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0. Introduction

Cotorsion pairs (or in the older terminology, “cotorsion theories”), introduced
by Salce in [34], became a standard tool of the contemporary theory of rings and
modules [19]. The basic idea can be explained in a few words as follows.

Given an associative ring A and left A-modules L and M, the groups Ext; (L, M)
can be computed either in terms of a projective resolution of L, or using an injective
coresolution of M. But what if we wish to use “partially injective” and “partially
projective” resolutions? We want to resolve L by modules that are only somewhat
projective, and coresolve M by modules that are only somewhat injective. Can we use
such resolutions in order to compute Exts (L, M )?

As one can see, the answer is positive, provided that the chosen classes of “partially
injective” and “partially projective” modules fit each other and one is willing to resolve
both L and M simultaneously. For example, one can choose a flat resolution F. for the
module L, and simultaneously choose a coresolution C* of the module M by so-called
cotorsion A-modules (in the sense of Enochs [17]). Then the total complex of the
bicomplex Homy (F., C*) computes Exty (L, M).

Alternatively, let R C A be a subring. We want to resolve L by A-modules that are
projective as R-modules. What kind of coresolution of M do we need to use jointly
with such a resolution of L, in order to compute the Ext groups over A4?

The definition of a (hereditary) cotorsion pair provides a general answer to such
questions. A pair of classes of left A-modules ¥ and € C A-Mod is called a cotorsion
pair if Ext},(F, C)=0forall F € ¥ and C € €, and both the classes ¥ and € are
maximal with respect to this property. A cotorsion pair (¥, €) is said to be hereditary
if Exty(F,C)=0forall Fe ¥,C € €,andn > 1.

In particular, returning to the example above, a left A-module C is said to be
(Enochs) cotorsion [17] if Ext}1 (F,C) = 0 forall flat left A-modules F, or equivalently,
Ext4(F,C) = O for all flat F andn > 1.

More generally, one can consider projective objects, injective objects, and cotorsion
pairs in an abelian category . In order to compute the groups Ext’, using projective
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or injective resolutions, one needs to have enough projectives or injectives, respectively.
What does it mean that there are “enough partially projective/injective objects” in a
cotorsion pair (¥, €)? The appropriate definition of this was suggested in [34], and it
is a strong and unobvious condition.

Given a cotorsion pair (¥, €) in A-Mod, one says that there are enough projectives
in (¥,%€) if every left A-module L is a quotient module of a module F from ¥ by a
submodule C' = ker(F — L) belonging to €. Similarly, one says that there are enough
injectives in (¥, €) if every left A-module M is a submodule of a module C from
€ with the quotient module F' = C /M belonging to ¥ . The short exact sequences
0>C'->F—L—>0and0—> M — C — F' — 0 are called approximation
sequences. A cotorsion pair (¥, €) in A-Mod has enough projectives if and only if it
has enough injectives; these assertions are known as Salce lemmas [34]. A cotorsion
pair having enough projectives (equivalently, enough injectives) is said to be complete.
In other words, a cotorsion pair (¥, €) is complete if approximation sequences with
respect to (¥, €) exist for all left A-modules.

The assertion that the flat cotorsion pair (¥, €), where ¥ is the class of flat left
A-modules and € is the class of cotorsion left A-modules, is complete became known
as the flat cover conjecture. It was proved (in two different ways) in the paper [10].

The most powerful (and the most commonly used) approach to constructing complete
cotorsion pairs known today was developed by Eklof and Trlifaj [ 16]. The Eklof-Trlifaj
theorem claims that any cotorsion pair generated by a set of modules is complete. Here
a cotorsion pair (¥, €) is said to be generated by a class of modules § C A-Mod if € is
the class of all left A-modules C such that Ext} (S, C) = O forall S € §. Subsequently
it was realized that the technique of the Eklof-Trlifaj construction is a particular case of
the so-called small object argument in the homotopy theory or model category theory.
In fact, a complete cotorsion pair can be thought of as a particular case of a weak
factorization system [20,33].

On the dual side, it is known that any cotorsion pair cogenerated by a class of
pure-injective modules is complete [19, Theorem 6.19]. Further alternative approaches
to proving completeness of cotorsion pairs in some special cases are provided by the
Bongartz—Ringel lemma [12, Lemma 2.1], [32, Lemma 4'], [19, Lemma 6.15 and
Proposition 6.44] and the Auslander—Buchweitz construction [3].

The aim of this paper is to offer another such alternative approach. It is an explicit
self-dual construction applicable in the particular case of cotorsion pairs lifted via the
functor of restriction of scalars A-Mod — R-Mod with respect to a ring homomorphism
R — A. In the most typical situation, R would be a subring in A. Notice that the small
object argument is decidedly not self-dual. In fact, it is known to be consistent with
ZFC + GCH that the dual version of the Eklof-Trlifaj theorem is not true [15].
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Still, most of the complete cotorsion pairs constructed in this paper can be easily
obtained from the small object argument. The main advantage of our approach is
that it produces a quite explicit description of the second class in the cotorsion pair.
Sometimes this also follows from the Eklof—Trtlifaj theorem; but in other cases it does
not. In the latter cases, our approach provides new knowledge.

In the work of the present author, other results somewhat resembling those of the
present paper were obtained in the paper [31], where descriptions of the right classes in
the so-called strongly flat cotorsion pairs, and sometimes also in the flat cotorsion pair,
were provided for categories of modules over commutative rings. The constructions of
approximation sequences in the present paper go back to the author’s monograph on
semi-infinite homological algebra [24].

Semi-infinite homological algebra, as interpreted in the book [24], is the study
of module categories over algebraic structures which have a mixture of algebra and
coalgebra variables in them. These include corings over rings (which means roughly
“coalgebras over algebras”) and semialgebras over coalgebras (“algebras over coalge-
bras”), as well as more complicated semialgebras over corings.

Relative situations appearing naturally in this context, that is a coring over a ring
or a semialgebra over a coalgebra, tend to be better behaved than a usual ring over a
subring. Nevertheless, techniques originally developed in the semi-infinite context can
be transferred to the realm of ring theory. That is what we do in this paper.

Section 1 is an overview of preliminary material. The main results of the paper
are presented in Section 2. In that section, for various cotorsion pairs (¥4, €4) in the
category of A-modules, we describe the right class €4 as the class of all modules
cofiltered by modules of simpler nature. The latter means typically the A-modules
Hompg (A, C) coinduced from certain R-modules C, using a ring homomorphism
R — A. Here the class #4 consists of all A-modules whose underlying R-module
belongs to the left class  of a cotorsion pair (¥, €) in R-Mod (while the R-modules
C above range over the class €). Moreover, we show that it suffices to consider rather
short cofiltrations (or, in another language, decreasing filtrations): depending on the
assumptions, these are either finite (co)filtrations, or cofiltrations indexed by the natural
numbers, or indexed by the ordinal w + k, where k is a finite integer.

The dual results are discussed in Section 3. For various cotorsion pairs (¥4, €4) in
A-Mod, we describe the left class F 4 as the class of all modules filtered by modules of
simpler nature. The latter means typically the A-modules A ® g F induced from certain
R-modules F, using a ring homomorphism R — A. Here the class €4 consists of all
A-modules whose underlying R-module belongs to the right class € of a cotorsion pair
(F,%€) in R-Mod (while the R-modules F above range over the class ). The results
of Section 3 are generally less surprising, from the point of view of the contemporary
module theory, than those of Section 2, in that a description of the left class in terms of
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filtrations is provided, for many cotorsion pairs, by the small object argument. Still, we
obtain some new information, in the sense that the filtrations which we construct are
rather short (either finite, or indexed by the natural numbers, or by the ordinal w + k).

We also discuss the n-cotilting and n-tilting cotorsion pairs (see [19, Chapters 13—
15]), for which it turns out that the conventional techniques of the tilting theory allow to
obtain better results than our “semi-infinite” approach. In this connection we introduce
a generalized (n > 1) version of the classical (n = 1) Bongartz lemma [19, Lemma 6.15
and Proposition 6.44], or which is the same, an infinitely generated version of a lemma
of Ringel [32, Lemma 4'], and use it to extend a recent result of Saroch and Trlifaj [35,
Example 2.3] to n > 2. This material is presented in Sections 2.3 and 3.3.

As an illustration for the main results of the paper, we produce certain cotorsion pairs
in the abelian categories of curved DG-modules over some curved DG-rings. These are
hereditary, complete cotorsion pairs related to the contraderived and coderived abelian
model structures, as constructed in [8, Section 1.3]. The idea to consider these cotorsion
pairs was suggested to the author by J. Sfovicek. We obtain almost no new results
in this direction (some general theorems about filtrations and cofiltrations indexed
by countable ordinals are notable exceptions). However, our approach allows us to
obtain new proofs of the results of the memoir [25] concerning the contraderived and
coderived categories of CDG-modules [25, Theorems 3.6, 3.7 and 3.8], interpreting
these essentially as a particular case of our results on cotorsion pairs arising from ring
homomorphisms. This is the material of Section 4.

1. Preliminaries

All rings and algebras in this paper are presumed to be associative and unital. All
ring homomorphisms take the unit to the unit, and all modules are unital.

Let A be a ring. We denote by A-Mod the abelian category of left A-modules.
For any left A-module M, we denote by Add(M) = Add4(M) C A-Mod the class of
all direct summands of direct sums M ) of copies of the A-module M, indexed by
arbitrary sets /. Similarly, we let Prod(M) = Prod4 (M) C A-Mod denote the class of
all direct summands of products M ! of copies of the A-module M.

For any A-module M, choose a projective resolution --- — P, — P; — Py —
M — 0 and an injective coresolution 0 — M — J° — J! — J2 — ... Forevery
i > 0, denote by Q' M the cokernel of the morphism P; | — P; and by Q7' M the
kernel of the morphism J/ — J*1. So, in particular, Q°M = M, and our notation
is consistent. The A-modules 2/ M are called the syzygy modules of the A-module M,
while the A-modules Q" M are called the cosyzygy modules of M.
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To emphasize that M is viewed as a (left) A-module, we will sometimes use the
notation 4 M. If R — A is a ring homomorphism, then the underlying left R-module
of M will be sometimes denoted by g M.

Given a ring homomorphism R — A and a left R-module L, the left A-module
A ®pg L is said to be induced from the left R-module L, and the left A-module
Hompg (A4, L) is said to be coinduced from the left R-module L.

1.1 — Ext'-orthogonal classes

We say that two left A-modules F and C are Ext!-orthogonal if Ext}l(F ,C) =
0. Two classes of left A-modules ¥ and € C A-Mod are called Ext!-orthogonal if
Ext)(F,C) =0forall F € ¥ and C € €.

Given a class of left A-modules ¥ C A-Mod, we denote by 11 C A-Mod the
class of all left A-modules X such that Ext}(F, X) = 0 for all F € ¥ . Similarly, given
a class of left A-modules € C A-Mod, we denote by -1'€ C A-Mod the class of all left
A-modules Y such that Ext} (Y, C) = 0 forall C € €.

Clearly, the classes ¥ ! and +1€ are closed under extensions and direct summands
in A-Mod. The class 1! contains all injective left A-modules, while the class Lie
contains all projective left A-modules.

A pair of classes of left A-modules (¥, €) is said to be a cotorsion pair if € = F 11
and ¥ = 11€. In other words, (¥, €) is called a cotorsion pair if both ¥ and € are
the maximal classes with the property of being Ext!-orthogonal to each other.

For any class of left A-modules § C A-Mod, the pair of classes ¥ = L1 (§+1) and
€ = §1 is a cotorsion pair in A-Mod. We will say that the cotorsion pair (¥, €) is
generated by §. The class ¥ is also said to be generated by §.

Dually, for any class of left A-modules 7 C A-Mod, the pair of classes & = ~1 7
and € = (+1 7)1 is a cotorsion pair in A-Mod. We will say that the cotorsion pair
(F,©) is cogenerated by T . The class € is also said to be cogenerated by 7.

The following variation of the above notation will be also useful. Given a class of
left A-modules ¥ and an integer j > 0, we denote by ¥+>/ C A-Mod the class of
all left A-modules X such that Extj(F, X) = O forall F € ¥ andn > j. Similarly,
given a class of left A-modules €, we denote by 1>/ € C A-Mod the class of all left
A-modules Y such that Extj(Y,C) = 0forall C € €andn > ;.

1.2 — Approximation sequences

Let ¥ and € C A-Mod be two Ext!-orthogonal classes of left A-modules. We will
say that ¥ and € admit approximation sequences if, for every left A-module M, there
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exist short exact sequences of left A-modules

e)) 0—C —-F—M—0,
2) 0—M—>C—F —0

with F', F/e Fand C,C’ € €.

An approximation sequence (1) is called a special precover sequence, and the sur-
jective morphism F' — M is called a special precover. An approximation sequence (2)
is called a special preenvelope sequence, and the injective morphism M — C is called
a special preenvelope.

Lemma 1.1 (Salce [34]). Let (¥ ,€) be an Ext!-orthogonal pair of classes of
modules, both of them closed under extensions in A-Mod. Assume that every left
A-module is a quotient module of a module from ¥ and a submodule of a module
from €. Then a special precover sequence (1) exists for every left A-module M if and
only if a special preenvelope sequence (2) exists for every left A-module M.

Proor. Letus prove the “if”. Let M be a left A-module, and let E € ¥ be a module
for which there exists a surjective A-module morphism £ — M. Let N be the kernel
of this morphism; so we have a short exact sequence 0 - N — E — M — 0. Let
0 —- N — C — F — 0 be a special preenvelope sequence for the left A-module N,
i.e.,,C € €and F € . Denote by H the pushout (that is, in other words, the fibered
coproduct) of the pair of morphisms N — E and N — C. So H is the cokernel of
the diagonal morphism N — E @ C. Then there are short exact sequences 0 — E —
H—-F—->0and0— C - H— M — 0. Now the former sequence shows that
H € ¥, and the latter one is the desired special precover sequence for the A-module M .
The proof of the “only if”” implication is dual. |

Let (¥, €) be a cotorsion pair in A-Mod. Then it is clear from Lemma 1.1 that
the pair (¥, €) admits special precover sequences if and only if it admits special
preenvelope sequences. In this case, the cotorsion pair (¥, €) is said to be complete.

Given a class of modules #4 C A-Mod, denote by A® C A-Mod the class of all
direct summands of modules from .

LemMA 1.2. Let (F,€) be an Ext'-orthogonal pair of classes of left A-modules
admitting approximation sequences. Then (¥ ®,€®) is a complete cotorsion pair in
A-Mod.

ProOF. Since (F,€) is an Ext'-orthogonal pair of classes of modules admitting
approximation sequences, it follows immediately that the pair of classes #® and €®
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has the same properties. So it only remains to show that #+1 c €® and L1€ Cc .
Indeed, let M be a left A-module belonging to F 1!. By assumption, there exists a
short exact sequence of left A-modules 0 - M — C — F’ — 0 with C € € and
F' € F. Since Ext}(F', M) = 0, it follows that M is a direct summand of C. [

1.3 — Filtrations and cofiltrations

We consider ordinal-indexed smooth increasing filtrations (called for brevity simply
“filtrations”) and ordinal-indexed smooth decreasing filtrations (called “cofiltrations”).
In the main results of this paper, we will mostly deal with (co)filtrations by rather small
ordinals, such as the ordinal of natural numbers w; but here we discuss the general
case.

Let o be an ordinal and M be an A-module. An «-filtration on M is a collection of
submodules F; M C M indexed by the ordinals 0 < i < « such that
o FoM =0,F,M =M,and F;M C F;M forall0 < j <i <a;

s FiM =J;.; F; M for all limit ordinals i < a.
An A-module M with an o-filtration F is said to be filtered (or a-filtered) by the
A-modules F; 1 \M/FiM,0<i < a.

Given a class of A-modules § C A-Mod, an A-module M is said to be «-filtered by
S if M admits an c-filtration F such that the successive quotient module F; 1 M/ F; M
is isomorphic to a module from § for every 0 < i < «. An A-module is said to be
filtered by § if it is a-filtered by § for some ordinal «.

The class of all A-modules filtered by § is denoted by Fil($) C A-Mod, and the
class of all A-modules a-filtered by § is denoted by Fil, (§) C Fil(S). It is convenient
to assume that 0 € §, guaranteeing that Fil, (S) C Filg(S) whenever o < 8.

Let o and § be two ordinals. We denote, as usually, by « - § = | | p o the ordinal
product of @ and S. This means the ordinal which is order isomorphic to the well-
ordered set of pairs {(i, j) | 0 <i < «, 0 < j < B} with the lexicographical order,
@@',j) < @”, j") ifeither j' < j”,or j' = j” andi’ < i”.

LemMma 1.3. For any class of A-modules S C A-Mod, one has
(a) Filg(Filg(S)) = Filq.g(S);
(b) File(5®) C Fily($5)®. n

The following result is known as the Eklof lemma.

LemMa 1.4. For any class of left A-modules S, one has Fil(§)*1 = §11.

Proor. Thisis [16, Lemma 1] or [19, Lemma 6.2]. [
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The next result is called the Eklof—Trlifaj theorem.

THEOREM 1.5. Let § be a set (rather than a class) of left A-modules, and let (¥ ,€)
be the cotorsion pair in A-Mod generated by §. Then

(a) (¥, €) is a complete cotorsion pair;

(b) the class F can be described as ¥ = Fil(§ U {A})®, where A denotes the free left
A-module with one generator.

Proor. Part (a) is [16, Theorem 10] or [19, Theorem 6.11], and part (b) is [19,
Corollary 6.13 or 6.14]. Essentially, one proves by an explicit construction (a particular
case of the small object argument) that the pair of classes Fil(§) and §+! C A-Mod
admits special preenvelope sequences, and then by Lemma 1.1 it follows that the pair
of classes Fil(§ U {A4}) and $*! admits special precover sequences. The two classes
Fil(S U {A}) and $11 are Ext!-orthogonal by Lemma 1.4. By Lemma 1.2, one can
conclude that the two classes Fil(S U {A4})® and §! form a complete cotorsion pair.
By the definition, we have € = §=1, and it follows that ¥ = Fil(§ U {4})®. =

Let « be an ordinal and N be a left A-module. An a-cofiltration on N is a collection
of left A-modules G; N indexed by the ordinals 0 <i < « and left A-module morphisms
G;N — G;N defined forall 0 < j <i < o such that

* the triangle diagram G; N — G; N — Gy N is commutative for all triples of indices
0<k<j<i<a;

e GoN =0and G,N = N;

 the induced map into the projective limit G;N — l(iLn,Q, G; N is an isomorphism
for all Timit ordinals i < o; ’

e themap G;11 N — G; N is surjective forall 0 <i < a.

It follows from the above list of conditions that the map G; N — G; N is surjective for
all0 < j <i <a. An A-module N with an ¢-cofiltration G is said to be cofiltered
(or a-cofiltered) by the A-modules ker(G;+1 N — G;N).

