iii) To prove the “if” part of Hovey’s correspondence, (ANW, B) and
(A, BN W) need to be functorially complete (see [14, Theorem
2.2]).

To deduce that (dgP,, (dgP,)) is complete, consider the class &
of exact chain complexes. The trivial cotorsion pairs (Py, RMod) and
(r’Mod , T,) induce two pairs (dgPp, (dgPo)*) and (+(dgZo), dgZy) by
[9, Corollary 3.8]. In [8, Propositions 2.3.4, 2.3.5], it is proven that
(dg%)L = & = 1(dgZy). On the one hand, (£, dgZy) is complete by [8,
Theorem 2.3.17]. On the other hand, in [4 Lemma 5.1], it is proven
that (dgﬁ, &) is cogenerated by a set, and so complete. Then putting
W = £ in the previous proposition, we have that (dgﬁ, (dgﬁz)L) is a
complete cotorsion pair (cogenerated by a set). Therefore, the following
theorem follows by Hovey’s correspondence.

Theorem 4.5. The two compatible and complete cotorsion pairs
(A, BNW) = (dgPy, (dgPn)")

and
(ANW,B) = (Pu, (Pu)*)

give rise to a unique Abelian model category structure on Ch (RMod)
called n-projective model structure, such that A = dg’Pn, B = (Pn)l
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and W = & are classes of cofibrant, fibrant and trivial objects, respec-
tively.

Remark 4.6.

(1)

(i)

It is not hard to see that, in the previous model structure,
weak equivalences are given by quasi-isomorphisms. Moreover,
in every Abelian model category with £ as the class of trivial
objects, a map is a weak equivalence if, and only if, it is a quasi-
isomorphism. To see this, it is important to know that, in [14],
weak equivalences in Abelian model structures are defined as the
composition of trivial cofibrations followed by trivial fibrations.
So far we have only defined the fibrant objects of the previous
model structure as those that have no extension from the trivially
cofibrant objects. Using [9, Corollary 3.8], we have that an object
Y is fibrant if, and only if, each Y;, has no extension from the n-
projective modules and if every chain map X — Y is homotopic
to 0 whenever X is trivially cofibrant. In a similar way, we have
that an object, Y, is trivially fibrant if, and only if, it is exact
and if every cycle Z,,(Y) has no extension from the n-projective
modules.

An interesting question about a new model structure whether or not
it is monoidal. In order to have a monoidal model structure on C, we
need C to be equipped with a symmetric monoidal structure. Roughly
speaking, a symmetric monoidal structure on C is given by a tensor
product —® — : C X C — C and a unit object S € Ob (C) such that, for
every X,Y,Z € Ob (C), we have isomorphisms

and

XoYo2)2(XY)® 7,
XYY ®X,
SeX=X,

X®S~X,

(see [15, Section 4.1] for details). The category pMod, with R a
commutative ring, is an example of a symmetric monoidal category.
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The tensor product is the standard tensor product ®g of modules,
where R is the unit.

We present two more examples of symmetric monoidal structures
on Ch(grMod). Given two chain complexes X € Ob (Ch(Modpg))
and Y € Ob (Ch (rMod)), the standard tensor product of X and Y is
given by the chain complex X ® Y in Ch (Ab) defined by

(X®Y)y =D Xk ®r Yn—s,
keZ

where the boundary maps are given by
r@y— O (2) @y + (- z® 9 4(y),

for every t @ y € X ® Y,,_x. This construction defines a functor
— ® —, from which one constructs the left derived functors Tor;(—, —),
with ¢ > 0. From ®, the bar tensor product of X and Y is defined as
the chain complex X®Y in Ch (Ab) given by

0 (XeY),
(X®Y)y = B XaY)

where the boundary maps are defined by
TRY+B(XQY)r— 08 (x)@y+ B, 1(X®Y),

for every z @ y 4+ Bo(X ®Y) € (X®Y),,. As far as the author knows,
the definition of this tensor product first appeared in [8]. If R is
a commutative ring, then (Ch(gMod),®) and (Ch(gMod),®) are
symmetric monoidal categories, where S°(R) and D!(R) are the units
with respect to ® and ®, respectively (see [8, Proposition 4.2.1 4] and
[15, Proposition 4.2.13]).

A monoidal model category is a model category C equipped with a
symmetric monoidal structure (®, S) such that the following conditions
are satisfied:

(1) For each pair of maps f: U — V and g : W — X the pushout
of f®idw and idy ® g induces a map f [0 g, making the following
diagram commute:
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idy ®
UW ————>URX

f@mwj j
V®W—>(V®W)HU®W(U®X)

If, given cofibrations f : U — V and g : W — X in C, the induced map
f O g is a cofibration, which is trivial if either f or g is.

(2) Using functorial factorizations, write
0—S=0—Q) LS

as the composition of a cofibration followed by a trivial fibration. Then
themaps g@ X : Q(9)@X - S@X and X ®q¢: X®Q(S) - X®5
are weak equivalences for all cofibrant objects X.

It is known that the n-projective model structure is monoidal with
respect to the usual tensor product on Ch (gMod) if n = 0 (see [15,
Chapter 4]). In general, this is not the case if n > 0. For instance,
consider n = 1 and R = Z. Note that Z, is a 1-projective Z-module,
since it is not projective, and there exists a short exact sequence

07257737, —0,

where 2x is the map z — 2 x x and m is the canonical projection
x — T € {0,1}. Now let X be the complex given by the previous
sequence, where X; = Z, Xg = Z and X_1 = Z,. We have X €
P;. Consider also the complex S9(Zs). Then S°(Zsy) € dg Py since
EXton (Mo ) (9%(Z2),Y) = Exty(Zs, ZoY) (by [10, Lemma 4.2]) and
Ext}(Zy, ZoY) = 0 for every Y € P+ = (dg ﬁ)L It is not hard to
see that

Zo @77 ifm=0orl,
(SO(ZQ)®X)m: Zo Q7 Lo if m=—1,

0 otherwise,
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(0]
and that 8f (Z2)8X is the zero map, so the sequence

50(22)@ X SO (22)®X
v 0 Zo®zZ ' —  Lo®pZ " —  Lo®zlo — 0 — .-

is not exact. We have a cofibration 0 — S°(Z,) and a trivial cofibration
0 — X, but the induced map

(0—8%2Z)) 00— X)=0— S%Zy)® X

is a cofibration not a weak equivalence, since S°(Zs) ® X is not exact.
Therefore, the n-projective model structure on Ch(Modz) is not
monoidal with respect to the tensor product ®. We can conclude the
same for Ch (Mod 7) with respect to the bar tensor product ®, since

Zo Q@77 ifm=0orl,
0 otherwise,

(S%(Z9)@X ), = {

and

s0(z2)®x

SYZ)BX = —0—ZyR7 ' — Zo®@zZ —0—---,

0 =3 J—
where af (Z2)®X i¢ the zero map. Hence, S%(Z2)®X is not an exact
complex, and so the induced chain map

0 — S%Zy)®X = (0 — S°(Zy)) O (0 — X)

is not a trivial cofibration.

