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Introduction

Classical tilting theory originated in the representation theory of finite dimen-
sional algebras, as one of the basic tools for investigation of finite dimensional
modules over algebras close to the hereditary ones. In the more general setting
of modules over associative rings, tilting theory is primarily a far reaching gen-
eralization of the Morita theory of equivalence of module categories. Though
many of the classical results require the tilting modules to be finitely gener-
ated, there are some that have extensions to infinite dimensional modules, and
provide for unexpected new applications.

Many of these new results are related to approximation theory of modules.
This theory attempts to study arbitrary modules by a two step procedure: first,
one selects a class of modules C that is well-understood, and then tries to
approximate arbitrary modules by describing their approximations (envelopes
or covers) in C. Approximation theory originated in the works of Baer and
Eckmann on injective hulls, and Bass on projective covers, but there are much
more recent contributions, for example the Enochs and Xu theory of flat covers
of modules. In fact, there is now a general theory available giving existence of
numerous other approximations arising from so called complete cotorsion pairs.

Tilting approximations in projective dimension one are exactly the special
approximations given by torsion classes of modules. Here the representing tilting
modules are not finitely generated in general. Indeed, in many cases (e.g., for
Dedekind domains), there exist no non—trivial finitely generated tilting modules.
Moreover, infinite dimensional tilting modules arise naturally even in the setting
of finite dimensional hereditary algebras as shown by the examples of Ringel and
Lukas tilting modules.

The case of n—tilting modules and classes is more complex, but even here,
there is a hidden finiteness condition: each tilting module is of finite type. In
particular, the corresponding tilting class is definable in the language of the
first order theory of modules. This result was obtained gradually in a series of
recent papers in 20036, and enabled explicit classification of tilting modules
and classes over many rings.

Infinite dimensional tilting modules have interesting applications. For ex-
ample, they are employed in the proof of the following result of decomposition
theory: given a commutative ring R and a multiplicative set S consisting of
(some) non-zero—divisors of R, the localization S~!R has projective dimension
<1 (i.e., ST R is a Matlis localization), iff the R—module S~'R/R decomposes
into a direct sum of countably presented modules.

Infinite dimensional tilting modules also come up naturally in the study of
finitistic dimensions of rings and algebras. Using them, one can prove the Bass
finitistic dimension conjectures for all artin algebras with P<% contravariantly
finite, and for all (non—commutative) Iwanaga—Gorenstein rings.



The lecture notes are divided into five chapters. The first one introduces
fundamentals of the approximation theory of modules using complete cotorsion
pairs as the basic tool. The second deals with deconstruction of cotorsion pairs,
which is a method for proving completeness. Here, some new techniques of
set—theoretic homological algebra are presented that are interesting on its own
(notably, a general version of the Hill lemma).

The third chapter concerns tilting and cotilting modules and proves the
finite type result mentioned above. This result makes it possible to classify
tilting and cotilting modules in various cases: here we consider in detail the
case of Dedekind domains. The final two chapters are dedicated to applications
to the structure of Matlis localizations, and to the proof of the Bass finitistic
dimension conjectures in the two cases mentioned above.

The lecture notes are based on several recent papers. The lack of space does
not allow for a more complete presentation, though we believe that the main
ideas are covered here. For more details, and many other related results, we
refer to the forthcoming monograph [46].



1 Approximations and cotorsion pairs

In this chapter, we introduce approximation theory as a tool for studying mod-
ules over general associative rings with unit. We also introduce the notion of a
cotorsion pair which connects left and right approximations in a natural way.
Then we consider existence of minimal approximations, and show that there is
always a rich supply of approximations available. All these results will later on
serve for the structure theory of infinite dimensional tilting modules, and for its
applications.

Let R be a ring, M is a (right R—) module, and C C Mod—R a class of
modules closed under isomorphic images and direct summands.

Definition 1.1. A map f € Homg(M,C) with C € C is a C—preenvelope of
M, provided the abelian group homomorphism Hompg(f,C’) : Homg(C,C') —
Homp (M, C") is surjective for each C’ € C. That is, for each homomorphism
f'+ M — C' there is a homomorphism g : C' — C’ such that f' = gf:

M

|
\ g
f y
C'.
(Note that we require the existence, but not the uniqueness, of the map g.)

The C—preenvelope f is a C—envelope of M provided that f is left minimal, that
is, provided f = gf implies g is an automorphism for each g € Endg(C).

Example 1.2. The embedding M — E(M) of a module into its injective hull
is easily seen to be the Zy—envelope of a module M. Similarly, the embedding
M — PE(M) of a module into its pure-injective hull is the PZ—envelope of M.
(Here, PZ denotes the class of all pure-injective modules and, for each n < w,

T, denotes the class of all modules of injective dimension < n. Moreover, we
define 7 = U,, ., Zn)

Clearly, a C—envelope of M is unique in the following sense: if f: M — C
and f' : M — C’ are C—envelopes of M, then there is an isomorphism g : C' — C’
such that f' = gf.