Given a class of A-modules 7 C A-Mod, an A-module N is said to be a-cofiltered
by T if N admits an «-cofiltration G such that the A-module ker(G;+1N — G;N)
is isomorphic to an A-module from 7 for all 0 <i < «. An A-module is said to be
cofiltered by T if it is a-cofiltered by T for some ordinal .

The class of all A-modules cofiltered by 7 is denoted by Cof(7") C A-Mod, and
the class of all A-modules a-cofiltered by 7 is denoted by Cof, (7) C Cof(77). It is
convenient to assume that 0 € 7, so that Cof, (7)) C Cofg (7)) whenever o < B.

LemwMmA 1.6. For any class of A-modules T C A-Mod and any two ordinals o and B,
one has
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(a) Cofg(Cofy(T)) = Cofy.p(T);
(b) Cofy(T®) C Cofy(T)®.

Proor. Part (b) is obvious. The proof of part (a) is left to the reader. [ ]
The following assertion is known as the Lukas lemma or “the dual Eklof lemma”.
LemMa 1.7. For any class of left A-modules T, one has 11 Cof(T) = 117"

Proor. This is [16, Proposition 18] or [19, Lemma 6.37]. ]

The dual version of the small object argument does not work in module categories,
because most modules are not cosmall. In fact, it is consistent with ZFC that the dual
version of Theorem 1.5 (a) is not true.

Specifically, let A = Z be the ring of integers, so A-Mod is the category of abelian
groups. Let T = {Z} be the set consisting of one infinite cyclic abelian group only; and
let Q denote the additive group of rational numbers. Let (W, W-1) be the cotorsion
pair in Z-Mod cogenerated by T7; the class W = 117 is known as the class of all
Whitehead groups. According to [15, Theorem 0.4], it is consistent with ZFC + GCH
that the group Q has no W-precover. (See also the discussion in [35, Lemma 2.1 and
Example 2.2].)

1.4 — Homological formulas

Let R — A be a homomorphism of associative rings. Then every left or right
A-module has an underlying R-module structure. In particular, A4 itself acquires the
structure of an R-R-bimodule.

Lemma 1.8. (a) Let L be a left R-module and D be a left A-module, and letn > 0
be an integer. Assume that ToriR (A, L) =0 for all 0 < i < n. Then there is a
natural isomorphism of abelian groups Extf;l (AQRL,D) ~ Extlk (L, D) for every
0<i<n.

(b) Let B be a left A-module and M be a left R-module, and let n > 0 be an integer.
Assume that ExtiR (A, M) =0forall0 <i <n. Then there is a natural isomorphism
of abelian groups Extil (B,Hompg(A, M)) >~ ExtiR (B, M) forevery0 <i <n.

Proor. We will prove part (b); the proof of part (a) is similar. Notice that, for any
injective left R-module 7, the left A-module Hompg (A, I) is injective (because the func-
tor Homg (A4, —): R-Mod — A-Mod is right adjoint to the forgetful functor A-Mod —
R-Mod, which is exact). Let /° be an injective coresolution of the left R-module M .
Then the sequence of left A-modules 0 — Homg (A4, M) — Homg(A4,1°%) — --- —
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Hompg (A4, I"™1) is exact, since ExtiR (A, M) = 0 for all 0 < i < n. Extending this
sequence to an injective coresolution Homg(4, I°) — --- — Homg (4, I"t!) —
J2 5 Jnt3 s ... of the left A-module Homg (A4, M) and computing the groups
Extf;1 (B,Hompg (A, M)) in terms of this coresolution, we obtain the desired natural
isomorphisms. ]

1.5 — Resolution dimension

Let A be aring and ¥ C A-Mod be a class of left A-modules. We will say that the
class ¥ is resolving if the following conditions hold:

(i) F is closed under extensions in A-Mod;
(i) F is closed under the kernels of surjective morphisms in A-Mod;
(iii) every left A-module is a quotient module of a module from ¥ .

Notice that, if ¥ is closed under direct summands, then condition (iii) can be equiva-
lently rephrased by saying that all the projective left A-modules belong to ¥.

Let k£ > 0 be an integer. We say that a left A-module M has ¥ -resolution dimen-
sion < k if there exists an exact sequence of left A-modules 0 — F — Fj_y — --- —
Fi,— Fp— M — Owith F; € ¥ forall0 <i <k.

Dually, a class of modules € C A-Mod is said to be coresolving if the following
conditions hold:

(i*) € is closed under extensions in 4-Mod;
(ii*) € is closed under the cokernels of injective morphisms in A-Mod;
(iii*) every left A-module is a submodule of a module from €.

If € is closed under direct summands, then condition (iii*) is equivalent to the condition
that all the injective left A-modules belong to €.

We say that a left A-module N has €-coresolution dimension < k if there exists an
exact sequence of left A-modules0 - N — C° - C! - ... - C¥1 » Cck >0
with C! € € forall 0 <i < k.

LemmMa 1.9. (a) Let F C A-Mod be a resolving class, and let M be a left A-module
of ¥ -resolution dimension <k.Let0 > Gy > Gp_1 —---—> G > Gy—> M —0
be an exact sequence of left A-modules. Assume that G; € ¥ forall 0 <i < k.
Then G € ¥.

(b) Let € C A-Mod be a coresolving class, and let N be a left A-module of €-coreso-
lution dimension < k. Let 0 - N — D° — D! — ... — Dk=1 . Dk 5 0 pe
an exact sequence of left A-modules. Assume that D' € € for all 0 <i < k. Then
Dk ee.



L. Positselski 202

Proor. This is [38, Proposition 2.3 (1)] or [27, Corollary A.5.2]. (The resolving
and coresolving classes are assumed to be closed under direct summands in [38], but
this assumption can be dropped.) ]

LemMma 1.10. (a) For any resolving class ¥ C A-Mod and any integer [ > 0, the
class ¥ (1) of all left A-modules of ¥ -resolution dimension < [ is resolving as well.

(b) For any coresolving class € C A-Mod and any integer [ > 0, the class €(I) of all
left A-modules of €-coresolution dimension < | is coresolving as well.

Proor. This is [38, Proposition 2.3 (2)] or [27, Lemma A.5.4]. ]

LemMA 1.11. Let (¥, €) be a cotorsion pair in A-Mod. Then the following condi-
tions are equivalent:

(1) the class F is resolving (i.e., ¥ is closed under the kernels of surjective morphisms
in A-Mod);

(2) the class € is coresolving (i.e., € is closed under the cokernels of injective morphisms
in A-Mod);

(3) Ext3(F,C) =0forall F € ¥ and C € €;
4) Ext}(F,C)=0forall F € ¥,C €€, andn > 1(i.e,€ = FL>0and ¥ =-1>0€)

Proor. This lemma is well known; see [18, Theorem 1.2.10] or [19, Lemma 5.24].
The argument is straightforward, based on the long exact sequences of Ext groups for a
short exact sequence of modules. One proves the equivalences (1) < (3) < (2) and
then deduces (4) from either (1) or (2). [ ]

A cotorsion pair (¥, €) in A-Mod is said to be hereditary if it satisfies the equivalent
conditions of Lemma 1.11.

2. Cofiltrations by coinduced modules

2.1 — Posing the problem

Let R — A be a homomorphism of associative rings, and let ¥ be a class of left
R-modules. Mostly we will assume F to be the left part of a cotorsion pair (¥, €) in
R-Mod.

Denote by F4 the class of all left A-modules whose underlying R-modules belong
to ¥ . Does there exist a cotorsion pair (¥4, €4) in A-Mod?

Obviously, if the answer to this question is positive, then the class €4 can be
recovered as €4 = ¥, AJ“ . But can one describe the class €4 more explicitly?
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We start with the following easy lemma, which provides a necessary condition.

LemMa 2.1. Assume that F4 is the left part of a cotorsion pair (¥4, €4) in A-Mod.
Then the left R-module A belongs to ¥ .

Proor. For any cotorsion pair (¥4, €4) in A-Mod, all projective left A-modules
belong to F4. So, in the situation at hand, the underlying left R-modules of all projective
left A-modules must belong to % . |

The next lemma shows that this condition is also sufficient to get a cotorsion pair
(¥4, €4). Given a class of left R-modules 7, we denote by Hompg (A4, 77) the class of
all left A-modules of the form Homg (A, T) with T € T .

LemMMA 2.2. Let (¥,€) be a cotorsion pair in R-Mod cogenerated by a class of
left R-modules T . Assume that the left R-module A belongs to ¥ . Then we have

(a) F4 = T'Hompg(4,€) = L1Homg (4, T);
(b) (F4, ?AJ‘I) is a cotorsion pair in A-Mod;
(c) Cof(Homg(A,T))® C Cof(Homg(4,€))® C F;.

Proor. Part (a): by assumptions, we have ¥ = 117 and Extk (A4, T) = 0 for all
T € T.By Lemma 1.8 (b) (for n = 1), it follows that a left A-module F belongs to
L1Hompg(A, T7) if and only if the underlying left R-module of F belongs to ~1 7. In
particular, this is applicable to T = €.

Part (b): in view of part (a), (¥4, ¥ AL‘) is the cotorsion pair in A-Mod cogenerated
by the class Hompg(A4, 7) or Homg(4, €).

Part (c) follows from part (a) and Lemma 1.7. ]

So we have answered our first question, but we want to know more. Can one
guarantee that the cotorsion pair (¥4, €4) is complete?

ProrosiTioN 2.3. Let (¥, €) be a (complete) cotorsion pair in R-Mod generated
by a set of left R-modules S, and let ¥4 be the class of all left A-modules whose
underlying left R-modules belong to ¥ . Assume that the left R-module A belongsto ¥ .
Then there exists a complete cotorsion pair (¥4, €4) in A-Mod generated by a certain
set of left A-modules Sy4.

Proor. A class of left R-modules F is said to be deconstructible if there exists
a set of left R-modules § such that ¥ = Fil(S). Any class of modules of the form
F = Fil(8)® is deconstructible, that is, for any set S C R-Mod there exists a set
8’ C R-Mod such that Fil($)® = Fil(§’) C R-Mod [19, Lemma 7.12]. Furthermore,
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it follows from the Hill lemma [19, Theorem 7.10] that the class ¥4 C A-Mod is
deconstructible for every deconstructible class ¥ C R-Mod. So there exists a set of
left A-modules $4 such that ¥4 = Fil(S4). In fact, if « is an uncountably infinite
regular cardinal such that the cardinalities of R and A are smaller than « and all the
modules in § are < k-presented, then one can use the set of (representatives of the
isomorphism classes of) all the < k-presented modules in ¥4 in the role of §4. Finally,
if a deconstructible class ¥4 = Fil(S4) C A-Mod is closed under direct summands and
A € Fy, then (Fu, F, Al‘) is a complete cotorsion pair in A-Mod generated by the set
of left A-modules 4 by Lemma 1.4 and Theorem 1.5. |

After these observations, which follow from the general theory of cotorsion pairs in
module categories, essentially the only remaining question is the one about an explicit
description of the class €4 = AJ‘I. In the rest of Section 2, our aim is to show that,
under certain assumptions, the inclusions in Lemma 2.2 (c) become equalities, that is,
most importantly, €4 = Cof(Homg (4, €))®.

In fact, depending on specific assumptions, we will be able to prove that €4 =
Cofg(Hompg (A4, €))® for certain rather small ordinals 8. Our assumptions are going to
be rather restrictive; but we will not assume the cotorsion pair (¥, €) to be generated
by a set (as in Proposition 2.3).

Concerning the second inclusion in Lemma 2.2 (c), all we can say is the following.

LemMA 2.4. Let T be a class of left R-modules such that A € 1T, and let o be
an ordinal. Then

(a) Homg (A, Cofy (7)) C Cofy(Hompg(A4,T));
(b) Homg (A, Cofy(7)®) C Cofy(Homg (A4, 7))®.
In particular, if € = Cof(T)®, then Cof(Homg (A4, €))® = Cof(Homg(A4,7))®.

Proor. Part (a) holds, because the functor Homg (A, —): R-Mod — A-Mod pre-
serves inverse limits, as well as short exact sequences of modules belonging to {A}! C
R-Mod. Part (b) follows immediately from (a).

The last assertion follows from (b) in view of Lemma 1.6. Indeed, we have

Cof(Hompg (4, €))® = Cof(Hompg(4, Cof(7)%))®
C Cof(Cof(Hompg (A4, 7))®)®
= Cof(Hompg (A4, 7))®. "

For a class of examples of complete cotorsion pairs like in Proposition 2.3 arising
in connection with n-cotilting modules, see Lemma 2.13 and Proposition 2.14 below.
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2.2 — Finite filtrations by coinduced modules

Let R — A be aring homomorphism. Suppose that we are given an Ext!-orthogonal
pair of classes of left R-modules ¥ and € C R-Mod, and denote by ¥4 C A-Mod the
class of all left A-modules whose underlying left R-modules belong to % .

For any left R-module M, one can consider the left A-module Homg (A4, M). Some-
times we also consider the underlying left R-module of the left A-module Hompg (A, M).
That is what we do when formulating the following condition, which will be a key
technical assumption in much of the rest of Section 2:

(+1) For any left R-module F € ¥, the left R-module Hompg (A4, F) also belongs to ¥ .

The specific assumption on which the results of this Section 2.2 are based is that
all left R-modules have finite ¥ -resolution dimension.

LEMMA 2.5. Assume that the Ext'-orthogonal pair of classes of left R-modules
(F,€) admits special precover sequences (1). Assume further that the left R-module A
belongs to ¥, the condition (1) holds, and the class ¥ is resolving in R-Mod. Let M
be a left R-module of ¥ -resolution dimension < l. Then the ¥ -resolution dimension
of the left R-module Hompg (A, M) also does not exceed 1.

Proor. Let0 - Cy - Fp > M — O be a special precover sequence (1) for the
left R-module M; so C; € € and Fy € ¥ . Consider a special precover sequence
0 — C; - F; — C; — 0 for the left R-module Cy, etc. Proceeding in this way, we
construct an exact sequence of left R-modules 0 - C; — Fj_1 - Fj_, —» -+ —
Fy — Fg > M — 0,inwhich F; € ¥ forall0 <i <[ —1, C; € €, and the image C;
of the morphism F; — F;_; belongsto € forall 1 <i <[ — 1. Since the ¥ -resolution
dimension of M does not exceed [ by assumption, by Lemma 1.9 (a) it follows that
C; € ¥.Since A € ¥ C 11'€, our exact sequence remains exact after applying the
functor Hompg (A, —). The resulting exact sequence is the desired resolution of length /
of the left R-module Homg (A4, M) by modules from ¥ . [

PROPOSITION 2.6. Assume that the Ext!-orthogonal pair of classes of left R-mod-
ules (¥, €) admits approximation sequences (1)—(2). Assume that the left R-module
A belongs to ¥, and that the condition (17) holds. Assume further that the class ¥
is resolving in R-Mod and the ¥ -resolution dimension of any left R-module does
not exceed a finite integer k > 0. Then the Ext!-orthogonal pair of classes of left
A-modules ¥4 and Cofy 1 (Hompg (A, €)) admits approximation sequences as well.
Here the integer k + 1 is considered as a finite ordinal.

ProoEF. The pair of classes F and Cof(Hompg (A4, €)) C A-Mod is Ext!-orthogonal
by Lemma 2.2 (c). Let us show by explicit construction that the pair of classes ¥4 and
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Cofr(Hompg (A, €)) admits special precover sequences. The construction below goes
back to [24, Lemma 1.1.3].

Let M be a left A-module. Then there is a natural (adjunction) morphism of left
A-modules vysr: M — Hompg (A, M) defined by the formula vy (m)(a) = am e M
for every m € M and a € A. The map vy, is always injective. Moreover, viewed as a
morphism of left R-modules, vy is a split monomorphism. Indeed, the evaluation-at-
unit map ¢pr: Homg (A, M) — M taking a function f € Hompg(A, M) to its value
om (f) = f(1) € M is aleft R-module morphism for which the composition ¢as o var
is the identity map, ¢ps o vpy = idpy.

Consider the underlying left R-module of M, and choose a special precover
sequence 0 — C'(M) — F(M) — M — 0 in R-Mod with modules C'(M) € € and
F(M) € ¥ . Then we have Ext (A4, C'(M)) = 0, so the morphism of left A-modules
Hompg (A, F(M)) — Hompg(A, M) coinduced from the surjective left R-module map
F(M) — M is surjective. Denote by Q(M) the pullback (or in other words, the
fibered product) of the pair of left A-module morphisms M — Hompg(A, M) and
Hompg (A, F(M)) — Hompg (A, M).

We have a commutative diagram of left A-module morphisms, in which the four
short sequences are exact:

0 0
[ 1
M

Hompg (A, M) —— Hompg(A, M)/M — 0

3)

00— Q(M) —— Homg(A, F(M)) — Homg(A, M)/M — 0

Hompg (A4, C'(M)) = Hompg (A, C'(M))

T T

0 0

Introduce the notation rd¢ N for the ¥ -resolution dimension of a left R-module N.
We will apply the same notation to A-modules, presuming that the ¥ -resolution
dimension of the underlying R-module is taken.

Next we observe that, whenever 0 < rdg M < o0, the ¥ -resolution dimension
of the underlying left R-module of the left A-module Q (M) is strictly smaller than
the ¥ -resolution dimension of the underlying R-module of the A-module M, i.e.,
rdg Q(M) < rdg (M). Indeed, the short exact sequence of left A-modules 0 - M —
Hompg (A, M) — Homg (A, M)/ M — 0splits over R, or in other words, the underlying
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left R-module of Homg (A, M)/ M can be presented as the kernel of the surjective
left R-module morphism ¢ps: Homg(A, M) — M. By Lemmas 2.5 and 1.10 (a), we
have rdg Homg (A4, M)/M <rdg M. Since Homg (A, F(M)) € ¥, it follows from
the short exact sequence 0 — Q(M) — Homg (A4, F(M)) - Homg(A,M)/M — 0
that rdg Q(M) < rdg (M).

It remains to iterate our construction, producing a sequence of surjective morphisms
of left A-modules

M «— Q(M) «<— Q(Q(M)) «— Q3(M) «— --- <— Q*(M).

Since rdg M < k by assumption, it follows from the above argument that we have
rdg QK (M) < 0, that is, QK (M) € F4.

The kernel of the surjective morphism QX (M) — M is cofiltered by the kernels
of the surjective A-module morphisms Q(M) — M, Q*(M) — Q(M), ...,
0F(M) — Q*¥='(M). These kernels are the left A-modules Homg (A, C'(M)),
Homg (4, C'(Q(M))), Homg(A, C'(Q*(M))), ... Homg (4, C'(Q¥~1(M))). We
have constructed the desired special precover sequence for the pair of classes ¥4 and
Cofr (Hompg (A, €)).