It is time to give an application of the n-projective model structure
in the context of homotopy theory. Consider the category Ch (rMod)
equipped with this model structure. This setting provides another
way to compute the extension groups ExtiR(M ,N) for every pair of
left R-modules M and N, in which we resolve M by the class of
n-projective modules. Recall that Ext (M, N) is given by the ith
cohomology group of the complex Hompg(P,, N), or equivalently, by
Ext'(M,N) = H_;(Homp(P,,N)), where P, is the chain complex
obtained from a left projective resolution of M after deleting the term
M. On the other hand, it is not hard to see that H_;(Hompg (P, N))
is isomorphic to the quotient Homecn (,mod)(Pe, Si{(N))/ ~, where ~
is the equivalence relation given by the chain homotopy equivalence.
We have Ext%(M,N) = Homcn (sMod)(Pe, S'(N))/ ~, where the
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right side term can be described by using the language of homotopy
categories.

Let Ho (Ch (rMod)) denote the homotopy category associated to
the model category Ch(rpMod). We assume the reader is familiar
with the notion of homotopy categories, although a good introduction
to this field is given in [5]. To compute Exts(M, N) by resolving M
by n-projective modules, we first point out that there exists a bijection

Ho (Ch (gkMod))(S°(M), S*(N)) = Homen (;Moa) (Q, R)/ ~,

where Q is a cofibrant replacement of S°(M) and R a fibrant replace-
ment of S*(IN). We can have a left n-projective resolution

o — Ly —Lg— M —0
of M with each cycle module in (P,)* and a right (P,,)+-resolution
0—N-—J" —J — ...

of N with each cycle module in P, since (P, (P,)*) is a complete
cotorsion pair. Deleting M and N in the previous complexes and using
[9, Lemma 5.3], we have that

L=-—0Q1 —Qy—0

is a cofibrant replacement of SY(M) and that the ith suspension %%(J)
of
J=0—R"—R'— ...

is a fibrant replacement of S*(N). In this sense, we obtain

Ho (Ch (zkMod))(S°(M), S*(N)) = Homep (yMod) (L, £7(3))/ ~ .

Recall that the ith suspension of a chain complex X is defined as
the chain complex ¥/(X) where (X/(X))m = Xy,—; and where the

boundary maps are given by o ) = (—1)'0X

m—i)

for every m € Z.

Using the arguments given by Gillespie in [9, Section 5], we have
Ext% (M, N) 2 Homcp (,Moa) (L, Z(J))/ ~ .

Finally, by [9, Lemma 2.1], we obtain the isomorphism Ext%(M, N)
H_;(Hom'(L,J)). The only inconvenience with this expression is that
the terms of J are not described as easily as those of L.
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We conclude this section by presenting the dual of the n-projective
model structure. The case of the injective dimension is easier to study.
Assume for the rest of this section that C is a Grothendieck category
with a generator G. Grothendieck categories have enough injective
objects. This was proven by Grothendieck in his famous paper (see
[12, Theorem 1.10.1]). Moreover, in that paper, the validity of the Baer
criterion is proven for any Grothendieck category (see [12, Lemma 1,
page 136]). The next result follows.

Proposition 4.7. Let C be a Grothendieck category with a generator G.
Then an object Y of C is n-injective if, and only if, Ext?H(G/J, Y)=0
for every sub-object J of G.

Corollary 4.8. If C is a Grothendieck category with generator G, then
T,.(C) is the right half of a cotorsion pair (+(Z,(C)),Z,(C)) cogenerated
by a set of representatives of the class of all S € Q"(G/J) with J
running over the set of all sub-objects of G.

It is not hard to see that the class Z,,(C) is coresolving, and hence the
pair (+(Z,,(C)),Z,(C)) is also hereditary. If, in addition, C has enough
projective objects, [9, Corollary 3.8] and Proposition 4.8 imply that
(dg +(Z,,(C)),Z,(C)) and (+(Z,(C)),dgZ,(C)) are compatible cotorsion
pairs in Ch(C). Moreover, by Proposition 3.6, we know Z,(C) =
Z,(Ch(C)). It follows by Corollary 4.8, the pair (dg+(Z,(C)),Z.(C))
is complete. Hence, (J-(In),dgf,:) is a complete cotorsion pair by
Proposition 4.3. Then Theorem 4.9 follows.

Theorem 4.9. The two compatible and complete cotorsion pairs,
(A, BOW) = (“(Z.), Zn)

and
(ANW,B) = (*(dgZn),dg ),

give rise to a unique Abelian model category structure on Ch (gpMod),

called n-injective model structure, such that A = (Z,), B = dgZ,
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and W = & are the classes of cofibrant, fibrant and trivial objects,
respectively.

Using [9, Corollary 3.8], we have that an object X is cofibrant if,
and only if, each X,,, has no extension from the n-injective modules and
if every chain map X — Y is homotopic to 0 whenever Y is trivially
fibrant. In a similar way, we have that an object X is trivially cofibrant
if, and only if, it is exact and if every cycle Z,,(X) has no extension
from the n-injective modules.

As with the n-projective model structure, we can present another
way to compute Ext% (M, N) by using fibrant and cofibrant replace-
ments in the n-injective model structure. Specifically, we have

Exth(M,N) = H_;(Hom'(T, D)),

where D is obtained by deleting N in a right n-injective resolution of
N with cycles in +(Z,), and T by deleting M in a left +(Z,)-resolution
of M with cycles in Z,.

5. Degreewise n-projective model structures. This section is
devoted to constructing an Abelian model structure on Ch (rpMod)
where the exact complexes are trivial objects, and the cofibrant objects
are chain complexes whose terms have projective dimension at most n.
This structure represents an extension of the model structure found
by Enochs, et al., in [4, Theorem 5.5]. For this purpose, it is useful
to recall more induced cotorsion pairs in Ch (C) from a cotorsion pair
(A, B) in C, along with some of their properties.

Let A be a class of objects in an Abelian category C. Let dw A
denote the class of all complexes X in Ch (C) such that X,, € A for
every m € Z. We shall say that a complex in dw A is a degreewise
A-complex, or a dw-A-complex. The class ex A := dw AN & shall be
called the class of exact dw-A-complexes. These definitions were given
by Gillespie in [10, Definition 3.1].

In [10, Proposition 3.2], it is proven by Gillespie that, if (A, B) is
a cotorsion pair in an Abelian category C, then (dw A, (dw.A)+) and

(+(dw B),dw B) are cotorsion pairs in Ch (C). The same author proved
in [10, Proposition 3.3] that if, in addition, B contains a cogenerator of
finite injective dimension, then (ex A, (ex.4)"1) is a cotorsion pair. This
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is also true if we assume instead that C has enough injective objects.
Dually, if either A contains a generator of finite projective dimension
or C has enough projective objects, then (+(ex B), exB) is a cotorsion
pair in Ch (C).

Considering the trivial cotorsion pair (Pp, kMod) in gpMod, we
have two cotorsion pairs (dw Py, (dw Py)L) and (ex Py, (ex Py)L) in the
category Ch (gkMod). In [4], the authors show that these two pairs
are cogenerated by sets. Concerning the former pair, they prove in [4,
Theorem 4.4] that if P € dw7/7vo and if S is a set of representatives of
complexes with all terms countably generated projective modules, then
P has an S-filtration. For the latter pair, if & is an infinite cardinal with
% > Card (R), then every P € ex Py has a (ex Py)<<-filtration (see [4,
Theorem 4.6]). It follows by Proposition 2.5 that (dw Po, (dw i?vo)l)
and (exﬁa, (ex%)l) are complete cotorsion pairs. In [4] it is also
proven that these pairs are compatible. So it follows by Hovey’s
correspondence the existence of a model structure on Ch (gMod),
which shall be referred to as the degreewise projective model structure,
where the (trivial) cofibrations are the monomorphisms with cokernels
in dw P, (in ex 730) the (trivial) fibrations are the epimorphisms with
kernels in (ex Po) (in (dw %)L), and the weak equivalences are quasi-
isomorphisms (see [4, Theorem 5.5]).