In general a module M may have many non—isomorphic C—preenvelopes, but
no C—envelope. Nevertheless, if the C—envelope exists, its minimality implies
that it is isomorphic to a direct summand in each C—preenvelope of M:

Lemma 1.3. Let f : M — C be a C—envelope and f' : M — C" a C—preenvelope
of a module M. Then

(a) C"=Da@ D, where Im f' C D and f': M — D is a C—envelope of M;

(b) f" is a C—envelope of M, iff C' has no proper direct summands containing
Im f’.

Proof. (a) By definition there are homomorphisms g : C' — C’ and ¢’ :
C" — C such that f' = ¢gf and ¢'g is an automorphism of C. So D =Img = C
is a direct summand in C’ containing Im f’, and the assertion follows.

(b) by part (a). =m



Definition 1.4. A class C C Mod—R is a preenveloping class (enveloping class)
provided that each module has a C—preenvelope (C—envelope).

For example, the classes Zy and PZ from Example 1.2 are enveloping classes
of modules.

It is easy to define the dual notions:

Definition 1.5. A map f € Homg(C, M) with C € C is a C—precover of M, pro-
vided the group homomorphism Hompg(C’, f) : Homg(C’,C) — Hompg(C’, M)
is surjective for each C’ € C.

A C—precover f € Hompg(C, M) of M is called a C—coverof M, provided that f
is right minimal, that is, provided fg = f implies that g is an automorphism
for each g € Endg(C).

C C Mod-R is a precovering class (covering class) provided that each module
has a C—precover (C—cover).

C—preenvelopes and C—precovers are also called left and right approximations.

If Mod—R is replaced by its subcategory mod—R in the definitions above,
then preenveloping and precovering classes are called covariantly finite and con-
travariantly finite, respectively.

Example 1.6. Each module M has a Py—precover (since each module is a
homomorphic image of a projective module). Moreover, M has a Py—cover, iff
M has a projective cover in the sense of Bass (that is, there is an epimorphism
f: P — M with P projective and Ker(f) a small submodule of P). So Py is
always a precovering class, and it is a covering class, iff R is a right perfect ring.
(Here, for each n < w, P,, and F,, denotes the class of all modules of projective

and flat dimension < n, respectively. Moreover, we define P = J,,., Pn.)

C—covers may not exist in general, but if they exist, they are unique up to
isomorphism. As in Lemma 1.3, we get

Lemma 1.7. Let f : C — M be the C—cover of M. Let f' : C' — M be any
C—precover of M. Then

(a) C"=D @D, where D C Ker f’ and f' | D" is a C—cover of M.

(b) f" is a C—cover of M, iff C' has no non—zero direct summands contained
in Ker .

The following sufficient condition for the existence of minimal approxima-
tions is due to Zimmermann:

Lemma 1.8. Let R be a ring. Let f € Homg(M,C) be a C-preenvelope of
a module M. Let E = Endg(C) and I = {g € E | gf = 0}. Assume that
idempotents lift modulo Rad(E), and that there exists a left ideal J of E such
that I +J =FE and INJ C Rad(E). Then M has a C—envelope.

Proof. For x € E, put T = x + Rad(FE). By assumption there exist « € I
and y € J such that £ and § are orthogonal idempotents in F/Rad(E) and
z4+y=1

By assumption there is an idempotent e/ € F with ¢/ = 7. Put u = 1 —
(¢/ —y). Then u is invertible in E and €'(u — y) = 0. Moreover, y' = u~te'u =

u~le'y € J is an idempotent such that y/ = 7.



Since 1 — (z +v') € Rad(FE), there is some v € E with v(z +y') = 1. Put
e=19 4+ (1 -1y )vy € J. Then e is an idempotent such that 1 —e € I and
INEe C (INJ)e C Rad(E)e. In particular, the left annihilator of f in the
ring eFe is contained in Rad(eEe) = eRad(E)e. Now, if g € eFe is such that
gf = ef, then g is invertible in eFe. It follows that f' = ef € Homg(M, eC) is
left minimal. Since eC' € C, we conclude that f’ is a C—envelope of M. =

Dually, one can prove existence of a C—cover assuming that idempotents lift
modulo Rad(E), and there exists a right ideal J of E such that I + J = FE
and I NJ C Rad(E) where E = Endgr(C), I = {g € E | fg = 0}, and
f € Hompg(C, M) is a C—precover.

In particular, minimal versions of approximations in classes of finite length
modules always exist:

Corollary 1.9. Assume M has a C—preenvelope, f € Homg(M,C), such that

Endg(C) is a semiperfect ring (for example, assume that C has finite length).
Then M has a C—envelope.

Proof. By Lemma 1.8. =

Similarly, M has a C—cover provided M has a C—precover, f € Homg (M, C),
such that End(C) is semiperfect.