Finally, any left R-module N is a submodule of an R-module C(N) € €, since a
special preenvelope sequence with respect to (¥, €) exists for N by assumption. If N
is a left A-module, then the map vy provides an embedding of N into the left A-module
Hompg (A, N), which is a submodule of the left A-module Homg (A, C(N)). Thus N is
an A-submodule of Homg (A, C(N)). Following the proof of (the “only if” implication
in) Lemma 1.1, we conclude that the pair of classes ¥4 and Cofy 4 (Hompg (4, €))
admits special preenvelope sequences. |

THEOREM 2.7. Let (¥, €) be a hereditary complete cotorsion pair in R-Mod.
Assume that the left R-module A belongs to ¥, and that the condition (1) holds.
Assume further that the ¥ -resolution dimension of any left R-module does not exceed
a finite integer k > 0. Then the pair of classes 4 and €4 = Cofyy1(Homg(A4,€))®
is a hereditary complete cotorsion pair in A-Mod.

Proor. The class F4 is closed under direct summands and the kernels of surjective
morphisms, since the class ¥ is. Thus the assertion of the theorem follows from
Proposition 2.6 in view of Lemma 1.2. |

CoroLLARY 2.8. For any associative ring homomorphism R — A and any
hereditary complete cotorsion pair (¥ ,€) in R-Mod satisfying the assumptions of
Theorem 2.7, one has .?‘AJ‘I = Cofr 41 (Homg(4, €))®.

In particular, it follows that Cof(Hompg (A, €))® = Cofr4(Homg (4, €))®.
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Proor. The first assertion is a part of Theorem 2.7. The second assertion follows
from the first one together with Lemma 2.2 (c). [ ]

ReEMaRrk 2.9. The condition (f7) appears to be rather restrictive. In fact, the con-
struction of Proposition 2.6 originates from the theory of comodules over corings, as
in [24, Lemma 1.1.3], where the natural analogue of this condition feels much less
restrictive, particularly when ¥ is simply the class of all projective left R-modules.
So one can say that the ring A in this Section 2.2 really “wants” to be a coring C
over the ring R, and the left A-modules “want” to be left C-comodules. Then the
coinduction functor, which was Homg (A4, —) in the condition (i), takes the form of
the tensor product functor C ® g —. This one is much more likely to take projective
left R-modules to projective left R-modules (it suffices that C be a projective left
R-module). To make a ring A behave rather like a coring, one can assume it to be
“small” relative to R in some sense. The following example is inspired by the analogy
with corings and comodules.

ExampLE 2.10. Let ¥ = R-Mod,; be the class of all projective left R-modules.
Then € = R-Mod is the class of all left R-modules, and ¥4 = A-Mod g_pr; is the class
of all left A-modules whose underlying R-modules are projective. In the terminology
of [9, Sections 4.1 and 4.3] and [26, Section 5], the left A-modules from the related class
€4 =7 AJ'l would be called weakly injective relative to R or weakly A/ R-injective.

For ¥ = R-Modp;, the necessary condition of Lemma 2.1 means that A must be a
projective left R-module. Assume that A is a finitely generated projective left R-module;
then the functor Homg (A, —) preserves infinite direct sums. Assume further that the
left R-module Hompg (A4, R) is projective. Then it follows that the functor Homg (4, —)
preserves the class & of all projective left R-modules. Thus the condition (f7) is
satisfied.

The results of Section 2.2 tell us that, whenever the left homological dimen-
sion of the ring R is a finite number k£ and the assumptions in the previous para-
graph hold, the Ext'-orthogonal pair of classes of left A-modules A-Modg o and
Cofr 41 (Hompg (A, R-Mod)) admits approximation sequences. Consequently, the pair
of classes ¥4 = A-Modg_proj and €4 = Cofx;(Hompg(A, R-Mod))® is a hereditary
complete cotorsion pair in A-Mod. In particular, we have

(A-ModR o))" = Cofg 1 (Homg(4, R-Mod))®,

and therefore Cof(Homg (A, R-Mod))® = Cofy (Hompg (A4, R-Mod))®. So the weakly
A/ R-injective left A-modules are precisely the direct summands of the A-modules
admitting a finite (k + 1)-step filtration by A-modules coinduced from left R-modules.

The reader can find a discussion of the related results for corings and comodules
(of which this example is a particular case) in [29, Lemma 3.11 (a)].
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For a class of examples to Theorem 2.7 arising in connection with n-cotilting
modules, see Example 2.15 (1) below. For a class of examples to the same theorem
arising from curved DG-rings, see Proposition 4.4.

One problem with the condition (f7) is that it mentions the underived Homg (A4, F').
The groups Ext’k (A, F) with i > 0 are lurking around, but they are ignored in the
formulation of the condition. Yet there is no reason to expect these Ext groups to vanish
for all modules F € F.

Thus it may be useful to generalize (§ ) by restricting it to a subclass of the class
F consisting of modules for which the functor Hompg (A, —) is better behaved. One
can do so by considering the following condition:

(ﬁ') There exists a coresolving class & C R-Mod such that € C D, the underlying left
R-modules of all the left A-modules from €4 = ¥ AL‘ belong to D, and the left
R-module Hompg (A, F) belongs to & for every left R-module F € ¥ N D.

Taking & = R-Mod, one recovers (1) as a particular case of ('ﬁ‘).

TueOREM 2.11. Let (¥, €) be a hereditary complete cotorsion pair in R-Mod.
Assume that the left R-module A belongs to ¥, and that the condition (ﬁ) holds.
Assume further that the ¥ -resolution dimension of any left R-module does not exceed
a finite integer k > 0. Then the class €4 = ?AJ‘I C A-Mod can be described as
€4 = Cofr,1(Hompg(4,€))®.

In particular, we have Cof(Hompg (A, €))® = Cofy;(Homg(4, €))®.

Proor. We are following the proof of Corollary 2.8 step by step and observing that
the assumptions of the present theorem are sufficient for the validity of the argument.
Essentially, the point is that the key constructions are performed within the class
D C R-Mod and the class of all left A-modules whose underlying left R-modules
belong to D.

The inclusion Cof(Homg (A4, €))® C €4 holds by Lemma 2.2 (c). Given a left
A-module N € €4, we will show that N € Cofy;(Homg(4,€))®.

Arguing as in the last paragraph of the proof of Proposition 2.6, the left R-module
N is a submodule of an R-module C(N) € €, and therefore the left A-module N is a
A-submodule of the left A-module Hompg (A, C(N)). Denote the quotient A-module
by M = Homg(A,C(N))/N.By (ﬁ), we have g N € D and Homg(A4,C(N)) € D,
hence the underlying left R-module of M also belongs to D.

Now we construct the diagram (3) for the left A-module M . In the special precover
sequence 0 - C'(M) - F(M) - M — 0, wehave C'(M) € € C D and M € D,
hence F(M) € D. According to (1), it follows that Homg(4, F(M)) € ¥ . Also
by (’{‘N’{‘), we have Hompg (A, C'(M)) € Homg (A, €) C D, so it follows from the short
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exact sequence 0 — Hompg(A4,C'(M)) — Q(M) — M — 0 that the underlying left
R-module of the left A-module Q (M) belongs to D.

Iterating the construction and following the proof of Proposition 2.6, we obtain
a surjective morphism of left A-modules Q%(M) — M with Q¥(M) € ¥4 and
the kernel belonging to Cofy (Homg (A4, €)). Following the proof of (the “only if”
implication in) Lemma 1.1, we produce an injective A-module morphism from N
into an A-module belonging to Cofg 41 (Homg (A4, €)) with the cokernel isomorphic
to QK (M). As Ext}l(Qk (M), N) = 0 by assumption, we can finally conclude that
N € Cofiy1(Hompg(4,€))®. ]

For a class of examples to Theorem 2.11 arising in connection with n-cotilting
modules, see Example 2.15 (2).

2.3 — Cotilting cotorsion pairs and dual Bongartz—Ringel lemma

In this section we digress to discuss an important class of examples in which a
suitable version of the Bongartz—Ringel lemma [12, Lemma 2.1], [32, Lemma 4],
[19, Proposition 6.44] leads to a better result than the techniques of Section 2.2.

Let U be a left R-module and n > 0 be an integer. The R-module U is said to be
n-cotilting [1, Section 2], [19, Definition 15.1] if the following three conditions hold:

(C1) the injective dimension of the left R-module U does not exceed n;
(C2) Ext’.R(U “,U) = 0 for all integers i > 0 and all cardinals «;

(C3) there exists an exact sequence of left R-modules 0 - U, - U,y — --- — U; —
Uy — J — 0, where J is an injective cogenerator of R-Mod and U; € Prodg(U)
forall0 <i <n.

The n-cotilting class induced by U in R-Mod is the class of left R-modules
¥ =1>0U = {F € R-Mod | Extyx(F,U) = 0Vi > 0}.

The cotorsion pair (¥, €) with € = F+1 C R-Mod is hereditary and complete
[1, Proposition 3.3]; it is called the n-cotilting cotorsion pair induced by U in R-Mod.

ProrosiTioN 2.12. Let R — A be a homomorphism of associative rings and U be
an n-cotilting left R-module. Assume that the underlying left R-module of A belongs
to ¥, thatis, RA € F. Then

(a) the left A-module Homg (A, U) satisfies the conditions (C1) and (C3);

(b) the left A-module Hompg (A, U) satisfies (C2) if and only if its underlying left
R-module belongs to ¥ .
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Proor. Part (a): by assumption, we have ExtiR (A,U) = 0 for all i > 0. Hence
applying the functor Homg (A, —) to an injective resolution0 - U — J* — ... —
J" — 0 of the left R-module U produces an injective resolution 0 —~ Hompg(A4,U) —
Hompg (A, J%) — .- — Hompg(A4, J") — 0 of the left A-module Homg (A4, U). Sim-
ilarly, applying the functor Homg (A, —) to an exact sequence in (C3) produces an
exact sequence of left A-modules 0 — Homg(4, U,) — --- — Homg(4, Uy) —
Hompg (A, J) — 0, in which Homg (A, U;) € Prodg(Homg(A,U)) forall0 <i <n
and Hompg (A4, J) is an injective cogenerator of A-Mod.

Part (b): put U’ = Homg(A4, U). By Lemma 1.8 (b), we have Ext!, (U<, U’) ~
Ext's (U, U) for all i > 0, since Extiz(A4,U) = 0 for i > 0. It follows that the left
A-module U’ is n-cotilting if and only if the left R-module U’* belongs to ¥ C R-Mod
for every cardinal «. Since the n-cotilting class ¥ is closed under infinite products in
R-Mod [19, Proposition 15.5 (a)], it suffices that gU’ € F. [ ]

LEmwMma 2.13. Let R — A be a homomorphism of associative rings and U be an
n-cotilting left R-module. Let (¥ ,€) be the n-cotilting cotorsion pair induced by
U in R-Mod. Assume that the underlying left R-module of A belongs to ¥, that is,
RA € F. Assume further that the left A-module Hompg (A, U) is n-cotilting. Then the
n-cotilting cotorsion pair induced by Hompg (A, U) in A-Mod has the form (¥4, €4) in
our notation. In other words, the n-cotilting class induced by Homg (A, U) in A-Mod
consists precisely of all the left A-modules whose underlying left R-modules belong to
the n-cotilting class ¥ induced by U in R-Mod.

Proor. For any left A-module F' we have Extf;1 (F,Hompg(A4,U)) ~ Ext’k (F,U)
for all i > 0 by Lemma 1.8 (b), since Extiz (4, U) = 0 for all i > 0. ]

ProrosiTioN 2.14. Let R be a commutative ring and A be an associative R-algebra.
Let U be an n-cotilting R-module and (¥ ,€) be the n-cotilting cotorsion pair induced
by U in R-Mod. Assume that the underlying R-module of A belongs to ¥ . Then the
left A-module Hompg (A, U) is n-cotilting.

Proor. According to Proposition 2.12, it suffices to show that the R-module U’ =
Hompg (A, U) belongs to ¥ . The following argument was suggested to the author by
S. Bazzoni. By [5, Lemma 3.2] or [19, Proposition 15.5 (a)], the cotilting class ¥ can be
described as the class of all R-modules admitting a coresolution by products of copies
of U.Let:---— P, - Py - Py — A — 0 be a free resolution of the R-module A.
Then 0 — Hompg (A4, U) — Homg(Py,U) — Homg(P;,U) — Homg (P, U) — - --
is a coresolution of the R-module Homg (A, U) by products of copies of U. Thus
rU’ € ¥, as desired. n



L. Positselski 212

A discussion of the particular case of the above proposition and lemma in which
the ring R is Noetherian and A = Ry, is the localization of R at the maximal ideal
m C R can be found in [39, Lemma 2.1].

ExampLEs 2.15. Let A be an associative algebra over a commutative ring R, and
let U be an n-cotilting R-module. Let (¥, €) be the n-cotilting cotorsion pair induced
by U in R-Mod. Assume that the R-module A belongs to . Then Homg (A4, U) is an
n-cotilting left A-module by Proposition 2.14, and the induced r-cotilting cotorsion
pair in A-Mod has the form (F4, €4) in our notation by Lemma 2.13.

(1) In the following particular cases Theorem 2.7 is applicable. Assume that either
A is a projective R-module, or n < 2. Then the condition (§) holds.

Indeed, when A is a projective R-module, it suffices to observe that ¥ is closed
under infinite products. When n < 2, consider an R-module F' € ¥ . Choose a pro-
jective presentation P; — Py — A — 0 for the R-module A. Then we have a left
exact sequence of R-modules 0 — Homg (A4, F) — Homg(Py, F') — Homg (P, F)
with Homg(P;, F) € ¥ fori = 0, 1. Denoting by L the cokernel of the morphism
Hompg(Py, F) — Hompg(P;, F), we have

Exti (Homg(A4, F),U) = Extg2(L,U) = 0

forall i > 0, as desired.

Finally, the ¥ -resolution dimension of any R-module does not exceed # (since the
injective dimension of the R-module U is < n). According to Corollary 2.8, we can
conclude that TFAL' = €4 = Cof,41(Homg(4,€))®.

(2) This is a generalization of (1) that can be obtained using Theorem 2.11. We
are assuming that A is an associative R-algebra, U is an n-cotilting R-module, and
RA € F . Assume further that Ext’k (A,Hompg(A,U)) = 0foralli > 0. (In particular,
this holds whenever A is a flat R-module, as the R-module U is pure-injective by [19,
Theorem 15.7].) Then we claim that (';'NT) is satisfied.

Let D = A+ C R-Mod be the class of all R-modules D such that Ext’k (A,D)=0
foralli > 0. Then we have € C D, since g A € ¥ . Furthermore, all the left A-modules
in €4 have finite resolutions by direct summands of products of copies of Hompg (A, U)
[19, Proposition 15.5 (b)]; hence Ext’k (A,C)=0forall C € €4 andi > 0.

In order to check the condition (ﬁ), it remains to show that Homg (A4, F) € ¥
for any R-module F € ¥ N D. For this purpose, let us choose a projective resolu-
tion--- - P, - P — Py — A — 0 for the R-module A. Then we have an exact
sequence of R-modules 0 — Hompg(A, F) — Homg(Py, F) — Homg(P1, F) —
Hompg (P2, F) — --- with Homg(P;, F) € ¥ for all i > 0. Denoting by L the image
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of the morphism Homg (P,—1, F) — Hompg(P,, F), we have
Exti (Homg(A4, F),U) = Extiyd"(L,U) =0

for all i > 0, as desired.
By Theorem 2.11, we can infer that ?ALI = €4 = Cof,,1(Homg(4,€))®.

Now we will explain how a stronger and more general version of the results of
Examples 2.15 can be obtained with an approach based on a suitable version of the
Bongartz—Ringel lemma, in the spirit of [35, Example 2.3].

THEOREM 2.16 (Dual Bongartz—Ringel lemma). Let A be an associative ring,
n > 0 be an integer, and T = {So, S1,...,Sp} be a collection of n + 1 left A-modules.
Assume that Sy is an injective cogenerator of A-Mod and Extjl (S}, Si) = 0 for all
0 <i < j <nandall cardinals k. Let (¥ ,€) = (117, (11 7)L1) be the cotorsion
pair cogenerated by the set T in A-Mod. Then

(a) (¥,€) is a complete cotorsion pair;

(b) the class € C A-Mod can be described as the class of all direct summands of
(n + 1)-cofiltered left A-modules D with a cofiltration D = G, 41D — G, D —
-+« = G1D —> GoD = 0 such that ker(G;j 41D — G; D) € Prod(S;) for every
0 <i < n. In particular, we have € = Cof,41(|J!_, Prod(S;))®.

Proor. This is an n > 1 generalization of the classical dual Bongartz lemma [19,
Proposition 6.44], which corresponds to the case n = 1. At the same time, this is an
infinitely generated dual version of a result of Ringel, who considered the n > 1 case
for finitely generated modules over Artinian algebras [32, Lemma 4'].

Denote by D the class of all left A-modules admitting an (n + 1)-cofiltration G
with the successive quotient modules as described in part (b). Then it is clear that
one has Ext}(F, D) = O forall F € ¥ and D € . Moreover, Ext}(F,C) = 0 for
all F € ¥ and C € Cof(|J;_, Prod(S;))®. In order to prove the theorem, it remains
to show that the pair of classes ¥ and £ C A-Mod admits approximation sequences
(cf. Lemma 1.2).

Let us first show that the pair of classes ¥ and $ admits special precover sequences.
Let M be a left A-module; put G; F = M. Denote by /; the underlying set (or any
generating subset) of the abelian group Ext}l (M, S1). Then we have a canonical element
in the abelian group Ext} (M, S;)71 = Ext} (M, Sll "). Let G, F denote the middle term
of the related short exact sequence of left A-modules 0 — § 11 ' 5> G,F - G F =
M — 0. Notice that Ext}1 (G, F, S1) = 0 by construction (in view of the assumption
that Ext} (S{, §1) = 0).
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Denote by I, the underlying set (or any generating subset) of the abelian group
Ext}1 (G, F, S3). Then, once again, we have a canonical element in the abelian group
Ext} (G2 F, S»)12 = Ext}(G,F, 8212). Let G3 F denote the middle term of the related
short exact sequence of left A-modules 0 — SZI2 — G3F — G, F — 0. Notice that
Ext}l (G3F, S1) = Osince Ext}l (GoF,$1)=0= Ext}l (SZIZ, S1), and by construction
Ext}(G3F, S,) = 0 since Ext} (52, S,) = 0.

Proceeding in this way until all the modules Sy, ..., S, have been taken into account,
we construct a sequence of sets /1, I»,. .., I,, and aleft A-module F' withan (n 4 1)-step
cofiltration F = G411 F = G, F —» -+ —> G, F = G F = M — GoF = 0 such
thatker(G;j 11 F — G; F) >~ Sl-Ii for | <i < n.Furthermore, we have Ext} (G, F, S;) =
Oforall0<i <j <m+1,s0in particularExt}l(F, S;) =0forall0 <i < n.Denoting
by D’ the kernel of the surjective morphism F = G,4+1 F — G F = M, we obtain
the desired special precover sequence 0 — D’ — F — M — 0 with D’ € D and
F € % . Here the left A-module D’ is endowed with a cofiltration G as in part (b), with
the additional property that G; D’ = 0.