We generalize the arguments given in [4] to any projective dimen-
sion. In other words, we shall prove that every (exact) degreewise
n-projective complex is filtered by some set and then shall conclude
that the two cotorsion pairs

(€xPn, (exPp)) and  (dw Py, (dw P,)b)

are compatible and complete, in order to obtain the following result:

Theorem 5.1. The two compatible and complete cotorsion pairs

(A, BNW) = (dw P, (dw P,)")
and

(ANW,B) = (ex Py, (exP,)b)
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give Tise to a unique Abelian model category structure on Ch (gpMod),

called degreewise n-projective model structure, such that A = dwﬁ,

B = (ex732)L and W = & are the classes of cofibrant, fibrant and
trivial objects, respectively.

We first need to note that, by [10, Proposition 3.2], we have two
cotorsion pairs (dw Py, (dwP,)1) and (ex P, (exPy,)L).

Definition 5.2. We say that a chain complex X in Ch(grMod) is
degreewise n-projective if X € dw P,,.

The proof of [4, Theorem 4.4] is based on the following result by
Kaplansky on projective modules. Recall that a left R-module is said
to be countably generated if it is generated as a module by a countable
subset.

Theorem 5.3 (see [18]). If P is a projective module, then P is the
direct sum of countably generated projective modules.

So, when one thinks of a possible generalization of the degreewise
projective model structure for n-projective modules, a good question
would be whether it is possible to generalize Kaplansky’s theorem for
such modules.

Let M € P,, be an n-projective module, so we can choose a projective
resolution of length n, say

0—PFP, — - —P —F—M—0
By Kaplansky’s theorem, we can write
P.= D Pi,
i€l

where P is a countably generated projective module, for every i € I,
and every 0 < k < n. Then we can rewrite the previous resolution as

0—>@PZ—>~--—>@Pf—>@P3—>M—>O.
iel, i€l iclo
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From now on, we shall write any projective resolution of length n by
using such direct sum decompositions. We shall denote by PXo the
class of all modules, M, having a projective resolution as above, where
I;. is a countable set for each 0 < k < n.

We shall prove that (dw P, (dw P,)L) is a cotorsion pair cogener-
ated by a set of representatives of the class dw Ph°, by showing that

every complex in d\N:PT1 is dw PYo-filtered. We need the following ex-
tension of Kaplansky’s theorem for n-projective modules.

Proposition 5.4 (Kaplansky’s theorem for n-projective modules). Let
R be a Noetherian ring. Let M € P, and let N C M be a countably
generated submodule of M. Then there exists a PY°-filtration of M,
(M, : o < A\) with X\ > 1, such that My € PY° and N C M.

Proof. Let M € P, exist with a finite projective resolution where
each projective term P is written as a direct sum @,c;, P{ of count-
ably generated projective modules, for every 0 < i < n. We shall
construct a Pro-filtration (M, : o < \) of M, with N C M, by using
the zigzag procedure described in the proof of Lemma 3.24.

Set My = 0. To construct Mi, consider a countable set G of
generators of N. Since fy is surjective, for every g € G, we can choose

vy € DF
i€l

such that g = fo(y,). Consider the set

Y ={y,:9€G}.
Since Y is a countable subset of
D
i€ly

we have that (Y') is a countably generated submodule of Py. Choose a
countable subset Ié’o C Ij such that

V)< 6 .

iely?
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Then fo({Y)) C N. Consider
Ker (f0|®1'611’0 Pé)'
0

Since @ielé,o P§ is countably generated and Ker (fo|g Lo Fi) IS a
iely’

submodule of @ielg“) P, we have that the kernel Ker (f0|®iezé‘0 p) is
also countably generated, since R is Noetherian.
Let B be a countable set of generators of Ker (folqy ,,p;)- Let
iely’

b € B. Then f(b) = 0 and, by exactness of the above sequence, there
exists A
we®r
i€l

such that b = fi(ys). Let Y/ = {y, : b € B}. Note that Y’ is a
countable subset of

(1)~ (Ker (f0|®ielé’o Pi))-

Then (Y') is a countably generated submodule of
there exists a countable subset 1-11 0 C I; such that

P riow).

icl}°

i
ier, Pi- Hence,

Thus,
(@ 7) 260 2Ker il y o r)

iel}®

Repeat the same argument until a countable subset I}° C I, can be
found such that

fn< b P;) D Ker (fn1@mmlp;;1) :

iely®

Now,

()

iel}®
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is a countably generated submodule of
D P
1€, 1
Then choose a countable subset I,ll’fl - Irll’_l1 C I,,—; with
n(@r)c @
ey’ el
Continue this zigzag procedure infinitely many times, and set
1,
I/i = U I, ",
m>0

for every 0 < k < n. By construction, we get an exact sequence,

O—>@P£—>-~-—>@Pf—>@P§—>M1—>O,

iel} ielf iel}

where

x € My :—CoKer(@—)@P(f) CM

ielf iel}
and N C M;. We take the quotient of the resolution of M by the
resolution of M’ and get a sequence
7 7 7
0—>.@ P—. . — @P1—> @POHE—)(L
i€l —I} i€l —I} i€lo—1I3

which is exact since the class of exact complexes is thick. Hence,
we have a projective resolution of length n for M/M;. The rest
of the proof follows by using an argument similar to the proof of
Proposition 3.25. U

Lemma 5.5. If R is a Noetherian ring, then every chain complex in
dwﬁ; has a dw Pho -filtration.

Proof. Let

X = ("'—>Xk+1ak—+;Xkﬂ>Xk71—>"‘>
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be a complex in dw’ﬁ;. For each k, one has a projective resolution of
X}, of length n:

0— @ Pitk) — - — @ Pilk) — Xp —0,
i€l (k) i€lo(k)

where the modules appearing in the direct sums are countably gen-
erated and projective. It suffices to construct a nonzero subcomplex
X' C X such that each X}, has a projective resolution:

0— EB P (k) — - — @ Pi(k) — X} — 0,
il (k) i) (k)
where I/(k) is countable for every 0 < i < n, and such that X/X' €
dw P,,.

Fix m € Z. Let S be a countably generated submodule of X,,,. By
Lemma 5.5, there exists a submodule

P s X! C X,

such that S C X/ . Note that X/, is also countably generated. Then
Om (X! ) is a countably generated submodule of X,,_, and so there
exists

,PSO = X’;n—l C X1

such that 0,,(X,,) C X] Repeat the same procedure infinitely

m—1-
many times in order to obtain a subcomplex

X= =X, — X, — X, —
of X such that X € PXo for every k € Z (we are setting X = 0

for every k > m). Hence, X’ € dwPh°. Note from the proof of the
previous lemma that the quotient X/ X"’ is in dw P,,. We have, for every
k < m, the following projective resolutions of length n for Xj/X;:

; ; X
0— @ P (k) — - — @ Po(k)—>?—>0.
i€l (k)—1I7, (k) i€Io(k)—1If (k) k

The rest of the proof follows by transfinite induction. O

It follows by Lemma 5.5 and Proposition 2.5 that the pair
(dw Py, (dw P) )
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is complete and cogenerated by a set of representatives of the class

dw PSO, provided R is a Noetherian ring. Under this hypothesis, it is
easy to show that the pair

(ex Py, (exP,)h)
is also complete using Proposition 4.3, as long as we show that it is
compatible with (dw P, (dw P,)").
We know by [9, Theorem 3.12] that the cotorsion pairs

(dgA,B) and (A, dgB)

are compatible if the inducing pair (A, B) is hereditary. The author
does not know if the same holds for the cotorsion pairs (dw A, (dw .A)1)

and (ex A, (ex A)1).