To produce a special preenvelope sequence 0 - N — D — F' — 0 (with D € D
and F' € %) for a left A-module N, it now remains to choose a set Iy such that N is a
submodule in SOI 9 and use the construction from the proof of (the “only if” implication
in) Lemma 1.1. [ ]

RemMARK 2.17. For any n-cotilting R-module U, the induced n-cotilting cotorsion
pair (¥, €) is obviously cogenerated by the cosyzygy modules U, Q71U ..., Q" t1U
of the R-module U. So the first naive idea of an application of Theorem 2.16 to the
cotilting cotorsion pairs would be to consider the sequence of cosyzygy modules
Sy =U,S—1 =Q71U,....5 = Q"U.

In fact, one has Ext}z(UX, Qi U)~ Extlgrl (UX, U) =0foralli > 0andall sets X.
However, it may well happen that Extp(Q7'U, Q7'U) # 0. Let 0 —» U — J* —
Q71U — 0 be a short exact sequence of R-modules with an injective R-module J;
then one has Extyp(Q71U, Q71U) ~ Ext4(Q71U, U) ~ Extk(J°, U), and there is
no apparent reason for this Ext group to vanish.

The relevant counterexample was constructed by D’Este [14]. One starts with the
observation that, for any finite-dimensional algebra A over a field k such that 4 has
finite homological dimension #n, the free A-module A is n-cotilting. Furthermore, for
any field k, there is an acyclic quiver algebra A of homological dimension 2, with
4 vertices, 4 edges, and 2 relations, such that Ext}l (Q714,Q714) 2 0 (for the minimal
cosyzygy module 27! 4 of the free A-module A) [14, Theorem 5].

Therefore, the dual Bongartz—Ringel lemma is not applicable to the sequence of
cosyzygy modules Q~/ U of an n-cotilting R-module U (generally speaking), and the
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naive idea does not work. That is why an approach based on the next lemma is needed
instead.

On the other hand, for any n-cotilting module U over a commutative Noetherian
ring R, one can choose an injective coresolution of U in such a way that the related
sequence of cosyzygy modules U, Q71U, ..., Q7" 1U, QU = J would satisfy the
assumptions of Theorem 2.16 (see [2, Corollary 3.17]).

Lemma 2.18. Let R be an associative ring and U be an n-cotilting left R-module.
Then, for every 0 < j < n, there exists an (n — j)-cotilting left R-module U; such
that the class F; = +>7 U is the cotilting class induced by U; in R-Mod.

In particular, one can (and we will) take Uy = U, while J = U, is an injective
cogenerator of R-Mod.

Proor. The proof of this, classical by now, result is based on [5, Lemma 3.4].
One can combine the assertions of [6, Theorem 4.2] and [37, Theorem 13] with
[1, Theorem 4.2]. Alternatively, see [19, Proposition 15.13]. [ ]

LemMa 2.19. In the notation of Lemma 2.18, the n-cotilting class ¥ = +>0U can
be described as

F =1Uo, Uy.....Uy} = {F € R-Mod | Extx(F.U;) = 0Y0 < j <n}.

Proor. For any i, j > 0 we have +>i Ui = 1>+ U, since a left R-module F
belongs to +>i U /; if and only if the left R-module Q' F belongs to +>0U i, which
means that Q/ F belongs to +>/ U, which holds if and only if F belongs to +>i+/ U .
In particular, it follows that +>1U; = +>/+1U = +>0U; .

Now 11U, = R-Modand +1U,,_; = +>0U,_, = +>1U,_,. Proceeding by decreas-

ing induction in 0 < j < n, one proves that J-I{UJ-, Uit1,....Up} = J->0Uj, since
Ly, NAU 41, Ujsa, ... Uy = 11U N 2004 = 11U n =10 = 220U,
This completes the proof. |

The next theorem is a generalization of [35, Example 2.3] (which corresponds to
the case of n = 1).

THeoREM 2.20. Let R be an associative ring and U be an n-cotilting left R-module.
Let (¥, €) be the n-cotilting cotorsion pair induced by U in R-Mod. Then the class €
can be described as the class of all direct summands of (n 4 1)-cofiltered left R-modules
D with a cofiltration D = G411 D —> Gy D — --- — G1 D — GoD = 0 such that,
in the notation of Lemma 2.18, G1 D € Prod(J), ker(G;j+1D — G; D) € Prod(U,—;)
forevery 0 <i <n, andker(Gp,+1D — G, D) € Prod(U).
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Proor. By Lemma 2.19, the n-cotilting cotorsion pair (¥, €) is cogenerated by
the set of n + 1 modules So = J,S1 = U,,—1,8, = U,,—»,...,S, = U. Furthermore,
one has Ext’{{(Ui", U;) =0forallintegers 0 <i < j <n,m > 0 and all cardinals «,
since U/ € Loy; ¢ >0 U;. Thus Theorem 2.16 (b) is applicable. [ ]

The result of the following corollary generalizes those of Examples 2.15.

CoroLLARY 2.21. Let R — A be a homomorphism of associative rings and U
be an n-cotilting left R-module. Let (¥, €) be the n-cotilting cotorsion pair induced
by U in R-Mod. Assume that the underlying left R-module of A belongs to ¥, that is,
RA € F. Assume further that the left A-module Hompg (A, U;) is (n — j)-cotilting
for every 0 < j < n. (In particular, by Proposition 2.14, this holds whenever R is
commutative and A is an R-algebra.) Let (¥4, €4) be the n-cotilting cotorsion pair
induced by U' = Hompg (A, U) in A-Mod. Then we have €4 = Cof,+1(Homg(A4,€))®.

Proor. Put UJ./ = Hompg (A4, U;) € A-Mod for all 0 < j < n. Then the class
Loy j’ C A-Mod consists of all the left A-modules whose underlying left R-modules
belong to the class >0 U; C R-Mod, in view of Lemma 1.8 (b) (since g4 € ¥ C ¥)).
Similarly, the class +>/ U’ C A-Mod consists of all the left A-modules whose underlying
left R-modules belong to the class >/ U C R-Mod. Hence +>0 U]f =1>/U’' C A-Mod.

Notice further that U; € € forall0 < j <n,as ¥ C F; = 1>0U; c 11U;. Now
the assertion of the corollary follows from Theorem 2.20 applied to the ring A and the
cotilting A-modules U" = U, Uy, ..., U,. n

2.4 — Decreasing filtrations by coinduced modules

Let R — A be a homomorphism of associative rings, and let (¥, €) be an Ext!-
orthogonal pair of classes of left R-modules. Instead of assuming finiteness of the
F -resolution dimension, we now assume that the class ¥ is closed under countable
products in R-Mod.

As usually, we denote by w the first infinite ordinal, that is the ordinal of nonnegative
integers. The “cofiltrations” appearing in the next proposition are the usual complete,
separated infinite decreasing filtrations indexed by the natural numbers.

PROPOSITION 2.22. Assume that the Ext'-orthogonal pair of classes of left R-mod-
ules (¥, €) admits approximation sequences (1)—(2). Assume that the underlying
left R-module of A belongs to ¥, and that the condition (1) holds. Assume further
that the class ¥ is closed under the kernels of surjective morphisms and countable
products in R-Mod. Then the Ext!-orthogonal pair of classes of left A-modules ¥
and Cof,(Homg (A, €)) admits approximation sequences as well.



Self-dual construction of cotorsion pairs in relative context 217

Proor. The pair of classes ¥4 and Cof(Hompg (4, €)) C A-Mod is Ext!-orthogonal
by Lemma 2.2 (c¢). The explicit construction below, showing that the pair of classes ¥4
and Cof, (Homg (A4, €)) admits special precover sequences, plays a key role. It goes
back to [24, semicontramodule-related assertions in Lemma 3.3.3].

Let M be a left A-module. We proceed with the construction from the proof of
Proposition 2.6; but instead of a finite number of k iterations, we perform w iterations
now. So we produce a sequence of surjective morphisms of left A-modules

“ M «— QM) «— Q(Q(M)) «— -+ «— Q"(M) «— -+,

where 7 ranges over the nonnegative integers. Clearly, the kernel of the surjective
left A-module morphism l(iilnew Q"(M) — M is w-cofiltered by the left A-modules
Hompg (A4, C'(Q"(M))), n € w, which belong to Homg (A, €) by construction. Now
the claim is that the left A-module l(i_r_nnew Q" (M) belongs to F4.

Recall that the injective A-module morphism vys: M — Hompg (A, M) admits a
natural R-linear retraction ¢ps: Homg (A, M) — M. Looking on the diagram (3), one
can easily see that the surjective map Q (M) — M factorizes naturally as Q(M) —
Hompg (A, F(M)) — M .Here Q(M) — Hompg(A, F(M)) is an A-module morphism,
but Hompg (A, F(M)) — M is only an R-module morphism (between left A-modules).
Thus the sequence of surjective morphisms of left A-modules (4) is mutually cofinal
with a sequence of left R-module morphisms

®) Homg (4, F(M)) «— Homg (A4, F(Q(M))) <— -
<«— Hompg (A4, F(Q"(M))) «<— --- .
The left R-modules F(Q"(M)), n > 0, belong to ¥ by construction. Accord-
ing to (), it follows that the underlying left R-modules of the left A-modules

Hompg (A, F(Q"(M))) belong to ¥, too. The derived projective limits of mutually
cofinal projective systems agree, hence

-1 n ~ 1ial n _
lim! _ Homp(4. F(Q"(M))) = lim! 0" (M) = 0.

as the maps Q"1 (M) — Q"(M) are surjective. Therefore, we have a short exact
sequence of left R-modules

(6) 0—>lim _ Homg(A, F(Q"(M)))
— [ [ Homr(4. F(Q"(M))) — [ ] Hom(4. F(Q"(M))) —o.

new new
Since the class ¥ C R-Mod is closed under countable products and the kernels of

surjective morphisms by assumption, it follows immediately that the left R-module
LiLnnew Hompg (A4, F(Q"(M))) belongs to ¥ .
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Furthermore, the underived projective limits of mutually cofinal projective systems
also agree; so we have an isomorphism of left R-modules

lim Q"(M) ~ 1(ir_nn€w Hompg (A, F(Q"(M))).

<—new

Since 1(i£1n€w Hompg (A, F(Q"(M))) € ¥, we can conclude that l(iLnnew 0" (M) € Fy4,
as desired. This finishes the construction of the special precover sequences for the pair
of classes of left A-modules ¥4 and Cof,,(Homg (A4, €)).

At last, the special preenvelope sequences for the pair of classes ¥4 and
Cof, (Hompg (A, €)) C A-Mod are produced from the special precover sequences in
the same way as in the last paragraph of the proof of Proposition 2.6. u

THEOREM 2.23. Let (¥, €) be a hereditary complete cotorsion pair in R-Mod.
Assume that the left R-module A belongs to ¥, and that the condition (1) holds.
Assume further that the class ¥ is closed under countable products in R-Mod. Then the
pair of classes ¥4 and €4 = Cof,, (Homg (A4, €))® is a hereditary complete cotorsion
pair in A-Mod.

Proor. Follows from Proposition 2.22 in view of Lemma 1.2 (cf. the proof of
Theorem 2.7). L]

CoroLLARY 2.24. For any associative ring homomorphism R — A and any
hereditary complete cotorsion pair (¥ ,€) in R-Mod satisfying the assumptions of
Theorem 2.23, one has ?AJ“ = Cof, (Hompg (4, €))®.

In particular, it follows that Cof(Hompg (A, €))® = Cof,(Homg(4, €))®.

Proor. This is a corollary of Theorem 2.23 and Lemma 2.2 (c) (cf. the proof of
Corollary 2.8). -

REMARK 2.25. As mentioned in Remark 2.9, the condition (§+) appears to be rather
restrictive. In fact, the construction of Proposition 2.22 originates from the theory of
semicontramodules over semialgebras, as in [24, Lemma 3.3.3], where the natural
analogue of this condition feels much less restrictive, particularly when ¥ is simply the
class of all projective objects. So one can say that the ring R in this Section 2.4 really
“wants” to be a coalgebra C (say, over a field k), and accordingly the ring A becomes a
semialgebra S over C. The left R-modules “want” to be left C -contramodules, and
the left A-modules “want” to be left S-semicontramodules.

Then the coinduction functor, which was Hompg (A4, —) in the condition (7), takes
the form of the functor Cohom¢ (S, —). This one is much more likely to take projec-
tive left C-contramodules to projective left C-contramodules. In fact, all projective
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C -contramodules are direct summands of the free contramodules Homy (C, V'), where
V ranges over k-vector spaces; and one has Cohomc (S, Homy (C, V)) >~ Homg (S, V).
This is a projective left C-contramodule for any V' whenever the right C-comodule S
is injective. Besides, the class of all projective contramodules over a coalgebra over a
field is always closed under infinite products; so the specific assumption of Section 2.4
is satisfied in the contramodule context, too.

To make a ring R behave rather like a coalgebra, one can assume it to be “small” in
some sense. The following examples are inspired by the analogy with semialgebras
and semicontramodules.

ExampLEs 2.26. Let ¥ = R-Mod, be the class of all projective left R-modules;
then € = R-Mod is the class of all left R-modules (cf. Example 2.10).

(1) Assume that the ring R is left perfect and right coherent (e.g., it suffices that
R be right Artinian). Then the class of all projective left R-modules is closed under
infinite products [4, 13]; so the specific assumption of Section 2.4 is satisfied.

Furthermore, all flat left R-modules are projective, and all left R-modules have
projective covers [4]. Let J C R be the Jacobson radical; then the correspondence
P +— P/JP isabijection between the isomorphism classes of projective left R-modules
and arbitrary R/J-modules. The quotient ring R/ J is classically semisimple, so it is
isomorphic to a finite product of simple Artinian rings Ry, ..., R,,. Denote by J; C R
the kernel of the surjective map R — R;, 1 <i < m. Then, choosing k to be a large
enough cardinal, one can make the (semisimple) R;-module R*/J;(R¥) arbitrarily
large. Therefore, all the projective left R-modules are direct summands of products of
copies of the free left R-module R.

Assume further that the left R-module Homg (A, R) is projective. Then it follows
that the functor Hompg (A, —) preserves the class ¥ of all projective left R-modules.
Thus the condition (71) is satisfied.

(2) Assume that R is a finite-dimensional algebra over a field k and R — A isa
morphism of k-algebras. This is a particular case of (1), so the above discussion is
applicable. Furthermore, we have Homg (A4, R) >~ Homg (A4, R**) ~ (R* Qg A)*,
where V' > V* denotes the passage to the dual k-vector space.

The functor N — N * takes injective right R-modules to projective left R-modules.
Thus the condition (§1) holds whenever the underlying right R-module of the right
A-module R* ®pr A is injective.

(3) Assume that R is a quasi-Frobenius ring, i.e., the classes of injective and
projective left R-modules coincide (and the same holds for right R-modules). All such
rings R are left and right Artinian, so the discussion in (1) is applicable.
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Furthermore, whenever R is quasi-Frobenius, the condition ({) can be rephrased
by saying that the functor Hompg (A, —) takes injective left R-modules to injective left
R-modules. This holds whenever A is a projective right R-module.

The results of Section 2.4 tell us that, whenever the left R-module A is projective
and any one of the above sets of conditions (1)—(3) is satisfied, the Extl—orthogonal
pair of classes of left A-modules A-Modg_or; and Cof, (Hompg (A4, R-Mod)) admits
approximation sequences. Consequently, the pair of classes ¥4 = A-Modg_pro; and
€4 = Cof, (Hompg (A, R-Mod))® is a hereditary complete cotorsion pair in A-Mod. In
particular, we have

(A-Mod R prj) ! = Cof,, (Homg(A, R-Mod))®,

and therefore Cof(Hompg (A, R-Mod))® = Cof,, (Homg (A4, R-Mod))®. So the weakly
A/ R-injective left A-modules are precisely the direct summands of the A-modules
admitting a complete, separated w-indexed decreasing filtration by A-modules co-
induced from left R-modules.

The next theorem is a generalization of Corollary 2.24 in which the condition ()
is replaced by the condition (7).

THeEOREM 2.27. Let (¥,€) be a hereditary complete cotorsion pair in R-Mod.
Assume that the left R-module A belongs to ¥, and that the condition (ﬁ‘) holds.
Assume further that the class ¥ is closed under countable products in R-Mod. Then
the class €4 = ?AJ'I C A-Mod can be described as €4 = Cof,(Homg (A, €))®.

In particular, we have Cof(Hompg (4, €))® = Cof, (Homg (4, €))®.

Proor. Similar to the proof of Theorem 2.11, where all the essential details have
been already worked out. One follows the proof of Corollary 2.24 step by step and
observes that the assumptions of the present theorem are sufficient for the validity of
the argument. |

2.5 — Combined result on coinduced modules

In this section we combine the constructions of Propositions 2.6 and 2.22 in order
to obtain a more general result under relaxed assumptions. Specifically, we assume that
all the countable products of modules from ¥ have finite ¥ -resolution dimensions.

PRrROPOSITION 2.28. Assume that the Ext'-orthogonal pair of classes of left R-mod-
ules (¥, €) admits approximation sequences (1)—(2). Assume that the left R-module
A belongs to ¥, and that the condition (1) holds. Assume further that the class ¥
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is resolving in R-Mod and the ¥ -resolution dimension of any countable product of
modules from ¥ does not exceed a finite integer k > 0. Then the Ext!-orthogonal
pair of classes of left A-modules ¥4 and Cof, (Hompg (A, €)) admits approximation
sequences as well. Here @ + k is the k-th successor ordinal of w.

Proor. As in previous proofs, we start with an explicit construction of special
precover sequences for the pair of classes ¥4 and Cof,, 1 (Homg (A4, €)) C A-Mod.

Let M be a left A-module. Proceeding as in the proof of Proposition 2.22, we
construct the w-indexed projective system of surjective morphisms of left A-modules (4).
The underlying left R-module of the left A-module l(iilnEw Q" (M) is isomorphic to the
projective limit of the projective system of left R-modules (5), and it can be described
as the leftmost term of the short exact sequence (6).

The left R-modules Homg (A, F(Q"(M))) belong to ¥ by (71), so the left R-
module [[,, Homg (A, F(Q"(M))) has ¥ -resolution dimension < k in our present
assumptions. By Lemma 1.10 (a), it follows that the ¥ -resolution dimension of (the
underlying left R-module of the left A-module) N = lir_nne(o Q" (M) does not exceed k.

Now we apply the construction from the proof of Proposition 2.6 to the left
A-module N, producing the sequence of surjective morphisms of left A-modules

N <— Q(N) «— Q(Q(N)) «<— --- <— Q*(N).

Following the argument in the proof of Proposition 2.6, we have Q¥ (N) € %4, since
rdg N < k. Finally, the kernel of the composition of surjective morphisms

0¥(N) — N = lim Q"(M) — M

is an extension of the kernels of the two composed morphisms Q%(N) — N and
(__ne Q" (M) — M. The former kernel belongs to Cofi (Homg (A4, €)) and the latter
one to Cof, (Hompg (A4, €)); thus the kernel of the morphism Q¥ (N) — M belongs to
Cof,4x (Hompg (4, €)).

We have produced the desired special precover sequences. Having these at our
disposal, the special preenvelope sequences are constructed in the same way as in the
proofs of Propositions 2.6 and 2.22. |

THEOREM 2.29. Let (¥,€) be a hereditary complete cotorsion pair in R-Mod.
Assume that the left R-module A belongs to ¥, and that the condition (1) holds.
Assume further that the ¥ -resolution dimension of any countable product of modules
from F in R-Mod does not exceed a finite integer k > 0. Then the pair of classes ¥4
and €4 = Cofy, 4, (Hompg (A, €))® is a hereditary complete cotorsion pair in A-Mod.

Proor. Follows from Proposition 2.28 in view of Lemma 1.2. |
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CoroLrrLarY 2.30. For any associative ring homomorphism R — A and any
hereditary complete cotorsion pair (¥ ,€) in R-Mod satisfying the assumptions of
Theorem 2.29, one has ?AJ'I = Cof, 41 (Homg (4, €))®.

In particular, it follows that Cof(Hompg (A, €))® = Cof,, . (Homg(4,€))®.

Proor. This is a corollary of Theorem 2.29 and Lemma 2.2 (c). [ ]

For a class of examples to Theorem 2.29 arising from curved DG-rings, see Propo-
sition 4.5 below.

The final theorem of this section is a generalization of Corollary 2.30 in which the
condition () is replaced by the condition ('ﬁ‘).

THEOREM 2.31. Let (¥, €) be a hereditary complete cotorsion pair in R-Mod.
Assume that the left R-module A belongs to ¥, and that the condition (ﬁ) holds. Assume
further that the ¥ -resolution dimension of any countable product of modules from ¥
in R-Mod does not exceed a finite integer k > 0. Then the class €4 = F AL‘ C A-Mod
can be described as €4 = Cof, 1 (Hompg (A, €))®.

In particular, we have Cof(Hompg (4, €))® = Cof, 1 (Homg(4, €))®.

Proor. One follows the proof of Corollary 2.30 step by step and observes that the
assumptions of the present theorem are sufficient for the validity of the argument. Almost
all the essential details have been worked out already in the proof of Theorem 2.11,
and only one observation remains to be made.

Let M be a left A-module whose underlying left R-module belongs to £. Then
the underlying left R-module of the left A-module Lgln o Q" (M) also belongs
to D, because the kernel of the surjective A-module morphism LiLnnew o"(M) > M
belongs to Cof,(Homg(A4, €)) C €4 and the class & C R-Mod is closed under
extensions. |

3. Filtrations by induced modules

The setting in this section is dual to that in Section 2, and the main results are
also dual. But the ambient context of the general theory of cotorsion pairs in module
categories, based on the small object argument etc., is not self-dual. So we discuss the
situation in detail, making both the similarities and the differences visible.

3.1 — Posing the problem

Let R — A be a homomorphism of associative rings, and let € be a class of left
R-modules. Mostly we will assume € to be the right part of a cotorsion pair (¥, €) in
R-Mod.
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Denote by €4 the class of all left A-modules whose underlying R-modules belong
to €. Does there exist a cotorsion pair (¥4, €4) in A-Mod?

Obviously, if the answer to this question is positive, then the class ¥4 can be

recovered as ¥4 = +1€4. But can one describe the class F 4 more explicitly?

We start with an easy lemma providing a necessary condition. Here, for any ring S
and right S-module E, we denote by E* the left S-module E* = Homgz(E,Q/Z)
(which is called the character module of E). The S-module E™ is always cotorsion
in the sense of Enochs [17]; in fact, it is even pure-injective [19, Chapter 2]. The left
S-module E7 is injective whenever E is a flat right S-module. In particular, the left

S-module ST is injective; in fact, it is an injective cogenerator of S-Mod.

LemMa 3.1. Assume that €4 is the right part of a cotorsion pair (F4,€4) in
A-Mod. Then the left R-module At belongs to €.
Consequently, one has Tor{e (A, F) = 0 for any left R-module F € 11°€.

Proor. For any cotorsion pair (¥4, €4) in A-Mod, all injective left A-modules
belong to €4. So, in the situation at hand, the underlying left R-modules of all injective
left A-modules must belong to €. This proves the first assertion.

The second assertion follows from the natural isomorphism of abelian groups
TorR(A, F)* ~ Exth(F, A*) = 0. "

The next lemma shows that this condition is also sufficient to get a cotorsion pair
(F 4 ‘C’A). Given a class of left R-modules §, we denote by A ® g S the class of all
left A-modules of the form A @ g S with S € §.

LemMma 3.2. Let (¥ ,€) be a cotorsion pair in R-Mod generated by a class of left
R-modules §. Assume that the left R-module A belongs to €. Then we have

(@) €1 = (A®r F)' = (A®R S)™;
(b) (tre4,€e4) is a cotorsion pair in A-Mod;
(c) FiIl(A®g $)® CFil(A®g F)® c Lre4,

Prook. Part (a): by assumptions, we have € = 1 and Ext}2 (S,AT) = 0 forall
S € §, hence Torfe (A,S) = 0. By Lemma 1.8 (a) (for n = 1), it follows that a left
A-module C belongs to (A ® g §)*! if and only if the underlying left R-module of C
belongs to 1. In particular, this is applicable to § = ¥ .

Part (b): in view of part (a), (11€4,€4) is the cotorsion pair in A-Mod generated
by the class A @r S or A ®g F.

Part (c) follows from part (a) and Lemma 1.4. ]
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So we have answered our first question, but we want to know more. Can one
guarantee that the cotorsion pair (¥4, €4) is complete?

ProprositioN 3.3. Let (¥, €) be a (complete) cotorsion pair in R-Mod generated
by a set of left R-modules S, and let €4 be the class of all left A-modules whose
underlying left R-modules belong to €. Assume that the left R-module A™ belongs
t0 €. Then there is a complete cotorsion pair (F 4, €4) in A-Mod generated by the set
of left A-modules S4 = A ® g §. Moreover, one has F4 = Fil(§4 U {A4})®.

Proor. By Lemma 3.2 (a)—(b), the desired cotorsion pair (¥4, €4) is generated
by the set §4. Hence both assertions follow from Theorem 1.5. ]

These observations, based on the general theory of cotorsion pairs in module
categories, essentially answer all the questions above. We have a complete cotorsion
pair (¥4,€4), and we also have a description of the class % 4. Still we would like to
improve upon these answers a little bit.

In the rest of Section 3, our aim is to show that, under certain specific assumptions,
the class ¥ 4 can be described as ¥4 = Fil p(A ®g F)@ for rather small ordinals .
Besides, even though our assumptions are going to be rather restrictive, we will not
assume the cotorsion pair (¥, €) to be generated by a set.

For a class of examples of cotorsion pairs like in Proposition 3.3 arising in connection
with n-tilting modules, see Lemma 3.12 and Proposition 3.13 below.

3.2 — Finite filtrations by induced modules

Let R — A be aring homomorphism. Suppose that we are given an Ext!-orthogonal
pair of classes of left R-modules ¥ and € C R-Mod, and denote by €4 C A-Mod the
class of all left A-modules whose underlying left R-modules belong to €.

For any left R-module M, one can consider the left A-module A ® g M . Sometimes
we will also consider the underlying left R-module of the left A-module A ® g M.
That is what we do when formulating the following condition, which will be a key
technical assumption in much of the rest of Section 3:

(1) For any left R-module C € €, the left R-module A ® g C also belongs to €.

The specific assumption on which the results of this Section 3.2 are based is that
all left R-modules have finite €-coresolution dimension.

LemMma 3.4. Assume that the Ext'-orthogonal pair of classes of left R-modules
(F,©) admits special preenvelope sequences (2). Assume further the left R-module
AT belongs to €, the condition (T) holds, and the class € is coresolving in R-Mod.
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Let M be a left R-module of €-coresolution dimension < l. Then the €-coresolution
dimension of the R-module A @ g M also does not exceed .

Proor. This is the dual version of Lemma 2.5. Let0 — M — C% — F! — 0
be a special preenvelope sequence (2) for the left R-module M; so C° € € and
F! € ¥. Consider a special preenvelope sequence 0 — F! — C! — F? — 0 for
the left R-module F!, etc. Proceeding in this way, we construct an exact sequence of
left R-modules0 - M — C® — C' — ... — C!72 - C'~' — F! - 0, in which
Cle€forall0<i <I—1, F' € ,and the image F' of the morphism C'~! — C’
belongs to ¥ forall 1 <i </ — 1. Since the €-coresolution dimension of M does not
exceed [ by assumption, by Lemma 1.9 (b) it follows that F/ € €. Since Torf (A, F)=0
for all F € F (see Lemma 3.1), our sequence remains exact after applying the functor
A ® g —. The resulting exact sequence is the desired coresolution of length / of the
left R-module A ® g M by modules from €. ]

PROPOSITION 3.5. Assume that the Ext!-orthogonal pair of classes of left R-mod-
ules (¥, €) admits approximation sequences (1)—(2). Assume that the left R-module
AT belongs to €, and that the condition (1) holds. Assume further that the class € is
coresolving in R-Mod and the €-coresolution dimension of any left R-module does
not exceed a finite integer k > 0. Then the Ext!-orthogonal pair of classes of left
A-modules Fily41(A ® g F) and €4 admits approximation sequences as well. Here
the integer k + 1 is considered as a finite ordinal.

Proor. The pair of classes Fil(A ® g ) and €4 C A-Mod is Ext! -orthogonal by
Lemma 3.2 (c). Let us show by explicit construction that the pair of classes Fily (A ® g )
and €4 admits special preenvelope sequences. The construction below goes back
to [24, Lemma 3.1.3 (b)].

Let N be a left A-module. Then there is a natural (adjunction) morphism of left
A-modules my: A @ g N — N defined by the formula 7y (a ® n) = an for every
a € Aandn € N. The map my is always surjective. Moreover, viewed as a morphism
of left R-modules, my is a split epimorphism. Indeed, the map ey: N — A Qg N
taking every elementn € N totheelemente(n) =1 ®n € A ®g N is aleft R-module
morphism for which the composition 7 o ey is the identity map, 7y o ey = idy.

Consider the underlying left R-module of N, and choose a special preenvelope
sequence 0 > N — C(N) - F/(N) — 0in R-Mod with C(N) e € and F'(N) € .
Then we have Torfe (A, F'(N)) = 0 (see Lemma 3.1), so the morphism of left A-mod-
ules A g N - A ®g C(N) induced from the injective left R-module map N —
C(N) is injective. Denote by W(N) the pushout (or in other words, the fibered
coproduct) of the pair of left A-module morphisms A g N —- N and A g N —
A®RrC(N).
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We have a commutative diagram of left A-module morphisms, in which the four
short sequences are exact:

@) 0 0
! b
0——ker(ry) —— AQRr N N 0
0——ker(ny) —— A®r C(N) W(N) 0
A QR F/(N)=A®R F/(N)
l 1
0 0

Introduce the notation cde M for the €-coresolution dimension of a left R-mod-
ule M. We will apply the same notation to left A-modules, presuming that the
€-coresolution dimension of the underlying R-module is taken.

Next we observe that, whenever 0 < cde N < oo, the €-coresolution dimen-
sion of the underlying left R-module of the left A-module W(N) is strictly smaller
than the €-coresolution dimension of the underlying R-module of the A-module N,
i.e., cde W(N) < cde(N). Indeed, the short exact sequence of left A-modules 0 —
ker(my) - A ®r N — N — 0 splits over R, or in other words, the underlying
left R-module of ker(wy) can be presented as the cokernel of the injective left
R-module morphism ey: N — A ®g N. By Lemmas 3.4 and 1.10(b), we have
cdeker(my) <cde N.Since A @ g C(N) € €, it follows from the short exact sequence
0— ker(ry) > AQR C(N) — W(N) — O thatcde W(N) < cde N.

It remains to iterate our construction, producing a sequence of injective morphisms
of left A-modules

N — W(N) — W(W(N)) — W3(N) — --- — Wk (N).

Since cde(N) < k by assumption, it follows from the above argument that
cde WK(N) <0, thatis, WK(N) € €.

Clearly, the cokernel of the injective morphism N — WX (N) is filtered by the
cokernels of the injective A-module morphisms N — W(N), W(N) — W2(N),...,
W*=1(N) — Wk (N). These are the left A-modules A @g F'(N), A Qg F'(W(N)),
A Qr F'(W2(N)),..., A ®r F/(WK"1(N)). We have constructed the desired
special preenvelope sequence for the pair of classes Fily (4 ® g ¥) and €4.
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Finally, any left R-module M is a quotient module of an R-module F(M) € ¥,
since a special precover sequence with respect to (¥, €) exists for M by assumption.
If M is a left A-module, then the map 7ps presents M as a quotient module of the left
A-module A ® g M, which is a quotient module of the left A-module A @ g F(M).
Thus M is a quotient A-module of A ® g F(M). Following the proof of (the “if”
implication in) Lemma 1.1, we conclude that the pair of classes Filg+1(4 ® g ) and
©4 admits special precover sequences. |

THEOREM 3.6. Let (¥, €) be a hereditary complete cotorsion pair in R-Mod.
Assume that the left R-module A™ belongs to €, and that the condition (1) holds.
Assume further that the €-coresolution dimension of any left R-module does not exceed
a finite integer k > 0. Then the pair of classes 4 = Fily 11 (A @g F)® and €4 is a
hereditary complete cotorsion pair in A-Mod.

ProoF. The class €4 is closed under direct summands and the cokernels of injective
morphisms, since the class € is. Thus the assertion of the theorem follows from
Proposition 3.5 in view of Lemma 1.2. |

CoRroLLARY 3.7. For any associative ring homomorphism R — A and any hered-
itary complete cotorsion pair (¥ ,€) in R-Mod satisfying the assumptions of Theo-
rem 3.6, one has -1°€4 = Fily41(4A ®r F)©.

In particular, it follows that Fil(A @ g F)® = Fily11(4A ®r F)®.

Proor. The first assertion is a part of Theorem 3.6. The second assertion follows
from the first one together with Lemma 3.2 (c). [ ]

Remark 3.8. The condition () appears to be rather restrictive. In fact, the con-
struction of Proposition 3.5 originates from the theory of contramodules over corings,
as in [24, Lemma 3.1.3 (b)], where the natural analogue of this condition feels much
less restrictive, particularly when € is simply the class of all injective left R-modules.
So one can say that the ring A4 in this Section 3.2 really “wants” to be a coring C over R,
and the left A-modules “want” to be left C-contramodules. Then the induction functor,
which was the tensor product A ® g — in the condition (7), takes the form of the Hom
functor Hompg (C, —). This one is much more likely to take injective left R-modules to
injective left R-modules (it suffices that C be a flat right R-module). To make a ring A
behave rather like a coring, one can assume it to be “small” relative to R in some sense.
The following example is inspired by the analogy with corings and contramodules.

ExampLE 3.9. Let € = R-Modj,; be the class of all injective left R-modules. Then
F = R-Mod is the class of all left R-modules, and €4 = A-Mod R-inj 18 the class of
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all left A-modules whose underlying R-modules are injective. In the terminology of
[9, Sections 4.1 and 4.3] and [26, Section 5], the left A-modules from the related class
F4 = L1e4 would be called weakly projective relative to R or weakly A/ R-projective.

For € = R-Mod,;, the necessary condition of Lemma 3.1 says that AT must be
an injective left R-module; equivalently, this means that A is a flat right R-module.
Assume that A is a finitely generated projective right R-module; then the functor
A ®pr — preserves infinite products. Assume further that there exists an injective
cogenerator / of the category of left R-modules such that the left R-module A @ I is
injective. Under the above assumption, this is equivalent to the condition that the right
R-module Homgo (A4, R) is flat. Then it follows that the functor A ® g — preserves
the class € of all injective left R-modules. Thus the condition () is satisfied.

The results of Section 3.2 tell us that, whenever the left homological dimension
of the ring R is a finite number k and the assumptions in the previous paragraph
hold, the Ext!-orthogonal pair of classes of left A-modules Fily; (4 ®g R-Mod)
and A-Modpg.i;; admits approximation sequences. Consequently, the pair of classes
FA= Fily11(A ®r R-Mod)® and ed = A-ModRg.in is a hereditary complete cotorsion
pair in A-Mod. In particular, we have

L1 4-Modg.iny = Filg4+1(4 ® g R-Mod)®

and Fil(A ® g R-Mod)® = Fil 1 (4 ® g R-Mod)®. So the weakly A4/ R-projective left
A-modules are precisely the direct summands of the A-modules admitting a finite
(k + 1)-step filtration by A-modules induced from left R-modules.

The reader can find a discussion of the related results for corings and contramodules
(of which this example is a particular case) in [29, Lemma 3.11 (b)].

For a class of examples to Theorem 3.6 arising in connection with n-tilting modules,
see Example 3.14 (1) below. For a class of examples to the same theorem arising from
curved DG-rings, see Proposition 4.13.

One problem with the condition (7) is that it mentions the underived tensor product
A ®pg C. The groups ToriR (A, C) with i > 0 are a potential source of problems, but
they are ignored in the formulation of the condition. Yet there is no reason to expect
these Tor groups to vanish for all modules C € €.

Therefore, one may want to restrict () to some subclass of the class €, consisting of
modules for which the functor A @ g — is better behaved. One can do so by considering
the following condition:

("f) There exists a resolving class § C R-Mod such that ¥ C &, the underlying left
R-modules of all the left A-modules from 4 = L1¢4 belong to §, and the left
R-module A ® g C belongs to € for every left R-module C € € N §.

Taking § = R-Mod, one recovers () as a particular case of (?).
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THEOREM 3.10. Let (¥, €) be a hereditary complete cotorsion pair in R-Mod.
Assume that the left R-module A™ belongs to €, and that the condition (’JF) holds.
Assume further that the €-coresolution dimension of any left R-module does not exceed
a finite integer k > 0. Then the class ¥4 = L1€4 C A-Mod can be described as
FA = Fily 1 1(A ®r F)®.

In particular, we have Fil(A @ g F)® = Filp11(A @ F)®.

Proor. We are following the proof of Corollary 3.7 step by step and observing that
the assumptions of the present theorem are sufficient for the validity of the argument.
Essentially, the point is that the key constructions are performed within the class
% C R-Mod and the class of all left A-modules whose underlying left R-modules
belong to §.