Consider the case C = gRMod . Since

—_~—

ngO(C)gdwa and exjgdw,z,

we have

—_—~—

(dw A)t C (dgPo(C)t =& and (dw.A)* C (ex AL,

and so

(dw A)*t C (ex At NE.

Similarly,

L(dwB) C *(exB)NE.

The next result provides a relationship between completeness of
these degreewise cotorsion pairs and the remaining inclusions.

Proposition 5.6. Let (A, B) be a cotorsion pair in Ch (rkMod).
(i) If the pair (dw A, (dw A)L) is complete, then
(dw A)t = (ex At N €.

(i) If the pair (*(dw B),dw B) is complete, then

L(dwB) = *(exB)NE.
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Proof. We only prove the first statement. By the comments above,
it suffices to show that

(ex At NE C (dw A)*.

Let Y € (ex A)X NE. Since (dw A, (dw.A)L) is complete, there is a
short exact sequence

0—Y —X—A—0,

with X € (dwA)* and A € dw.A. Note that A € dw.A N &, since
X € (dw.A)* C &,V € € and € is thick. Tt follows that Ext*(A,Y) =0
and that the previous sequence splits. We have that Y is a direct

summand of X € (dw.A)*, and hence, Y € (dw.A)* since (dw.A)* is
closed under direct summands. O

The previous result implies that the pairs
(dwP,, (AwP,)") and  (exP,, (exP,)b)

are compatible, and so (ex P, (ex P.)t) is complete, provided R is a
Noetherian ring. Using Hovey’s correspondence, Theorem 5.1 follows.
Note in its statement that we are not assuming R to be Noetherian. In
fact, it is possible to give a proof of this result that does not depend
on this assumption. Such a proof consists of constructing, for every
complex in ex P,,, a filtration by the class (ex P, )<", for a fixed infinite
cardinal x > Card (R).

Given a projective module P written as a direct sum decomposition
of countably generated projective modules P = @,_; P;, note that P
is k-small if, and only if, Card (I) < k.

iel

Definition 5.7.
(i) Given M € P, with a projective resolution,

(*)—<0—>@P£—>~~—>@Pf—>@P§—>M—>O>,

iel, i€l i€ly
we shall say that a projective resolution

(**)z(0—>@P£—>---—>@Pf—>@P§—>N—>O)

i€l i€l] i€l
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is a nice subresolution of (x) if (xx) is a subcomplex of (%) such
that I} C I, for every 0 < k <mn.

Let k be an infinite cardinal satistying x > Card (R).

(ii) We shall denote by P, (k) the class of n-projective modules M
with a projective resolution (%) such that Card (I;) < k for
every 0 < k < n. Note that P, (k) C (P,)=".

(iii) If we consider the resolutions (x) and (xx) above, then we say
that (xx) is a nice k-small subresolution of (x) if each I}, is a
k-small subset of Ij.

Lemma 5.8. Let k be an infinite regular cardinal satisfying k >
Card (R). Let M € P, with a projective resolution be given by (x).
For every k-small submodule N C M, there exists a nice k-small
subresolution

(% % %) = <0—>@Pfl—>—>@Pf—> @Pé—)N’HO)
el iely iely
of (%) such that N C N'. Moreover, if N has a nice k-small subresolu-

tion (xx) of M, then (xxx) can be constructed in such a way that (*x)
is a subresolution of (x x ).

Proof. Using the zigzag procedure in a similar way as in Proposi-
tion 5.4, it is possible to construct N’ as described in Lemma 5.8. Now
suppose that N has a nice x-small subresolution

(**):(O—>@P2—>-~-—>@Pf—>@Pg—>N—>O)

il i€l i€l

of (). Take the quotient of () by this resolution and get

0—>.@ PjL—>-~-—>‘EB Pf—>‘EB Pg—>ﬁ—>0.
1eIn_I7/l 74611*[1 ZGI()*I(/)
Consider the k-small submodule (z + N), with z ¢ N, and apply the
zigzag procedure to get a projective subresolution of the previous one,

0— @ Pl — @ Pl — @ P§—>M—>O,

iell!—1I] ST HETH el —1I N
n " in 1 1 o~ %o
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where each set I} — I is a k-small set. Finally, note that
== @R DR QRN )
iGIT’L’ ie[{/ iEIé’

is a nice k-small subresolution of (x) containing (xx). O

Lemma 5.9. Let x be a@vinﬁm‘te reqular cardinal satisfying kK >
Card(R). Let X € dwP, and Y a k-small and bounded above
subcomplex of X. Then there exists a (bounded above) subcomplex Y’

of X such thatY C Y’ and Y’ € dw P, (k).

Proof. SinceY is a complex bounded from above, there exists m € Z
such that Yy = 0 for every k > m. We obtain the following commutative
diagram where the vertical arrows are monomorphisms:

Om
Y= ... 0 Y., Yi—1
| | l
X= o —— X1 Om+1 - Om Xy g ——s e

Since X, is an n-projective module, we have a projective resolution

0— @ Pim)—-— P Pi(m)— X —0.
i€l (m) i€lp(m)

By Lemma 5.9, there exists a submodule Y, of X, containing ¥,,
along with a nice k-small subresolution

0— @ Pi(m) — - — @ Pi(m) — Y, — 0.
iel! (m) i€ly(m)

Note that
Card (0, (Y1) + Y1) <k

and
Yi-1 C Om(Y,,) + Y1 C X1,

Now choose a submodule Y, _; C X,,, 1 with

am(YTIn) + Ym—l - Y'r/n—l
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and Y,),_; has a nice s-small subresolution of a fixed resolution of X,,_1.
Repeat this process infinitely many times in order to obtain a chain
complex,

Ym0 Y, Y e indwPn(r),
such that Y C Y’ C X. O

Theorem 5.10. Every complex X € exﬁ; has an ex Py, (k)-filtration.

Proof. Let m € Z be arbitrary and 17 C X,,, a k-small submodule of
X Fix, for X,,, a projective resolution of length n. By Lemma 5.8,
there exists a s-small submodule Y,} of X, such that T3 C Y,l and
Y,l has a nice k-small projective subresolution of the given resolution
of X,,. Note that 9,,(Y,}) is a x-small submodule of X,, 1, so there
exists a submodule Y, _; of X,,,_; such that 9,,,(Y,}) CY,l | andY,}
has a nice k-small projective subresolution of the given resolution of
Xm—1. Keep repeating this argument infinitely many times. We obtain
a subcomplex,

Yi=(..-—0—Y. —VYl , — .. )CX,

in dw P, (k). Note that Y'! is not necessarily exact.

We shall construct a complex X! from Y such that

X'CX and X'€exP,(x).

The rest of this proof uses an argument similar to the one in [4, Theo-
rem 4.6]. Fix any p € Z. Then Card (Y,') < & and so Card (Z,(Y")) <
k. Since X is exact and Card (Z,(Y!)) < &, there exists a submodule
U C Xp 41 with Card (U) < & such that

Zp(Y") C Opra (V).
Let C! be a x-small subcomplex of X such that
UCCpt1, Cj=0forevery j>p+1,

and such that each C; with j < p has a nice x-small projective
subresolution of a given resolution of X;. Since Y'' +C is a subcomplex
bounded above by X, by Lemma 5.2 there exists a k-small subcomplex
Y? of X such that Y! + C C Y? and such that each Yj2 has a nice
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r-small projective subresolution of a given resolution of X;. Note that
Zp(Yl) c 8P+1(Yp2+1)'

Construct Y2 from Y? as Y2 was constructed from Y, and so on,
making sure to use the same p € Z at each step. Set

Xlzfjw'gx.

Jj=1

Note that X! is exact at p. Repeat this argument to get exactness at
any level. So we may assume that X! is an exact complex. Every X ,1
has a nice k-small projective subresolution of the given resolution of
Xk:

0— EB Pi(k) — - —> @ Pi(k) — X — 0.
i€l (k) i€lo(k)

Indeed, for every j, one has a projective subresolution of the form

0— @ Pitk) — - — @ Pik) — Y] —0,
i€ (k) ierd (k)

where
Ill(k) C IlQ(k;) C--- forevery 0<1<n,

by Lemma 5.8. If we take the union of all of the previous sequences,
we obtain the following exact sequence:

0— EB Pi(k) — - — @ Pg(k)—>UY,f—>07

i€U;s 1 (k) i€U;j51 13 (k) Jj=1
where ,
U Il (k) C Ii(k) for every 0 <l <mn,
j>1
and
Uy =xj.
J
j>1

Therefore, X! € exP, (k). Moreover, note that X/X! € exP,. The
rest of the proof follows by using transfinite induction. O
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It follows by Proposition 2.5 that (exﬁ, (ex 75;)J-) is a cotorsion

pair cogenerated by a set of representatives of the class ex P, (), and
so it is complete by Eklof and Trlifaj’s theorem.

Degreewise n-projective model structures are not monoidal in gen-
eral. However, we shall see at the end of the next section that the
degreewise projective model structure is monoidal if R is a commuta-
tive ring with weak dimension < 1.

We conclude this section by presenting the dual of the degreewise
n-projective model structure. Consider the class Z,, of n-injective
modules.

Theorem 5.11. The two compatible and complete cotorsion pairs,
(A, BAW) = (“(exT,), exT,)

and
(ANW,B) = ((dwT,),dwT,,),

give rise to a unique Abelian model category structure on Ch (gMod),
called the degreewise n-injective model structure, such that A==
(exZ,), B = dwZ, and W = & are the classes of cofibrant, fibrant
and trivial objects, respectively.

Given a Grothendieck category C with a generator G, consider the
class S of all disk complexes D™ (C) with C' € Q"(G/J) and J running

over the set of subobjects of G. If D™ (C) € Sand Y € dwZ,(C), using
[9, Lemma 3.1 (5)] we have

Exte () (D™(C),Y) = Exté(C, Yon).
On the other hand,

Exto(C, Yi) = Ext2 G/, V) = 0,

—_~—

since Y, is n-injective. Then, D™(C) € +(dwZ,(C)). This implies

e~

dwZ,(C) C S*.
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—_~—

The other inclusion follows in the same way, and so dw Z,,(C) = S+.
It follows that (+(dwZ,),dwZ,) is complete. By Propositions 4.3, 5.6
and Hovey’s correspondence, Theorem 5.11 follows.

6. n-flat and degreewise n-flat model structures. For n > 0,
let F,, denote the class of left n-Fo-modules of gkMod, where Fy
denotes the class of flat modules. We shall say that M € Ob (rMod)
is n-flat if M € F,. It is known that (F,, (F,)"1) is a hereditary and
complete cotorsion pair (see [11, Theorem 4.1.3]). It follows by [9,
Corollary 3.8, Theorem 3.12] that we have two compatible cotorsion
pairs o s .

(Fo: (Fo)™) and  (dg Fo, (dg Fn) ™).

On the other hand, by [10, Propositions 3.2, 3.3], we have two cotorsion
pairs . . . .
(dw Fp, (dw F,)) and  (ex F,, (ex Fp)L).

The goal of this section is to construct filtrations for the classes F, and
ex]—"n by the sets (]:n)<“ and (ex]—'n) ®_ respectively, based on early
investigations developed by Aldrich, et al., [1] for the case n = 0. After
obtaining those results, we deduce the completeness of the previous
pairs and then the existence of the following two model structures:

Theorem 6.1. The two compatible and complete cotorsion pairs,
(A,BOW) = (dg Fp, (dg Fo)*")

and
(ANW,B) = (Fu, (Fa)H),

give rise to a unique Abelian model category structure on Ch (RMod)
called the n-flat model structure, such that A = dgFn, B = (Fn)*
and W = & are the classes of cofibrant, fibrant and trivial objects,
respectively.

Theorem 6.2. The two compatible and complete cotorsion pairs,

(A, BNW) = (dw F,,, (dw F) 1)



994 MARCO A. PEREZ

and
(ANW,B) = (ex Fn, (ex Fn)),

give rise to a unique Abelian model category structure on Ch (gMod),
called the degreewise n-flat model structure, such that A = dwf;,
B = (e1><./7-:;)l and W = & are the classes of cofibrant, fibrant and
trivial objects, respectively.

For the case n = 0, the completeness of the pairs
(Fo, (Fo)*) and  (dgFo, (dg Fo)*)

was proven by Gillespie in [9], using the notions of pure and dg-
pure subcomplexes. The compatibility of these two pairs and Hovey’s
correspondence allowed Gillespie to find a unique monoidal Abelian
model structure on Ch (rMod), called the flat model structure, where
the weak equivalences are quasi-isomorphisms, the (trivial) cofibrations
are injections with (exact) dg-flat cokerels and the (trivial) fibrations
are surjections with (exact) dg-cotorsion kernels (see [9, Corollary 5.1]).

The cotorsion pair (Fo, (Fp)*) was proven to be complete by Enochs.
His argument consists of showing that every flat module is filtered by
the class of k-small flat modules, with « an infinite regular cardinal
satisfying x > Card (R). Enoch’s arguments allow us to construct
filtrations for the class F,, by the class (F,,)=". Regarding this matter,
Lemma 6.4 shall help us to construct filtrations for f; and exﬁ,
mentioned above.

Definition 6.3. Recall that a submodule S of a left R-module M is
pure if the sequence 0 - N ®r S — N ®p M is exact, for every right
R-module N. If M is an n-flat module and N C M is a submodule,
we say that N is an n-pure submodule of M if there exist an exact
sequence,

0—F, —-—F,—F—M—0,

with each Fj flat and a commutative diagram with exact rows
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| | | l
0—>Fn—>—>F1*>F0—>M*>O

such that each Sy — F} is an inclusion with S a pure submodule.