The inclusion Fil(4 ® g ¥)® C # 4 holds by Lemma 3.2 (c). Given a left A-module
M € ¥4, we will show that M € Fily;1(4A @ F)®.

Arguing as in the last paragraph of the proof of Proposition 3.5, the left R-module
M is a quotient module of an R-module F (M) € ¥, and therefore the left A-module
M is a quotient A-module of the left A-module A ® g F(M). Denote by N the kernel
of the surjective A-module morphism A @ g F(M) — M. By ('T'), we have gM € §
and A @ F(M) € g, hence the underlying left R-module of N also belongs to §.

Now we construct the diagram (7) for the left A-module N . In the special preenvelope
sequence 0 > N — C(N) - F/(N) — 0,wehave F/(N) € ¥ C § and gN € G,
hence C(N) € §. According to (T), it follows that A @z C (N) € €. Also by ™,
we have A Qg F'(M) € AQr ¥ C §, so it follows from the short exact sequence
0—-> N — W(N)— A®g F'(N) — 0 that the underlying left R-module of the left
A-module W(N) belongs to §.

Iterating the construction and following the proof of Proposition 3.5, we obtain
an injective morphism of left A-modules N — W¥*(N) with WK(N) € €4 and
the cokernel belonging to Filz(A ® g ). Following the proof of (the “if”” implica-
tion in) Lemma 1.1, we produce a surjective A-module morphism onto M from an
A-module belonging to Filg (4 ® g ) with the kernel isomorphic to W¥(N). As
Ext}1 (M, W¥(N)) = 0 by assumption, we conclude that M € Fily;(A @ F)®. =

For a class of examples to Theorem 3.10 arising in connection with n-tilting modules,
see Example 3.14 (2).
3.3 — Tilting cotorsion pairs and Bongartz—Ringel lemma

In this section we discuss an important class of examples in which a suitable version
of the Bongartz—Ringel lemma [12, Lemma 2.1], [32, Lemma 4'], [19, Lemma 6.15]
leads to a better result than the techniques of Section 3.2.
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Let T be a left R-module and n > 0 be an integer. The R-module 7 is said to be
n-tilting [1, Section 2], [19, Definition 13.1] if the following three conditions hold:

(T1) the projective dimension of the left R-module 7" does not exceed n;
(T2) Ext’IR (T, T®) = 0 for all integers i > 0 and all cardinals «;

(T3) there exists an exact sequence of left R-modules0 - R - 7% - T! — ... —
77! - T" - O with T’ € Addg(T) forall 0 <i < n.

The n-tilting class induced by T in R-Mod is the class of left R-modules
€ =T+>0 = {C € R-Mod | Exti(T,C) = 0Vi > 0}.

The cotorsion pair (F,€) with # = 11€ C R-Mod is hereditary and complete by
Theorem 1.5 (see [1, Theorem 3.1] for details); it is called the n-tilting cotorsion pair
induced by 7" in R-Mod.

ProrosiTion 3.11. Let R — A be a homomorphism of associative rings and T
be an n-tilting left R-module. Assume that the underlying left R-module of AT =
Homgz (A, Q/Z) belongs to €, that is, in other words, TorlR (A, T) =0foralli > 0.
Then

(a) the left A-module A Qg T satisfies the conditions (T1) and (T3);

(b) the left A-module A @ g T satisfies (T2) if and only if its underlying left R-module
belongs to €.

Proor. Part (a): applying the functor A ® g — to a projective resolution 0 —
P, — .-+ — Py — T — 0 of the left R-module T produces a projective resolution
0> AQr P, —>--—> AQRr Pp > ARQ®r T — 0 of the left A-module A Qr T.
Similarly, applying the functor A ® g — to an exact sequence in (T3) produces an exact
sequence of left A-modules 0 - A — A Qg 70 > ... > A®R T" — 0, in which
A®RrT! € Addgy(A ®g T) forall0 <i <n.

Part (b): put 7/ = A ® g T. We have Ext'y (T’, T'®)) ~ Ext’y (T, T"®)) forall i >0
by Lemma 1.8 (a), since TorlR (A,T) = 0fori > 0. It follows that the left A-module
T is n-tilting if and only if the left R-module 7’ belongs to € C R-Mod for every
cardinal «. Since the n-tilting class € is closed under infinite direct sums in R-Mod
[19, Proposition 13.13 (b)], it suffices that g7’ € €. [

LemMma 3.12. Let R — A be a homomorphism of associative rings and T be
an n-tilting left R-module. Let (¥, €) be the n-tilting cotorsion pair induced by
T in R-Mod. Assume that the underlying left R-module of At belongs to ‘€, that is,
RAT € €. Assume further that the left A-module A @ g T is n-tilting. Then the n-tilting
cotorsion pair induced by A @ g T in A-Mod has the form (¥4, €4) in our notation.
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In other words, the n-tilting class induced by A @ g T in A-Mod consists precisely of
all the left A-modules whose underlying left R-modules belong to the n-tilting class €
induced by T in R-Mod.

Proor. Indeed, for any left A-module C we have Extf;1 (AQRrT,C) ~ Extiq (T,C)
for all i > 0 by Lemma 1.8 (a), since ToriR (A, T) =0foralli > 0. [ ]

ProrosiTioN 3.13. Let R be a commutative ring and A be an associative R-algebra.
Let T be an n-tilting R-module and (¥ ,€) be the n-tilting cotorsion pair induced by
T in R-Mod. Assume that the underlying R-module of At belongs to €. Then the left
A-module A Qg T is n-tilting.

Proor. According to Proposition 3.11, it suffices to show that the R-module 7/ =
A ®r T belongs to €. We use the dual argument to the one in Proposition 2.14.
By [5, Lemma 3.2] or [19, Proposition 13.13 (b)], the tilting class € can be described
as the class of all R-modules admitting a resolution by direct sums of copies of T'.
Let.-- — P, — P; — Py — A — 0 be a free resolution of the R-module A. Then
o > P QrT - P1QRT — PhQr T — AQ®gr T — 0 is a resolution of the
R-module A ® g T by direct sums of copies of T'. Thus g7’ € €, as desired. n

A discussion of the particular case of the above proposition and lemma in which A4
is a flat commutative R-algebra can be found in [21, Proposition 2.3 and Lemma 2.4].

ExampLEs 3.14. Let A be an associative algebra over a commutative ring R, and
let T’ be an n-tilting R-module. Let (£, €) be the n-tilting cotorsion pair induced by T
in R-Mod. Assume that the R-module A belongs to €. Then A ® g T is an n-tilting
left A-module by Proposition 3.13, and the induced n-tilting cotorsion pair in A-Mod
has the form (¥4, €4) in our notation by Lemma 3.12.

(1) In the following particular cases Theorem 3.6 is applicable. Assume that either
A is a flat R-module, or n < 2. Then the condition () holds.

Indeed, when A is a flat R-module, it suffices to observe that the n-tilting class € is
closed under direct limits [19, Corollary 13.42]. When n < 2, consider an R-module
C € €. Choose a projective presentation P; — Py — A — 0 for the R-module A. Then
we have a right exact sequence of R-modules P R C - Py QrC - AQrC — 0
with P; @ g C € € fori =0, 1. Denoting by K the kernel of the morphism P; ® g C —
Py ®g C, we have Exty(T, A ®g C) = Ext (T, K) = 0 for all i > 0, as desired.

Finally, the €-coresolution dimension of any R-module does not exceed n (since
the projective dimension of the R-module T is < n). According to Corollary 3.7, we
have 11€4 = $4 = Fil,, (4 ®r F)©.
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(2) This is a generalization of (1) that can be obtained using Theorem 3.10. We are
assuming that A is an associative R-algebra, T is an n-tilting R-module, and gA™ € €.
Assume further that ToriR (A,A®Rr T) =0foralli > 0. Then we claim that (Ff) is
satisfied.

Let § be the class of all R-modules G such that TorlR (A,G) =0foralli > 0.
Then we have ¥ C &, since AT € €. Furthermore, all the left A-modules in 4
have finite coresolutions by direct summands of direct sums of copies of A @r T
[19, Proposition 13.13 (a)]; hence Tor,R(A, F)=0forall F € FAandi > 0.

In order to check the condition (Pf), it remains to show that A ® g C € € for any
R-module C € € N9. Indeed, let us choose a projective resolution - - - — P, — Py —
Py — A — 0 for the R-module A. Then we have an exact sequence of R-modules
o> P, Q®RrC > PIRRC = PhQrC - A®r C — 0 with P; g C € € for
all i > 0. Denoting by K the image of the morphism P, ® g C — P,_1 Qg C, we
have Ext’k(T, AQrC) = ExtiRJr” (T, K) = 0foralli > 0, as desired.

By Theorem 3.10, we can infer that Lred = 4 = Fil,;1(A Qr 7).

Now we will explain how a stronger and more general version of the results of
Examples 3.14 can be obtained with an approach based on a suitable version of the
Bongartz—Ringel lemma.

THEOREM 3.15 (Bongartz—Ringel lemma). Let A be an associative ring, n > 0 be
an integer, and § = {Sy, S1,..., Sy} be a collection of n + 1 left A-modules. Assume
that Sy is a projective generator of A-Mod and Ext}l (S;, SJ(K)) =0forall0<i <j<n
and all cardinals k. Let (¥ ,€) = (+1(§11), $11) be the (complete) cotorsion pair
generated by the set S in A-Mod. Then the class ¥ C A-Mod can be described as
the class of all direct summands of (n + 1)-filtered left A-modules G with a filtration
0=FyGCFGC---CF,G C F,+1G = G such that F; +1G/ F;G € Add(S;) for
every(0 <i <n.

In particular, we have ¥ = Fil, 1 (7, Add(S;))®.

Proor. This is an n > 1 generalization of the classical Bongartz lemma [19,
Lemma 6.15], which corresponds to the case n = 1. At the same time, this is an
infinitely generated version of Ringel’s [32, Lemma 4’]. The argument is dual to the
proof of Theorem 2.16. ]

ReEmark 3.16. For any n-tilting R-module 7', the induced r-tilting cotorsion pair
(¥,€) is obviously generated by the syzygy modules 7, Q!7T, ..., Q" IT of the
R-module 7. However, the sequence of syzygy modules S, = T, S,—; = Q!T, ...,
Sy = Q""IT does not satisfy the assumptions of Theorem 3.15 (generally speaking),
as one can see from a straightforward k-vector space dualization of the counterexample
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of D’Este [14, Theorem 5] mentioned in Remark 2.17. Hence the need for a more
sophisticated approach based on the next lemma.

LeMmMA 3.17. Let R be an associative ring and T be an n-tilting left R-module.
Then, for every 0 < j < n, there exists an (n — j)-tilting left R-module T; such that
the class €; = T*>J is the tilting class induced by T; in R-Mod.

In particular, one can (and we will) take Ty = T, while P = Ty, is a projective
generator of R-Mod.

Proor. This is [7, Lemma 3.5] or [19, Remark 15.14]. [

LemMa 3.18. In the notation of Lemma 3.17, the n-tilting class € = T+>0 can be
described as

€ ={Ty,Th,....Ty}"" = {C € R-Mod | Exty(7;,C) =0V0 < j <n}.
Proor. Dual to the proof of Lemma 2.19. ]

THEOREM 3.19. Let R be an associative ring and T be an n-tilting left R-module.
Let (¥ ,€) be the n-tilting cotorsion pair induced by T in R-Mod. Then the class ¥ can
be described as the class of all direct summands of (n + 1)-filtered left R-modules G
with a filtration 0 = FoG C F1G C--- C F,,G C F,+1G = G such that, in the notation
of Lemma 3.17, F1G € Add(P), F;+1G/F;G € Add(T,,—;) for every 0 <i < n, and
Fo+1G/F,G € Add(T).

Proor. By Lemma 3.18, the n-tilting cotorsion pair (£, €) is generated by the set
of n + 1 modules S = P, S1 = T,—1,82 = Ty—», ..., S, = T.Furthermore, one has
ExtR (77, Tl.('c)) = 0 for all integers 0 <i < j <n and m > 0 and all cardinals «,
since Tl-(K) € TiJ‘>° C TjJ‘>°. Thus Theorem 3.15 is applicable. [

The result of the following corollary generalizes those of Examples 3.14.

CoroLLARY 3.20. Let R — A be a homomorphism of associative rings and T
be an n-tilting left R-module. Let (¥ ,€) be the n-tilting cotorsion pair induced by
T in R-Mod. Assume that the underlying left R-module of At belongs to €, that is,
TorlR(A, T) =0 forall i > 0. Assume further that the left A-module A @ T; is
(n — j)-tilting for every 0 < j < n. (In particular, by Proposition 3.13, this holds
whenever R is commutative and A is an R-algebra.) Let (¥4, €4) be the n-tilting
cotorsion pair induced by T' = A ®g T in A-Mod. Then ¥4 = Fil,;1(A ®r F)®.

Proor. Follows easily from Theorem 3.19 and Lemma 1.8 (a) (cf. the proof of the
dual assertion in Corollary 2.21). [
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3.4 — Increasing filtrations by induced modules

Let R — A be a homomorphism of associative rings, and let (¥, €) be an Ext!-
orthogonal pair of classes of left R-modules. Instead of assuming finiteness of the
€-coresolution dimension, we now assume that the class € is closed under countable
direct sums in R-Mod.

As above, we denote by w the ordinal of nonnegative integers. The “filtrations”
appearing in the next proposition are the usual exhaustive infinite increasing filtrations
indexed by the natural numbers.

ProOPOSITION 3.21. Assume that the Ext'-orthogonal pair of classes of left R-mod-
ules (¥, €) admits approximation sequences (1)—(2). Assume that the left R-module
AT belongs to €, and that the condition (+) holds. Assume further that the class € is
closed under the cokernels of injective morphisms and countable direct sums in R-Mod.
Then the Ext!-orthogonal pair of classes of left A-modules Fil,(A Qg F) and €4
admits approximation sequences as well.

Proor. The pair of classes Fil(A @ g %) and €4 C A-Mod is Ext!-orthogonal
by Lemma 3.2 (c). The explicit construction below, showing that the pair of classes
Fil,(A ®g ) and €4 C A-Mod admits special preenvelope sequences, plays a key
role. It goes back to [24, Lemma 1.3.3].

Let N be a left A-module. We proceed with the construction from the proof of
Proposition 3.5, but instead of a finite number of & iterations, we perform w iterations
now. So we produce a sequence of injective morphisms of left A-modules

®) N —> W(N) —> W(W(N)) —> - —> W (N) —> ---,

where m ranges over the nonnegative integers. Clearly, the cokernel of the injective
left A-module morphism N — lirgmew W™(N) is w-filtered by the left A-modules
AQ®pg F'(W™(N)), m € w, which belong to A @ g ¥ by construction. Now the claim
is that the left A-module li_r)nmew W™(N) belongs to €4.

Recall that the surjective A-module morphism 7y: 4 ® g N — N admits a natural
R-linear section ey : N — A ® g N. Looking on the diagram (7), one can see that the
injective map N — W(N) factorizesas N - A Qg C(N) — W(N). Here A Qg
C(N)— W(N)is an A-module morphism, but N — A ® g C(N) is only an R-module
morphism (between A-modules). Thus the sequence of injective morphisms of left
A-modules (8) is mutually cofinal with a sequence of left R-module morphisms

9 AQrRC(N)— AQrRC(W(N)) — -+ —> AQRC(W™(N)) —> ---.
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We have a short exact sequence of left R-modules

1) 00— P ARCW™(N) — P A®r C(W™(N))

mew mew

: m
— lim _ A®g C(W™(N)) — 0.

The left R-modules C(W™(N)), m > 0, belong to € by construction. According to (),
it follows that the underlying left R-modules of the left A-modules A ® g C(W™(N))
belong to €, too. Since the class € C R-Mod is closed under countable direct sums and
the cokernels of injective morphisms by assumption, it follows that the left R-module
h_r)nmew AQr C(W™(N)) belongs to €.

The inductive limits of mutually cofinal inductive systems agree, so we have an
isomorphism of left R-modules

llr—>nmew Wm(N) = llglmew A®r C(Wm(N))
Since lim A®gr C(W™(N)) € €, we can conclude that lim W™(N) € €4,
—>MmMEW —>mew

as desired. This finishes the construction of the special preenvelope sequences for the
pair of classes of left A-modules Fil,(4 ®g F) and €4.

At last, the special precover sequences for the pair of classes Fil, (A4 ®g ) and
€4 C A-Mod are produced from the special preenvelope sequences in the same way
as in the last paragraph of the proof of Proposition 3.5. ]

THEOREM 3.22. Let (¥,€) be a hereditary complete cotorsion pair in R-Mod.
Assume that the left R-module AT belongs to €, and that the condition (1) holds.
Assume further that the class € is closed under countable direct sums in R-Mod. Then
the pair of classes F4 = Fily(A @ g F)® and €4 is a hereditary complete cotorsion
pair in A-Mod.

Proor. Follows from Proposition 3.21 in view of Lemma 1.2 (cf. the proof of
Theorem 3.6). L]

CoroLLARY 3.23. For any associative ring homomorphism R — A and any
hereditary complete cotorsion pair (¥ ,€) in R-Mod satisfying the assumptions of
Theorem 3.22, one has 114 = Fil,(A ®r F)®.

In particular, it follows that Fil(A ® g F)® = Fil,(4A ®r F)®.

Proor. This is a corollary of Theorem 3.22 and Lemma 3.2 (¢) (cf. the proof of
Corollary 3.7). [

REmMaRrk 3.24. As mentioned in Remark 3.8, the condition () appears to be rather
restrictive. In fact, the construction of Proposition 3.21 originates from the theory of
semimodules over semialgebras, as in [24, Lemma 1.3.3], where the natural analogue of
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this condition feels much less restrictive, particularly when € is simply the class of all
injective objects. So one can say that the ring R in this Section 3.4 really “wants” to be
a coalgebra C (say, over a field k), and accordingly the ring A becomes a semialgebra
S over C. The left R-modules “want” to be left C -comodules, and the left A-modules
“want” to be left S-semimodules.

Then the induction functor, which was A ® g — in the condition (), takes the form
of the cotensor product functor S O¢ —. This one is much more likely to take injective
left C-comodules to injective left C-comodules (it suffices that S be an injective left
C -comodule). Besides, the class of all injective comodules over a coalgebra over a field
is always closed under infinite direct sums; so the specific assumption of Section 3.4 is
satisfied in the comodule context, too.

To make a ring R behave rather like a coalgebra, one can assume it to be “small” in
some sense. The following examples are suggested by the analogy with semialgebras
and semimodules.

ExampLEs 3.25. Let € = R-Mody be the class of all injective left R-modules;
then ¥ = R-Mod is the class of all left R-modules (cf. Example 3.9).

(1) Assume that the ring R is left Noetherian. Then the class of all injective left
R-modules is closed under infinite direct sums; so the specific assumption of Section 3.4
is satisfied.