Lemma 6.4. Let k be an infinite regular cardinal satisfying k >
Card (R), M € F,,, with a flat resolution

(1):(()HF,Lﬁ)Fn_l*%“—)Fli)FogM—)O),

and let N be a k-small submodule of M. Then there exists an n-pure
submodule N' of M containing N with a resolution,

0— S, — - — 8 — S, — N —0,

such that S, is a k-small and pure submodule of Fy,, for every 0 < k <
n. Moreover, if N is an n-pure submodule of M with a resolution,

0—S,— - —5—5S—N—0,

as in Definition 6.3, then the above resolution of N' can be constructed
in such a way that it contains the given resolution of N.

Proof. For every x € N, there exists y, € Fy such that © = fo(y.).
Consider the set

Y :={y,:x € N and fo(y.) = =}
and the submodule (Y) C Fy. Since (Y) is x-small, there exists a
k-small pure submodule Sy(1) C Fp such that (V) C Sp(1), by [7,
Lemma 5.3.12]. Note that fo(Sp(1)) 2 N. The rest of the proof follows
by applying the zigzag procedure as in the proof of Lemma 3.24. Next,

we have for each 0 < k < n a collection of modules (S (i) : ¢ > 0) such
that each Sk (i) is a pure submodule of F} and such that

2)=0—S8, — S, ,—-—8 — S5, — N —0),

is exact, where

S = U Si(7)

i>0
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is a k-small and pure submodule of Fj (and so it is flat) and Q =
CoKer (fi|s;) € M. If we take the quotient of (1) by (2), we get a flat
resolution of M /N’ of length n (note that the quotient of a flat module
by a pure submodule is also flat). The rest of the statement follows as
in Lemma 5.8. ]

Regarding the class JF,,, the pair (F,, (F,)") is perfect. A cotorsion
pair (A, B) in an Abelian category C is said to be perfect if A is a
covering class and B is an enveloping class, i.e., every module has an
A-cover and a B-envelope. A map f: A — X is said to be an A-cover
of X if A € A and if the following conditions are satisfied:

(1) If f': A” — X is another map with A’ € A, then there exists a
map h: A — A (not necessarily unique) such that f' = foh.

(2) If A/ = A and f/ = f in (1), then every map h : A — A
satisfying the equality f’ = f o h is an automorphism of A.

The notion of B-envelope is dual. In [11, Corollary 5.32], the
authors prove that if (A, B) is a complete cotorsion pair such that A is
closed under direct limits, then (A, B) is perfect. Since the bi-functors
Tor}*(—, —) preserve filtered colimits, it follows that the class F,, is
closed under direct limits, and hence, we can conclude that every left
R-module has an n-flat cover (the case n = 0 was known as the flat
cover conjecture until 2000 when it was proven to be true by Bican, El
Bashir and Enochs in [3]). We shall see that this result is also valid in
the category Ch (rMod) of chain complexes of modules.

First, we need to show that (F,, (j—"vn)l) is complete. In [8, Def-
inition 4.1.2], flat chain complezes are defined as those complexes
F € Ob(Ch (gMod)) such that F' is exact and Z,,(F) is a flat mod-
ule for every m € Z, or equivalently, those I’ such that the functor
—®F : Ch(Modg) — Ab is left exact (see [8, Proposition 5.1.2]). As
shown in Proposition 3.6, a chain complex X is n-flat if, and only if, it
is exact and Z,,(X) € F,,, for every m € Z.

In [1, Proposition 3.1], the authors prove that each element of a flat
chain complex F' is contained in a k-small flat subcomplex L C F such
that the quotient F/L is also flat. Using the procedure in [1], along
with Lemma 6.4, we obtain Theorem 6.5.
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Theorem 6.5. Let k be an infinite regular cardinal satisfying K >
Card (R). For any n-flat complex X € F, and any element x € X,
i.e., x € Xy for some k € Z, there exists an exact subcomplex L C X
with © € L such that Z,,(L) is a k-small and n-pure submodule of
Zm(X), for every m € Z.

Note that if L is the complex provided by the previous result, we
have a short exact sequence 0 - L — X — X/L — 0 in Ch (zMod).
Note that X/L is exact, since L and X are exact and the class of exact
complexes is thick. By Lemma 3.5, we have the short exact sequence

0— Z,(L) — Z,(X) — Z,(X/L) — 0.

It follows that
Zn(X/L) = Z,(X)/Zn(L),

which is n-flat since Z,,(X) is n-flat and Z,,(L) is an n-pure submodule
of Z,(X). Therefore, X/L € ‘/7-:; By Proposition 3.25, j:vn is filtered
by the class (./7:";)3”. So Propositions 2.5, 3.25 and Eklof and Trlijaf’s
theorem imply that the pair (./7:';7 (E)L) is complete.

We have that
(dg Fn NE,(F)Y) and  (dgFp, (Fo) NE)

are compatible cotorsion pairs where the former is complete: by Propo-
sition 4.3, the latter is also complete. Therefore, Theorem 6.1 follows.
As in the n-projective model structure, note that we can use [9, Corol-
lary 3.8] to describe the fibrant objects as those chain complexes Y
such that each Y}, is right orthogonal to the class F,, and such that
every chain map X — Y is homotopic to 0 whenever X is an n-flat
complex.

For n = 0, the flat model structure is monoidal, as proved by
Gillespie in [9, Corollary 5.1]. For n > 0, the n-flat model structure
is not monoidal in general. The same counterexample used for the
projective case works.

Let Tor;(—, —) be the left derived functors of —®—. For every fixed
chain complex X € Ob (Ch (Modg)), the functor Tor (X, —) preserves
direct limits. This is a consequence of [8, Proposition 4.2.1 5]. It

follows that the class F,, is closed under direct limits, and hence the
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pair (ﬁ, (}";)J-) is perfect by [11, Corollary 5.32]. Hence, we obtain
the following result.

Corollary 6.6. Every chain complex in Ch(rpMod) has an n-flat
cover.

The first approaches for complexes over a commutative Noetherian
ring with finite Krull dimension are given in [8, subsections 4.3, 4.4] in
the case n = 0.

We finish this section by giving a characterization of pure subcom-
plexes of flat complexes. We recall from [9, Definition 4.3] that a
complex S in Ch (gMod) is a pure subcomplez of a complex X if the
sequence

0 —YRS —YRX

is exact, for every Y € Ob (Ch (Modg)).

Proposition 6.7. S is a pure subcomplezx of a flat complex F if, and
only if, S is exact and Z,,(S) is a pure submodule of Z,,(F'), for every
m € Z.

Proof. Suppose S is a pure subcomplex of #. Then S is flat by
[9, Lemma 4.7], and so it is exact. It suffices to show Z,,(S) is a
pure submodule of Z,,(.#). Let M be a right R-module. Consider
the sphere complex S°(M). Since S is a pure subcomplex of F, the
sequence

0 — SOM)®S — S°(M)BF

is exact. At each m € Z, we have that (S°(M) ® X),, = M ®g X,
for every complex X € Ob (Ch (gMod)).

X g given by

Recall the boundary map 85;111\4)
YRz — Yy ® o,y (x)
on generators. It is easy to see that
M ®p B (X) = B (SY(M) @ X).
Then it follows that the maps
M ®p Bn(X) — M ®r X
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are injective, so

(SOM) @ X))y Mg Xm ~
S BN X))~ Man Ba(x) - Mer

(S (M)BX)m,

Since S and F' are exact, we get
(SOM)BS)m = M @5 Zym—1(S)
and
(SY(M)RF ), 2 M ®p Zm—1(F).
For every m € Z,
0 — (S°(M)BS)m — (SUM)RF)
is exact, and so is
00— M®grZn(S) — M Qg Z,(F)

by the previous isomorphisms. Hence, Z,,(S5) is a pure submodule of
T (F).