Let I be an injective left R-module containing every indecomposable injective left
R-module as a direct summand. Assume further that the left R-module A Qg [ is
injective. Then it follows that the functor A ® g — preserves the class of all injective
left R-modules. Thus the condition () is satisfied.

(2) Assume that R is a finite-dimensional algebra over a field k. This is a particular
case of (1). Furthermore, the injective left R-module / = R* = Homy (R, k) has the
property that every injective left R-module is a direct summand of a direct sum of
copies of R*. Therefore, the condition () holds whenever the underlying left R-module
of the left A-module 4 ® g R* is injective.

(3) Assume that R is a quasi-Frobenius ring. This is also a particular case of (1)
(cf. Example 2.26 (3)). In this case, the condition () can be rephrased by saying that
the functor A ® p — takes projective left R-modules to projective left R-modules. This
holds whenever A is a projective left R-module.

ReEmark 3.26. The above examples shed some light on the condition (), but they
provide no new information from the point of view of the comparison between the
results of Section 3.4 and those known from the general theory of cotorsion pairs in
module categories. In fact, taking € to be the class of all injective left R-modules and
assuming that the ring R is left Noetherian, one can drop the condition () altogether,
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as the following version of Proposition 3.21, and consequently also of Theorem 3.22
and Corollary 3.23, is readily provable using the small object argument.

ProprosiTION 3.27. Let € be the class of all injective left R-modules. Assume that
the ring R is left Noetherian and the left R-module A™ is injective (equivalently, the
right R-module A is flat). Then the Ext!-orthogonal pair of classes of left A-modules
Fil, (A ® g R-Mod) and €4 = A-Mod R-inj admits approximation sequences.

Consequently, the pair of classes ¥4 = Fil,(A @ g R-Mod)® and €4 is a hereditary
complete cotorsion pair in A-Mod. In particular, we have L A-ModRg.inj = Fil, (A Q@R
R-Mod)® and Fil(A ® g R-Mod)® = Fil, (4 ® g R-Mod)®.

Proor. This is a particular case of Proposition 3.30 below. |

In other words, in the assumptions of Proposition 3.27, the weakly A/ R-projective
left A-modules are precisely the direct summands of the A-modules admitting an
w-indexed increasing filtration by A-modules induced from left R-modules.

Let us formulate a generalization of Proposition 3.27 to coherent rings. For this
purpose, we need some definitions. Let R be an associative ring. A left R-module J is
called fp-injective [36] if Ext}2 (S, J) = 0O for all finitely presented left R-modules S. A
left R-module Q is said to be fp-projective [22] if Ext}e (Q, J) = 0 for all fp-injective
left R-modules J; equivalently, this means that Q is a direct summand of an R-module
filtered by finitely presented R-modules. The fp-projective modules are called “direct
summands of fp-filtered modules” in [19, Definition 8.4]. The classes of fp-projective
and fp-injective R-modules form a complete cotorsion pair in R-Mod [19, Theo-
rem 8.6 (b)]; over a left coherent ring R, this cotorsion pair is hereditary. The class of
all fp-injective left R-modules is closed under direct sums [36, Corollary 2.4]; over a
left coherent ring R, it is also closed under direct limits [36, Theorem 3.2]. We refer
to [26, Section 1] for some further discussion.

ProposiTiON 3.28. Let ¥ be the class of all fp-projective left R-modules and € be
the class of all fp-injective left R-modules. Assume that the ring R is left coherent and
the left R-module A™ is fp-injective (equivalently, the right R-module A is flat). Then
the Ext!-orthogonal pair of classes of left A-modules Fil,(A Qg F) and €4 admits
approximation sequences.

Consequently, the pair of classes ¥4 = Fil,(A Qr F)® and €4 is a heredi-
tary complete cotorsion pair in A-Mod. In particular, 21 €4 = Fil,(A @ g ¥)® and
Fil(A ®r F)® = Fil,(4 ®r F)®.

Proor. This is also a particular case of Proposition 3.30. Let us only explain why
the right R-module A is flat whenever the left R-module A™ is fp-injective. This can
be shown by observing that any fp-injective pure-injective module is injective (by [19,
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Lemma 8.5]), but the simplest argument is that, given a right R-module G such that the
left R-module G ™ is fp-injective, the isomorphism TorR (G, §)* ~ ExtL(S,GT) =0
implies Torf2 (S, G) = 0 for all finitely presented left R-modules S. |

ExampLE 3.29. This example is an n = oo version of Example 3.14 (1). Let A be
an associative algebra over a commutative ring R such that A4 is a flat R-module, and
let (¥, €) be a hereditary cotorsion pair in R-Mod generated by a set § of strongly
finitely presented R-modules (i.e., every module S € § admits a resolution by finitely
generated projective R-modules). Then the class € is closed under direct limits (and in
particular, direct sums) in R-Mod, so the condition () holds for the reason explained
in Example 3.14 (1), and Theorem 3.22 is applicable. According to Corollary 3.23, we
can conclude that -1€4 = ¥4 = Fil, (4 @ F)®.

Using the small object argument, one can get rid of the assumption of commutativity
of the ring R in this result, and relax the other conditions as follows.

Prorosition 3.30. Let R — A be a homomorphism of associative rings, and let
(F,°€) be a cotorsion pair in R-Mod generated by a set S of left R-modules such
that an exact sequence of left R-modules P, — Py — Py — S — 0 with finitely
generated projective R-modules P, Py, Py exists for every S € 8. Assume that the left
R-module AT belongs to €. Then the Ext! -orthogonal pair of classes of left A-modules
Fil, (A ® g F) and €4 admits approximation sequences.

Consequently, the pair of classes ¥4 = Fil,(A @r F)® and €4 is a complete
cotorsion pair in A-Mod. In particular, Y1'€4 = Fil,(A ® g F)® and Fil(A Qg F)® =
Fil,(A ®r F)®.

Proor. The proof is a simple version of the small object argument [ 16, Theorem 2],
[19, Theorem 6.11]. The claim that w-filtrations by induced modules are sufficient
follows from Lemma 1.8 (a) and the fact that the functor Ext}g (S, —) preserves direct
limits for any left R-module S satisfying the assumption of the proposition. So, in
fact, all the A-modules from F 4 are direct summands of A-modules w-filtered by left
A-modules induced from direct sums of copies of left R-modules from §. We leave
the details to the reader. |

The next theorem is a generalization of Corollary 3.23 in which the condition (7) is
replaced by the condition (7).

THEOREM 3.31. Let (¥, €) be a hereditary complete cotorsion pair in R-Mod.
Assume that the left R-module A™ belongs to €, and that the condition (%) holds.
Assume further that the class € is closed under countable direct sums in R-Mod. Then
the class ¥4 = 11€4 C A-Mod can be described as ¥4 = Fil,(A g F)®.

In particular, we have Fil(A ® g ¥)® = Fil,(4A ®g F)®.
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Proor. Similar to the proof of Theorem 3.10, which contains all the essential
details. One follows the proof of Corollary 3.23 step by step and observes that the
assumptions of the present theorem are sufficient for the validity of the argument. m

3.5 — Combined result on induced modules

In this section we combine the results of Propositions 3.5 and 3.21 in order to obtain
a more general result under relaxed assumptions. Specifically, we assume that all the
countable direct sums of modules from € have finite €-coresolution dimensions.

PROPOSITION 3.32. Assume that the Ext'-orthogonal pair of classes of left R-mod-
ules (¥, €) admits approximation sequences (1)—(2). Assume that the left R-module
AT belongs to €, and that the condition () holds. Assume further that the class € is
coresolving in R-Mod and the € -coresolution dimension of any countable direct sum of
modules from '€ does not exceed a finite integer k > 0. Then the Ext!-orthogonal pair
of classes of left A-modules Fil, (A ® g F) and €4 admits approximation sequences
as well. Here w + k is the k-th successor ordinal of w.

Proor. As in previous proofs, we start with an explicit construction of special
preenvelope sequences for the pair of classes Fil, (4 ®g ¥) and €4 C A-Mod.

Let N be a left A-module. Proceeding as in the proof of Proposition 3.21, we
construct the w-indexed inductive system of injective morphisms of left A-modules (8).
The underlying left R-module of the left A-module li_n)qmew W™(N) is isomorphic to
the inductive limit of the inductive system of left R-modules (9), and it can be described
as the rightmost term of the short exact sequence (10).

The left R-modules A @ g C(W™(N)) belong to € by (), so the left R-module
D,.c A ®r C(W™(N)) has €-coresolution dimension < k in our present assump-
tions. By Lemma 1.10 (b), it follows that the €-coresolution dimension of (the underly-
ing left R-module of the left A-module) M = H_r)nmew W™(N) does not exceed k.

Now we apply the construction from the proof of Proposition 3.5 to the left A-module
M, producing the sequence of injective morphisms of left A-modules

M — W(M) — WW(M)) —> --- — W*M).

Following the argument in the proof of Proposition 3.5, we have WX (M) € €4, since
cde M < k. Finally, the cokernel of the composition of injective morphisms

N —1lim _ W™(N)=M — W*M)
—>mMEew

is an extension of the cokernels of the two morphisms N — limm " W™(N) and
M — W*(M). The former cokernel belongs to Fil,(4 ® g ¥) and the latter one
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to Filg(A ®g F); thus the cokernel of the morphism N — W* (M) belongs to
Fily+x (A ®r F).

We have produced the desired special preenvelope sequences. Using these, the
special precover sequences are constructed in the same way as in the proofs of Proposi-
tions 3.5 and 3.21. m

TueoreM 3.33. Let (¥, €) be a hereditary complete cotorsion pair in R-Mod.
Assume that the left R-module AT belongs to €, and that the condition (1) holds.
Assume further that the €-coresolution dimension of any countable direct sum of
modules from € in R-Mod does not exceed a finite integer k > 0. Then the pair of
classes ¥4 = Fily 41 (A @ g F)® and €4 is a hereditary complete cotorsion pair in
A-Mod.

Proor. Follows from Proposition 3.32 in view of Lemma 1.2. ]

CoroLLARY 3.34. For any associative ring homomorphism R — A and any
hereditary complete cotorsion pair (¥ ,€) in R-Mod satisfying the assumptions of
Theorem 3.33, one has *1'€4 = Fil, 1 (A Qg F)®.

In particular, it follows that Fil(A @ g F)® = Fil, 11 (A Qg F)®.

Proor. This is a corollary of Theorem 3.33 and Lemma 3.2 (c). ]

For a class of examples to Theorem 3.33 arising from curved DG-rings, see Propo-
sition 4.16 below.

The final theorem of this section is a generalization of Corollary 3.34 in which the
condition () is replaced by the condition ($).

THEOREM 3.35. Let (¥, €) be a hereditary complete cotorsion pair in R-Mod.
Assume that the left R-module At belongs to ‘€, and that the condition (’JF) holds.
Assume further that the €-coresolution dimension of any countable direct sum of
modules from € in R-Mod does not exceed a finite integer k > 0. Then the class
FA =11e4 C A-Mod can be described as F4 = Fil, 11 (A ®r F)O.

In particular, we have Fil(A @ g F)® = Fil, 11 (A ®r F)®.

Proor. One follows the proof of Corollary 3.34 step by step and observes that
the assumptions of the present theorem are sufficient for the validity of the argument.
Almost all the essential details have been presented already in the proof of Theorem 3.10,
and only one observation remains to be made.

Let N be a left A-module whose underlying left R-module belongs to §. Then
the underlying left R-module of the left A-module h'_r)nmew W™(N) also belongs
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to G, because the cokernel of the injective A-module morphism N — limmew W™(N)
belongs to Fil,(4 ®g F) C F4 and the class § C R-Mod is closed under
extensions. ]

4. Tllustration: Contraderived and coderived categories

The heading above starts with the word “illustration” rather than “application”,
because there are few new results in this section (Theorems 4.7 and 4.17 being notable
exceptions). Still we demonstrate some classes of examples where Theorems 2.7, 2.29,
3.6, and 3.33 are applicable, leading to nontrivial conclusions, even if previously known
to be provable with different methods.

4.1 — Curved DG-rings and modules

A curved DG-ring (CDG-ring) R = (R, d, h) is a graded ring R = @, o5 R"
endowed with an odd derivation d: R — R of degree 1 and a curvature element
h € R?. These words mean that, for every n € Z, an abelian group homomorphism
dy: R" — R™t1 is specified such that the equation d(rs) = d(r)s + (=1)/"Ird(s)
holds for all r € R/ and s € R¥!, |r|, |s| € Z. In addition, the following two equations
need to be satisfied:

(i) d(d(r)) =hr —rhforallr € R;

(i) d(h) = 0.

The element 1 € R? is called the curvature element. A curved DG-ring with h = 0 is
the same thing as a usual DG-ring (differential graded ring) (R, d).

A left CDG-module M = (M, dpr) over a CDG-ring (R, d, h) is a graded left
R-module M = P, ., M" endowed with an odd derivation dps: M — M compatible
with the derivation d on R. These words mean that, for every n € Z, an abelian group
homomorphism dys,,: M™ — M"+! is specified such that the equation dps (rm) =
d(rym + (=1)/"'rdp (m) holds for all » € R'"! andm € M| In addition, the following
equation needs to be satisfied:

(iii) dp(dpg(m)) = hm forallm € M.

Notice that CDG-rings and CDG-modules are not complexes, due to the presence of
a nontrivial right-hand side in the equations (i) and (iii). Nevertheless, for any two left
CDG-modules L and M over (R, d, h), the complex of morphisms Hompg (L, M) is well-
defined. This is a complex of abelian groups whose degree i component Hom"R (L,M)is
the group of all homomorphisms of graded left R-modules L. — M [i], where [i] denotes
the usual cohomological grading shift M[i]® = M?*". There is a sign rule involved



L. Positselski 242

in the definition of the left R-module structure on M [i]. We refer to [25, Sections 1.1
and 3.1] for the details.

One can assign a graded ring A to a CDG-ring (R, d, h) by adjoining a new element
§ € A to the graded ring R and imposing the relations §r — (—1)/"lr§ = d(r) for
all 7 € RI"l and 82 = h. The elements of the grading components A" are the formal
expressions r + &s withr € R” and s € R" 1 with the multiplication of such formal
expressions defined in the obvious way using the above relations. With an appropriate
definition of morphisms of CDG-rings and a natural structure (the differential d = 9/96)
on the graded ring A, the correspondence between CDG-rings (R, d, h) and acyclic
DG-rings (A, d) becomes an equivalence of categories (see [30, Section 4.2], where
the notation is B = R and B = A).

We denote the abelian categories of graded left modules over the graded rings
R and A by R-Mod?" and A-Mod?", respectively. As usually in module theory, all the
results above in this paper can be extended easily from the categories of modules to the
categories of graded modules. The abelian category R-Mod®® of left CDG-modules
over (R, d, h), with homogeneous morphisms of degree 0 commuting with the action
of R and the differentials on the CDG-modules, is equivalent to the abelian category
of graded A-modules A-Mod¥". The group of morphisms L — M in this category is
isomorphic to the kernel of the differential Hom% (L, M) — Homg (L, M).

Notice that the graded ring A is a finitely generated projective graded left and right
R-module. In fact, it is a free graded left R-module with two generators 1 and 8, and it is
also a free graded right R-module with the same two generators. The functors A ® g —:
R-Mod¥ — A-Mod?" = R-Mod®® and Homg (A4, —): R-Mod¥" — A-Mod% = R-Mod°®
are described in [25, proof of Theorem 3.6], where they are denoted by Gt=AQr—
and G~ = Hompg (A, —). The two functors only differ by a shift of grading: for every
graded left R-module S, there is a natural isomorphism of graded left A-modules
G (S) = GT(S)[1].

It is an easy but important observation that all the CDG-modules in the essential
image of the functor G, or equivalently, G~ are contractible. In other words, all of
them represent zero objects in the homotopy category of CDG-modules Hot( R-Mod®®)
(cf. [25, Section 3.2]). The natural action of the differential d = 9/38 in G*(S) and
G~ (S), induced by the action of d in A, provides a contracting homotopy.

The homotopy category of left CDG-modules Hot(R-Mod®®) is defined by the rule
Homy g g ogeey (L. M) = H®(Hompg (L, M)); so Hot(R-Mod®®) is the degree-zero
cohomology category of the DG-category of left CDG-modules over (R, d, ), with
the complexes of morphisms Hompg (L, M) between CDG-modules L and M. The
homotopy category Hot(R-Mod®®) is a triangulated category with infinite direct sums
and products [25, Sections 1.2 and 3.1].
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4.2 — Contraderived category

A left CDG-module P over (R, d, h) is said to be graded projective if the graded
left R-module P is projective in R-Mod¥. We denote the full subcategory of graded
projective CDG-modules by R—Mod;?gj = A-Mod% ,; C A-Mod¥ = R-Mod®® and
the corresponding full subcategory in the homotopy category by Hot(R—Modg‘r’gj) -
Hot(R-Mod®®).

A left CDG-module X over (R, d, h) is said to be contraacyclic in the sense of
Becker [8] if the complex Homg (P, X) is acyclic for all graded projective CDG-
modules P € R-Mod3, or equivalently, Homyy(g yogee) (P, X) = 0 for all P €

Hot(R-Mod;fgj). We denote the full subcategory of contraacyclic CDG-modules by

R-Mod®9:%" = R-Mod®® and the corresponding full subcategory in the homotopy cate-

acycl

gory by Hot( R-Mod2%:¢") C Hot(R-Mod®®). Clearly, Hot( R-Mod®%:"") is a triangulated

acycl acycl
subcategory closed under infinite products in Hot( R-Mod®®).

TueoreM 4.1. Let (R,d, h) be a CDG-ring and A = R[§] be the corresponding
graded ring. Then

(a) the pair of classes of objects R-Mod®® and R-Mod%%%:%" is a hereditary complete

proj acycl
cotorsion pair in the abelian category R-Mod®® = A-Mod¥';

(b) the composition of the fully faithful triangulated inclusion functor Hot(R-Modg?(%) —
Hot(R-Mod®®) and the triangulated Verdier quotient functor Hot(R-Mod®@) —
Hot(R-Mod®®) /Hot( R-Mod®®:e") js a triangulated equivalence Hot(R-Mod®9) ~

acycl proj

Hot(R-Mod®®) /Hot( R-ModZ2%:").

Proor. This is [8, Propositions 1.3.6 (1) and 1.3.8 (1)]. Parts (a) and (b) are two
closely related assertions; in fact, (b) follows from (a). We skip the details. ]

The quotient category D" ( R-Mod®®) = Hot( R-Mod®) / Hot(R—Modg‘é}g,éf") is called
the contraderived category of left CDG-modules over (R, d, h) in the sense of Becker.
It has to be distinguished from the contraderived category in the sense of the books and
papers [24-26,30] (see [28, Example 2.6 (3)] for a discussion). It is an open question
whether the two definitions of a contraderived category are equivalent for an arbitrary
CDGe-ring. In this section we explain how one can show that they are, in fact, equivalent
under certain assumptions.

To any pair of morphisms with zero composition K — L and L — M in the
category R-Mod®® = A-Mod®', one can assign its totalization Tot(K — L — M),
which is an object of the same category. The construction of the CDG-module
Tot(K — L — M) is a generalization of the construction of the total complex of
a bicomplex with three rows; it can be interpreted as a twisted direct sum or an iterated



L. Positselski 244

cone in the DG-category of CDG-modules. We refer to [25, Section 1.2] for a discussion.
Specifically, we are interested in totalizations of short exact sequences in the abelian
category R-Mod®® = A4-Mod?".

Proposition 4.2. Let (R, d, h) be a CDG-ring. Then the totalization of any short
exact sequence of left CDG-modules over (R, d, h) belongs to R—Mod‘;ggé‘l’”. Hence

the minimal full triangulated subcategory of the homotopy category Hot(R-Mod®®@)

containing the totalizations of short exact sequences of CDG-modules and closed under

cdg,ctr)
acycl /*

products is a subcategory in Hot(R-Mod
Proor. This is the result of [25, Theorem 3.5 (b)]. ]

We start with a rather general lemma concerning applicability of the results of
Section 2 to our injective morphism of graded rings R — A.

Lemma 4.3. Let (R, d, h) be a CDG-ring and A = R|[§] be the corresponding
graded ring. Then the (graded version of) condition (77) from Section 2.2 holds for
any cotorsion pair (¥,€) in R-Mod¥ that is invariant under the degree shift [1].
In other words, the underlying graded left R-module of the left CDG-module
G~ (F) = Homg(A, F) belongs to ¥ for any graded left R-module F € ¥ .

Proor. The R-R-bimodule A/R is isomorphic to R[—1] (with appropriate sign
rules). Hence for any graded left R-module F there is a short exact sequence of graded
left R-modules 0 — F[1] > G™(F) - F — 0. Now F € ¥ and F[l] € ¥ imply
G~ (F) € ¥, since the class ¥ is closed under extensions in R-Mod¥. [

We will apply the results of Sections 2.2 and 2.5 to the following (trivial) cotorsion
pair (¥, €) in the category of graded left R-modules R-Mod®. Take ¥ = R-Modg,,
to be the class of all projective graded left R-modules and € = R-Mod¥ to be the
class of all graded left R-modules (as in Examples 2.10 and 2.26). In the spirit of the
notation in Section 2, we denote by G~ (R-Mod?") = Hompg (A, R-Mod?") the class of

all left CDG-modules over (R, d, h) of the form G~ (S) with § € R-Mod?".

ProprosiTiON 4.4. Let (R, d, h) be a CDG-ring. Assume that the abelian category
of graded left R-modules R-Mod¥" has finite homological dimension k. Then one has
R-Mod%%:" = Cofy 4 1(G~(R-Mod®))® C R-Mod®®.

acycl

Proor. Inthe notation of Section 2, we have 4 = A-Mod% ., = R-Modg‘r’g. Hence,

by Theorem 4.1 (a), €4 = R-Mod%%:*" The assumptions of Theorem 2.7 hold in view

acycl
of Lemma 4.3, and it remains to apply Corollary 2.8. |
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The following condition from [25, Section 3.8] ensures applicability of Theo-
rem 2.29:

(**) Any countable product of projective graded left R-modules, viewed as a graded
left R-module, has finite projective dimension not exceeding a fixed integer k.

ProrosiTion 4.5. Let (R, d, h) be a CDG-ring. Assume that the graded ring R
satisfies the condition (). Then one has R-Mod;‘i&;f" = Cof, 1k (G~ (R-Mod®))® C
R-Mod®®.

Proor. Similar to Proposition 4.4. The condition (77) holds by Lemma 4.3, and the
desired assertion is obtained by comparing Theorem 4.1 (a) with Corollary 2.30. m

LeMMA 4.6. Let (R, d,h) be a CDG-ring. Let T be a class of objects in R-Mod®®
and k be a finite integer. Then any object from Cofy1(T) C R-Mod®®, viewed as
an object of the homotopy category Hot(R-Mod®®), belongs to the minimal full trian-
gulated subcategory of Hot(R-Mod®@) containing the CDG-modules from T and the
totalizations of short exact sequences in R-Mod®®.

Proor. It suffices to observe that, for any short exact sequence 0 - K — L —
M — 0in R-Mod®®@, the object L belongs to the minimal triangulated subcategory of
Hot(R-Mod®®) containing K, M, and Tot(K — L — M). ]

THEOREM 4.7. Let T be a class of objects in R-Mod®® and o be a countable ordinal.
Then any object from Cof,(T) C R-Mod®™®@, viewed as an object of the homotopy
category Hot(R-Mod®®9), belongs to the minimal full triangulated subcategory of
Hot(R-Mod°®) containing the CDG-modules from T and the totalizations of short
exact sequences in R-Mod®®, and closed under countable products.

Proor. Denote by X C Hot(R-Mod®¥) the minimal triangulated subcategory con-
taining the CDG-modules from 7 and the totalizations of short exact sequences
in R-Mod®®, and closed under countable products. Let us first consider the case
a=w.LetM =G ,M = ---—> G,M —>» ---—> GoM — GIM — GoM =0,
G, M = li(LnnEw G, M, be an w-cofiltration of a left CDG-module M over (R, d, h)
by CDG-modules from 7~ (or even from X). Then we have a short exact sequence

(11) 0—M—[]GM — [[GaM — 0
neEw nEw
in the abelian category of CDG-modules R-Mod®®® = A-Mod?". By Lemma 4.6, we have

G, M € X for all the integers n > 0. Hence [ [,,c,, G» M € X. Since the totalization
of the short exact sequence (11) also belongs to X, it follows that M € X.
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In the general case of a countable ordinal o, we proceed by transfinite induction
ina.Let M = GoM — --- = G1M — GoM = 0 be a CDG-module «-cofiltered
by CDG-modules from 7. We need to show that M € X. The case @ = 0 is obvious. If
o« = B + 1is asuccessor ordinal, then we have a short exact sequence of CDG-modules
0—->T—>M — GgM — 0with T € 7. By the induction assumption, GgM € X.
Since Tot(T' — M — GgM) € X, it follows that M € X.

In the case of a countable limit ordinal «, choose an increasing sequence of ordinals
(Bu)new With 0 = Bg < B1 < B2 < --- <« and o = limy,_,4 B,. Then there exist
ordinals (¥, > 0)see such that 8,41 = B, + y, for every n € w. It follows that
Yn < Bn+1 < a. Define an w-cofiltration G’ on the CDG-module M by the rule
G, M = Gg, M. Then the kernel K, of the surjective morphism of CDG-modules
G, 1M — G, M is y,-cofiltered by T for every n € w. By the induction assumption,
we have K,, € X for every n € w. According to the above argument for the case of an
w-cofiltration, it follows that M € X. n

CoroLLARY 4.8. Let (R, d, h) be a CDG-ring. Assume that the abelian cat-
egory of graded left R-modules R-Mod® has finite homological dimension. Then
Hot(R-Modgggéf") is the minimal thick subcategory in Hot(R-Mod®®) containing the
totalizations of short exact sequences of CDG-modules.

Proor. This is essentially “the contraderived half” of [25, Theorem 3.6]. Here is a
proof based on the techniques developed in this paper. Let Xy C Hot(R-Mod®@) be
the minimal thick subcategory containing the totalizations of short exact sequences of
CDG-modules. Then Xy C Hot(R-Modgg'géf") by Proposition 4.2 (this assertion does
not depend on any assumptions on the ring R).

The (nontrivial) inclusion Hot(R-Modg‘jﬁéf") C X holds by Proposition 4.4 and
Lemma 4.6. Here we use the observation, mentioned in Section 4.1, that the CDG-

module G~ (S§) is contractible for every graded R-module S. ]

CoroLLARY 4.9. Let (R,d, h) be a CDG-ring. Assume that the graded ring R
satisfies the condition (xx). Then Hot(R—Modg‘g)%’éf") is the minimal full triangulated
subcategory in Hot(R-Mod®®) containing the totalizations of short exact sequences of

CDG-modules over (R, d, h) and closed under countable products.

Proor. This is essentially [25, Theorem 3.8]. Here is a proof based on the results
of this paper. Let X C Hot(R-Mod®®@) be the minimal thick subcategory containing
the totalizations of short exact sequences of CDG-modules and closed under countable
products. Then X C Hot(R-Mod3%") by Proposition 4.2 (this assertion does not
depend on any assumptions on the ring R).
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The (nontrivial) inclusion Hot(R-Modgggéf”) C X holds by Proposition 4.5 and
Theorem 4.7. The observation that the CDG-module G~ (S) is contractible for every
graded R-module S is important here.

Finally, notice that any full triangulated subcategory having countable products is a
thick subcategory by Rickard’s criterion [23, Criterion 1.3] and the Bokstedt—Neeman

theorem [11, Proposition 3.2 or Remark 3.3]. n

The contraderived category of left CDG-modules over (R, d, /) in the sense of the
books and papers [24-26,28,30] is defined as the quotient category of the homotopy
category Hot(R-Mod®®) by its minimal triangulated subcategory containing the total-
izations of short exact sequences of CDG-modules and closed under infinite products.
Thus Corollary 4.9 can be rephrased by saying that, under the condition (xx), the con-

traderived category in the sense of Becker coincides with the contraderived category
in the sense of [24-26,28,30].

4.3 — Coderived category

A left CDG-module J over (R, d, h) is said to be graded injective if the graded left
R-module J is injective in R-Mod¥. We denote the full subcategory of graded injective
CDG-modules by R-Mod{i? = A-Mod% ;; C A-Mod® = R-Mod°® and the correspond-

inj

ing full subcategory in the homotopy category by Hot(R-Mod®) C Hot(R-Mod®®).

inj

Aleft CDG-module X over (R, d, k) is said to be coacyclic in the sense of Becker [8]
if the complex Hompg (X, J) is acyclic for all graded injective CDG-modules J €
R-Mod£%9, or equivalently, Homy g_yoqeey (X, J) = O for all J € Hot(R-Mod(%9). We

inj » inj

denote the full subcategory of coacyclic CDG-modules by R-Mod%%:%° < R-Mod®®

acycl
and the corresponding full subcategory in the homotopy category by Hot(R-Modgggéf°)

C Hot(R-Mod®®). Clearly, Hot( R-Mod2%%:%°) is a triangulated subcategory closed under

acycl
infinite direct sums in Hot(R-Mod®®).

THEOREM 4.10. Let (R, d, h) be a CDG-ring and A = R[§] be the corresponding
graded ring. Then

(a) the pair of classes of objects R-Modgggéf" and R—Modﬁ?jg is a hereditary complete

cotorsion pair in the abelian category R-Mod®® = A-Mod?';

(b) the composition of the fully faithful triangulated inclusion functor Hot( R-Mod%9)

inj
— Hot(R-Mod®®) and the triangulated Verdier quotient functor Hot(R-Mod®®®) —
Hot(R-Mod®®) /Hot( R-Mod®%:%) is g triangulated equivalence Hot(R-Mod®9) ~

acycl inj

Hot( R-Mod®®) /Hot( R-ModZ2%:°).

acycl

Proor. This is [8, Propositions 1.3.6 (2) and 1.3.8 (2)]. Parts (a) and (b) are closely
related; in fact, (b) follows from (a). We omit the details. ]
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The quotient category D®( R-Mod®®) = Hot(R-Mod®®%)/ Hot(R—Mod§g§5f°) is called
the coderived category of left CDG-modules over (R, d, h) in the sense of Becker. It
needs to be distinguished from the coderived category in the sense of the books and
papers [24-26,30] (see [28, Example 2.5 (3)] for a discussion). It is an open question
whether the two definitions of a coderived category are equivalent for an arbitrary
CDG-ring. In this section we explain how one can show that they are, in fact, equivalent

under certain assumptions.

Prorosition 4.11. Let (R, d, h) be a CDG-ring. Then the totalization of any short
exact sequence of left CDG-modules over (R, d, h) belongs to R—Modggsélc". Hence
the minimal full triangulated subcategory of the homotopy category Hot( R-Mod®®@)
containing the totalizations of short exact sequences of CDG-modules and closed under

direct sums is a subcategory in Hot(R—Modggsy’éfO).

Prookr. This is the result of [25, Theorem 3.5 (a)]. ]

The following lemma is a rather general assertion concerning applicability of the
results of Section 3 to our morphism of graded rings R — A.

Lemma 4.12. Let (R, d, h) be a CDG-ring and A = R[§] be the corresponding
graded ring. Then the (graded version of) condition (1) from Section 3.2 holds for
any cotorsion pair (¥ ,€) in R-Mod¥ that is invariant under the degree shift [1].
In other words, the underlying graded left R-module of the left CDG-module
GT(C) = A®g C belongs to € for any graded left R-module C € €.

Proor. Similar to Lemma 4.3. For any graded left R-module C there is a short
exact sequence of graded left R-modules 0 — C — G*(C) — C[-1] — 0. Now
C € €and C[—1] € € imply GT(C) € €, since the class € is closed under extensions
in R-Mod9". ]

We will apply the results of Sections 3.2 and 3.5 to the following (trivial) cotorsion
pair (¥, €) in the category of graded left R-modules R-Mod"". Take € = R-Modf] to
be the class of all injective graded left R-modules and ¥ = R-Mod? to be the class
of all graded left R-modules (as in Examples 3.9 and 3.25). Following the notation
of Sections 3 and 4.2, we denote by G (R-Mod?) = A ® g R-Mod? the class of all

CDG-modules over (R, d, h) of the form G*(S) with S € R-Mod?'.

Prorosition 4.13. Let (R, d, h) be a CDG-ring. Assume that the abelian category
of graded left R-modules R-Mod¥" has finite homological dimension k. Then one has
R-Mod®%:¢° — Fil; 1 (G (R-Mod®))® C R-Mod™®.

acycl
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Proor. In the notation of Section 3, we have €4 = A-Mod% ;. = R—Modﬁﬂg. Hence,

by Theorem 4.10 (a), ¥4 = R-Mod%%%:%°. The assumptions of Theorem 3.6 hold in

acycl
view of Lemma 4.12, and it remains to apply Corollary 3.7. |

CoroLLARY 4.14. For any CDG-ring (R, d, h) such that the abelian category of
graded left R-modules has finite homological dimension, the classes of contraacyc-
lic and coacyclic left CDG-modules in the sense of Becker over (R, d, h) coincide,
R-Mod3i%:" = R-Mod5id:s®.

Proor. This is our version of [25, Theorem 3.6 (a)]. It is provable by comparing the
results of Propositions 4.4 and 4.13. We have G~ (R-Mod?') = G (R-Mod®), since
G~ = G™[1]; and, obviously, Cofgy1(T) = Filg11(T) for any class T C A-Mod""
and any finite integer k. ]

CoroLLARY 4.15. Let (R, d, h) be a CDG-ring. Assume that the abelian cat-
egory of graded left R-modules R-Mod®" has finite homological dimension. Then
Hot(R-ModggeglcO) is the minimal thick subcategory in Hot(R-Mod®®) containing the
totalizations of short exact sequences of CDG-modules.

Proor. This is “the coderived half” of [25, Theorem 3.6]. It can be deduced, e.g.,
by comparing the results of Corollaries 4.8 and 4.14. |

The following condition from [25, Section 3.7] ensures applicability of Theo-
rem 3.33:

(*) Any countable direct sum of injective graded left R-modules, viewed as a graded
left R-module, has finite injective dimension not exceeding a fixed integer k.

ProposiTioN 4.16. Let (R, d, h) be a CDG-ring. Assume that the graded ring R
satisfies the condition (x). Then one has R-Modg‘if,’éf" = Fily 11 (GT(R-Mod®))® C
R-Mod®®.

Proor. Similar to Proposition 4.13. The condition () holds by Lemma 4.12. The
desired assertion is obtained by comparing Theorem 4.10 (a) with Corollary 3.34. m

THEOREM 4.17. Let T be a class of objects in R-Mod®® and o be a countable
ordinal. Then any object from Fily (T) C R-Mod®3, viewed as an object of the homotopy
category Hot(R-Mod®@), belongs to the minimal full triangulated subcategory of
Hot(R-Mod®®) containing the CDG-modules from T and the totalizations of short
exact sequences in R-Mod®®, and closed under countable direct sums.
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Proor. This is the dual version of Theorem 4.7. Denote by X C Hot(R-Mod®®@)
the minimal triangulated subcategory containing the CDG-modules from 7~ and the
totalizations of short exact sequences in R-Mod®®@, and closed under countable direct
sums. Let us consider the case « = w. Let0 = FoM ¢ Fi1M Cc FbM C --- F,M C
- CFoM =M, FuM =, c,, FaM, be an w-filtration of a left CDG-module M
over (R, d, h) by CDG-modules from X . Then we have a short exact sequence

(12) 0—>@FnM—>@FnM—>M—>o

new new

in the abelian category of CDG-modules R-Mod®® = A-Mod?". By Lemma 4.6, which
is applicable because Filg 41 (X) = Cofx4+1(X), we have F, M € X for all the integers
n > 0.Hence P, c,,
also belongs to X, it follows that M € X. The argument for an arbitrary countable

F,M € X. Since the totalization of the short exact sequence (12)

ordinal « is similar to that in Theorem 4.7. [

CoroLLARY 4.18. Let (R, d, h) be a CDG-ring. Assume that the graded ring
R satisfies the condition (x). Then Hot(R-Modgggéf") is the minimal full triangulated
subcategory in Hot(R-Mod®®@) containing the totalizations of short exact sequences of

CDG-modules over (R, d, h) and closed under countable direct sums.

Proor. This is essentially [25, Theorem 3.7]. Here is a proof based on the results
of this paper. Let X C Hot(R-Mod®®@) be the minimal thick subcategory containing
the totalizations of short exact sequences of CDG-modules and closed under countable
direct sums. Then X C Hot(R—Mod§g§5f°) by Proposition 4.11 (this assertion does not
depend on any assumptions on the ring R).

The (nontrivial) inclusion Hot(R-Mod$%°) C X holds by Proposition 4.16 and
Theorem 4.17. The observation that the CDG-module G T (S) is contractible for every
graded R-module S needs to be used here.

Finally, any full triangulated subcategory having countable direct sums is a thick
subcategory by Rickard’s criterion [23, Criterion 1.3] and the Bokstedt—Neeman

theorem [11, Proposition 3.2 or Remark 3.3]. [ ]

The coderived category of left CDG-modules over (R, d, /) in the sense of the books
and papers [24-26,28,30] is defined as the quotient category of the homotopy category
Hot(R-Mod°®) by its minimal triangulated subcategory containing the totalizations of
short exact sequences of CDG-modules and closed under infinite direct sums. Thus
Corollary 4.18 can be rephrased by saying that, under the condition (x), the coderived
category in the sense of Becker coincides with the coderived category in the sense
of [24-26,28,30].
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