Now suppose S is an exact subcomplex of F' such that Z,,(S5) is a
pure submodule of Z,,(F). Let A be a complex in Ch (Modg). We
want to show the sequence

0 — ARS — AQF

is exact. Since Z,_1(S) is a pure submodule of Z,,_(F), we have that
the sequence

0 — A, ®r Zn_k(S) — A, Qg Zn_k(F)

is exact in kMod for all k,n € Z. Since S and F' are exact complexes,
we obtain the following commutative diagram where the top and the
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bottom rows are exact (recall Lemma 3.5):

0 0

| |

0 —— Ar ®r Zn—i(S) —— Ak Qr Zp—1(F)

l l

O%)Ak XRpr Sn—k: A/c QR Fri

l l

0— Ak ®r Zp—k-1(S) — Ak Qr Zp—p-1(F)

| |

0 0

The columns of this diagram are also exact since the cycles Z,,_(5)
and Z,,_(F) are flat modules. Since the class of short exact sequences
is closed under extensions,

0— Ap ®r Sn—k — A Or Frp
is exact. It follows that
0—(A®S), — (AR F),
is exact for every n € Z. Then
0 —ARS — AR F
is an exact sequence of complexes, and so each
0— B,(A®S) — Bh(A®F)

is exact in pkMod . Since the class of short exact sequences is thick, we
have that, for each n € Z, the sequence,

(A®S), (A® F),

0= B.(dos)  B.(AoF)

is also exact in pMod . Hence,
0 — ARS — AQF
is exact in Ch (kMod). O
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Recall from Section 4 that the extension groups Ext’ (M, N) can be
computed by resolving M by the class of n-projective modules. The
arguments presented there carry over to the n-flat model structure, so
Ext% (M, N) can be obtained by resolving M by n-flat modules, and N
by the class (F,)*.

Consider the class Fy of flat modules. In [1], it is proven that the
classes dw F( and ex Fy are filtered by

(dw Fo)=* and  (exFo)=*,
respectively. It follows that the pairs
(dw Fo, (dw Fo) ") and  (exFo, (exFo)*)

are complete. Since these two cotorsion pairs turn out to be com-
patible by Proposition 5.6, we have a unique Abelian model structure
on Ch (gMod), which shall be referred to as the degrecwise flat model
structure, where the (trivial) cofibrations are monomorphisms with cok-
ernels in dw F (in ex j-"vo), the (trivial) fibrations are the epimorphisms
with kernels in (ex 3-:0)l (in (dw %)l), and the weak equivalences are
quasi-isomorphisms. This model structure was discovered by Gillespie
[10].

To extend this model structure to Q—/ﬂat modules, we show that the
induced cotorsion pairs (dw J,,, (dw F,)*) and (exF,, (ex F,)*) are
complete, applying a modified version of the zigzag procedure, which
also works to show the completeness of the pair (dw P, (dwP,)"%),
without assuming R Noetherian as in Section 5.

In what follows, we shall focus on proving that every chain complex
in ex F, is filtered by the class (exF,)<" of k-small exact degreewise
n-flat complexes. The proof of the following theorem is based on the
arguments given in [1, Proposition 4.1] (where the authors proved the
case n = 0).

Theorem 6.8. Let X € exj—"vn and r € X, i.e., x € X,, for some
m € Z. Then there exists an exact subcomplex'Y of X with x € Y such
that Yy, is a k-small and n-pure submodule of X,,, for every m € Z.

Proof. Assume, without loss of generality, that © € Xy. Consider
the submodule (z) C Xy. Since Xy € F,, and (x) is x-small, we can
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embed (z) into a x-small and n-pure submodule Y C X, (Lemma 6.4).
We can construct a x-small and exact subcomplex

L'i=(-— L — L] — Y — 0 —0—---),

since X is exact. The fact that 9p(Y,) is x-small implies that it is
contained in a k-small and n-pure submodule Y2, C X_;. As above,
we can construct a k-small and exact subcomplex of the form

LP=(-—L5—L—L—Y?*—0(Y?)—0—---).

Note that it is possible to construct L? containing L*. Now embed L3
into a s-small and n-pure submodule Y3 C Xy. Again, construct a
subcomplex

L3 — ( . . Lg > in’ - Y03 > Yfl +80(Y03)

O1(YZ) —>0—>--)

containing L2, which is x-small and exact. Now let Y;* be a k-small
and n-pure submodule of X; containing L}, and construct an exact
and k-small complex L* containing L3 of the form

L' = ( —— L —— Y = YZ + 00 (V) — Y2, + 0o (YP)

—1 >

Embed Y§ + 9,(Y;) into a sx-small and n-pure submodule Yy C X,
and construct an exact and x-small subcomplex

L5 — ( . o Lg > L‘? P YO5 > Y—21 +(90(Y05)

O 1(Y2) —~ 0 )

containing L*. In a similar way, construct x-small and exact complexes
LO:=(—L{ — Ly —YS —a_1(YS)—0— )
and

L= (+—L— Li— L — Y, — 0 5(Y))—0— )
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such that Y°, is a s-small and n-pure submodule of X _; containing
Y2, + 9o(Yy), and Y7, is a s-small and n-pure submodule of X _,
containing 9_1(Y5,).

Keep repeating this procedure, and set
Y = U L", where Y;:= U (L™);.
n>1 n>1

It is clear that Y is an exact complex. We check that each Y, is a x-
small and n-pure submodule of X,,. It suffices to show the case m = 0.
We have

Yo=Y ULRUYZU(YP+0.(Y)UYPU---
=Y UYSUYyU---
is k-small. Consider a left flat resolution of length n,
H)=0—F, — - —F — F— Xo—0).
By Lemma 6.4, we can construct a subresolution
0— S8 — ... — 8 — S — Y, —0,

where (z) C Y, and each S} is a r-small and pure submodule of Fj.
As in the previous case, applying Lemma 6.4 infinitely many times, we
can get an ascending chain of subresolutions

0—S8—... -8 -8 —Y —o,

0— 8% — ... — 8 —8 —YS—0,

0— 8 — - — 8 — 85— Yy —0,....
Taking the union of these subresolutions yields an exact sequence
(2) = <0—>US£ — - — st =S —>Y0—>O>,
] J J

J

where each |J; S} is a w-small and pure submodule of Fj (so it is
flat). O

If Y is the subcomplex of X given by the previous theorem, then we
have
Yo € (Fn)=" and  X,,,/Yy, € F.
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(Take the quotient of (1) by (2).) It follows that

Y € (exF,)=" and X/Y € exF,.

Remark 6.9. The arguments given in the previous proof also show
that every exact degreewise n-projective complex has a filtration by

the class ex Py, (k). Proceed in the same way as in the previous proof,
using Lemma 5.8, until Y is constructed. Consider

(1):<0—>@Pfl—»-~—>@Pf—>@Pg—>Xo—>0>,

€1, i€l i€l

a projective resolution of Xy of length n, where each direct sum consists
of countably generated projective modules. By Lemma 5.8, we can
construct Y containing (z) with a subresolution of the form

(2) = (O—>@P£—>---—>@Pf—>@P§—>Y(}—>0>,
i€} iel] iel}

where each I} C I is r-small. Note that the quotient of (1) by (2)
yields a projective resolution of Xg/Yy of length n, so Xo/Yy € Py.
Using Lemma 5.8 again, we can construct a subresolution containing
(2), say,

(3) = <0—>@Pﬁ—>---—>@Pf—>@P§—>Y§—>O),
IS iel} ield

such that Xo/Yg € P,. Keep applying Lemma 5.8 to get an ascending
chain of subresolutions of (1):

OH@PTZ;—%“HEBPf*)@Pé*)YOI—)O,

iel} ielf il
0—>@P£—>---—>@Pf—>@PS—>Y0‘°’—>O7
iel3 Sy ield

OH@PflH...ﬂ@PfH@P&*}YOS—)O,....

iel} iel} i€l
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Now take the union of this ascending chain, and get the exact
complex

(4):<0—> b r—— P Pg—>Y0—>0).
ieU, I ieU; I3

Since each |J; I}, is a -small subset of Ix, we have that the previous
sequence is a nice x-small projective subresolution of (1). Note also
that the quotient of (1) by (4) yields a projective resolution of Xo/Yy of
length n. Then Yy € P, (k). In a similar way, we have that Y,,, € P, (k)
and X,,,/Y,, € P,, for every m € Z.

By the previous result, we can use transfinite induction to show that
every complex in ex F,, is filtered by the class (ex F,)<". The same
holds for the class P,. Using Proposition 2.5 and Eklof and Trlifaj’s
theorem, we have that

(ex Py, (exPp)t) and  (exFy, (ex Fn)b)

are complete cotorsion pairs. In a similar way, one can prove that the
same holds for the pairs

(dWﬁw(dWﬁ;)L) and (dwﬁt’(de")L)'
Furthermore,
(dw F,, (dw F,)Y) and  (ex o, (ex )b

are compatible by Proposition 5.6. Therefore, Theorem 6.2 follows.
Similarly, we have another proof of Theorem 5.1.

Remark 6.10. There are many examples of rings R for which flat R-
modules have finite projective dimension. In some of these cases, the
n-projective model structures are related to the flat model structure,
in the sense that every cofibrant object in the latter model structure is
also cofibrant in the former one. This can be stated in a more formal
way using the notion of Quillen functors.

Let
F:C—D and G:D—C
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be a pair of functors between model categories C and D, and
¢ :Homp(F(-),—) — Home¢(—,G(—))

a natural isomorphism, i.e., (F, G, ) is an adjunction. The functor F is
a left Quillen functor if it preserves cofibrations and trivial cofibrations.
The adjunction (F,G, ) is called a Quillen adjunction if F is a left
Quillen functor. Finally, a Quillen adjunction (F,G,¢) is called a
Quillen equivalence if, for all cofibrant X in C and fibrant Y in D,
a map

fFX)—Y

is a weak equivalence in D if and only if ¢(f) : X — G(Y) is a weak
equivalence in C.

(1) Let R be a left perfect ring. Then a module is projective if and
only if it is flat. In this case, the m-projective and n-flat model
structures coincide, for every non-negative integer n.

(2) Let R be a countable ring. By [17], every flat module has projective
dimension 1. Notice that this implies that every (differential
graded) flat complex is (differential graded) 1-projective. Set C
and D as the category Ch (rMod) equipped with the flat and 1-
projective model structures, respectively. It follows that, if we set
F and G as the identity on the objects and maps of Ch (gMod),
then (F,G) is a Quillen equivalence.

(3) The finitistic projective dimension of a ring R is defined as the
supremum

FPD (R) := {pd (M) : M has finite projective dimension}.

Let R be a ring such that FPD (R) is finite, and let n = FPD (R).
By [16], any R-module of finite flat dimension has finite projective
dimension, in this case < n. Fix a non-negative integer k < n.
Notice that every (differential graded) k-flat complex is (differential
graded) m-projective. It follows that the k-flat and n-projective
model category structures are Quillen equivalent.

We conclude this remark by noting that (1), (2), (3) and (4) are also
valid for the corresponding degreewise homological model structures.

Gillespie showed in [10, subsection 5.2] that the degreewise flat
model structure is not monoidal on (Ch(gMod),®) in general. He
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considered the category of complexes over the ring Z,, where
Y=o — 7, 237, 227, — ...

is an exact degreewise flat complex, but Y @ Y ¢ ex%, since it is
not even exact. This counterexample also works to show that the
degreewise n-flat model structure is not monoidal for every n > 0.

One problem with the ring Z4 considered by Gillespie is that Z4 has
infinite weak dimension. Zs is a Z4-module with infinite flat dimension,
since Tor%4 (Za,Z9) = 7o # 0 for every k > 0 [20, Chapter 3, Example
9]. This “inconvenience”can be solved if we impose an extra condition
on R.

Proposition 6.11. Let R be a commutative ring with weak dimension
at most 1. Then the degreewise projective and degreewise flat model
structures are monoidal.

We know that (Ch(gMod),®) is a closed symmetric monoidal
category with unit S°(R). Flat objects in a monoidal category (C,®)
are defined as those X € Ob(C) such that the functor —® X : C — C is
exact. Previously, we have considered flat objects in Ch (kMod) with
respect to ®. For the rest of this section, we shall say that a complex
F is flat with respect to ® if the functor — ® F' is exact.

We only prove Proposition 6.11 for the flat case (since the projective
case follows similarly). By [13, Theorem 4.2], it suffices to verify the
following conditions:

(1) Every complex in dw ]-'0 is flat with respect to ®.

(2) f XY € dw]-"g, thensois X @ Y.

(3) I X,Y € dw ]-"0 and one of them is exact, then X ® Y is exact.
(4

) SR) € dw Fo.

Note that condition (4) is immediate, and (2) is easy to verify. To
show (1), we establish the following characterization.

Proposition 6.12. A chain complex X € Ch(gMod) over a commu-
tative ring R is flat with respect to ® if, and only if, it is degreewise

flat.
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Proof. Let Y be a chain complex such that —®Y is exact. Consider
an exact sequence

00— A—B—C—0 in zpMod.
Then we obtain an exact sequence
0— S°(A)eY — S°B)®Y — S°(C)®Y — 0 in Ch(zrMod).
So, for each n € Z, we have the short exact sequence

00— A®rY, — B®rY, —C®grY, —0.

Now suppose Y € dw%. Consider a short exact sequence of chain
complexes

0—A-%B 0o,

and apply —®Y. We need to check that, for every n € Z, the sequence

(

0— (AaY), X Bev), "X CoY), —0

is exact. In other words, we shall see

(=0 - B MO Yook
Drez 0k Or Yn—k

B Y,y —m—— C Y._ 0
@kez kOR k@kez Bk Or Ynfkeakez k®R k )
is exact. For every k € Z, the sequence
0— A ®@r Yo BN By @g Yo Pr8ly- " CL®R Ynok — 0

is exact since Y,,_, is flat. It follows (*) is exact since the direct sum of
exact sequences is exact. (Recall that homology commutes with direct
sums.) O

It is only left to verify (3). If X and Y are degreewise flat chain
complexes over a commutative ring R with weak dimension at most 1,
then by [20, Theorem 9.16] we have the following Kiinneth exact
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sequence for every k € Z:

0—» H;(X)® H;(Y) Hy (X ®Y)

Dt Tory"(H;(X), H;(Y)) 0

If, in addition, X or Y is exact, then it follows that X ® Y is also exact.
Therefore, Proposition 6.11 follows.
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