Also, minimal versions of approximations always exist in classes of pure—
injective modules:

Proposition 1.10. Let R be a ring and M be a module. Let C be a class
of pure—injective modules such that C is closed under direct summands. Let
f € Hompg(M,C) be a C-preenvelope of M. Then there is a decomposition
C=D&FE such thatImf C D and f : M — D is left minimal. In particular,
f:M — D is a C—envelope of M.

Proof. The proof uses the fact that the tensor product functor (as a functor
from the category Mod—R to the category, D(R) of all additive functors from
the category of all finitely presented left R—modules to Mod-Z) identifies pure—
injective modules with injective objects in D(R). The result then follows from
the existence of injective envelopes in D(R). For more details, see [56, Chap.7]
and [58]. =

The following lemma is known as the Wakamatsu Lemma (see [79, §2]).
It shows that under rather weak assumptions on the class C, C—envelopes and
C—covers are special in the sense of the following definition:

Definition 1.11. Let C € Mod—R. Define

Ct = KerExth(C,—) = {N € Mod-R | Extx(C,N) = 0for allC € C}

LC = KerExtp(—,C) = {N € Mod-R | Extk(N,C) =0 for all C € C}.

For C = {C}, we write for short Ct and +C in place of {C}+ and +{C},
respectively.

Let M € Mod—R. A C—preenvelope f: M — C of M is called special, provided
that f is injective and Coker f € +C.

So a special C—preenvelope may be viewed as an exact sequence 0 — M ER
C — D — 0 with C € Cand D € 1C.



Dually, a C—precover f : C — M of M is called special, if f is surjective and
Ker f € C*.

If C is a class of modules such that each module M has a special preenvelope
(special precover) then C is called special preenveloping (special precovering).

Lemma 1.12. Let M € Mod-R and C C Mod-R be a class closed under
extensions.

(a) Let f: M — C be a monic C—envelope of M. Then f is special.
(b) Let f: C — M be a surjective C—cover of M. Then f is special.
Proof. (a) By assumption, there is an exact sequence

oML c%poo.

In order to prove that D € 1+C, we take an arbitrary extension

0-C' =X Do

with C" € C. We will prove that h splits. First consider the pullback of g and
h:

l/

¢ —C
| |

0 M-—.p_ P X 0
I

0 M-t .02 .p 0
| |
0 0

Since C,C’ € C, also P € C by assumption. Since f is a C—envelope of M,
there is a homomorphism ¢ : C' — P with « = §f. Then f = ya =~ f, so vd
is an automorphism of C.

Define i : D — X by i(g(c)) = 35(yd)~1(c). This is well-defined, since

8(v0)~ f(m) = 8f(m) = a(m).

Moreover, hig = h35(v6) ™t = gy6(76)~! = g, so hi = idp and h splits.
(b) dual to (a). =

The C—envelope f of a module M must be monic provided that Zy C C. This
is because M — E(M) factors through f. Similarly, Py C C implies that any
C—cover of M is surjective.

Also notice that the lemma above holds with Mod—R replaced by its sub-
category mod—R.

There is an explicit duality between special preenvelopes and special precov-
ers discovered by Salce, arising from the notion of a cotorsion pair:



Definition 1.13. Let A, B C Mod—R. The pair (A, B) is a cotorsion pair if
A=1Band B=A'.

Let C be a class of modules. Then C C +(C1) as well as C C (+C)*. More-
over, ¢ = (+(C1),Ct) and €¢ = (+C,(+C)1) are easily seen to be cotorsion
pairs, called the cotorsion pairs generated and cogenerated, respectively, by the
class C. (In the case when C consists of a single module C, we will simply write
L+C and C* in place of +{C} and {C}+.)

If € = (A, B) is a cotorsion pair, then the class K¢ = AN B is the kernel
of €. Note that each element K of the kernel is a splitter, that is, K satisfies
Exth(K,K) =0.

For any ring R, the class of all cotorsion pairs of modules is denoted by Lg.
Note that in general, Lg,: is a proper class (see [45]).

L.+ is partially ordered by the inclusion of the first components of cotorsion
pairs. The largest element of Ly is &y\joq p = (Mod-R,Zy), while the least
is €\fod_r = (Po, Mod-R).

Cotorsion pairs are analogs of the classical (non—hereditary) torsion pairs,
where Hom (= Ext? ) is replaced by Ext!. Similarly, we define Tor-—pairs: For
a class of (right resp. left) R—modules, C, we put

CT = Ker Torf(C,—) = {N € R-Mod | Tor¥(C,N) =0for allC € C},

resp.

TC = Ker Torf(—,C) = {N € Mod-R | Torf'(N,C) = 0 for all C € C}.

(A, B) is called a Tor—pair, if A =T8B and B = AT. In this case both A and
B are closed under direct limits, since Tor commutes with direct limits. (For

simplicity, we will write AT and 7B rather than {A}T and T{B} for A € Mod-R
and B € R-Mod.)

The set of all Tor—pairs is denoted by L7, (That Ly, is always a set, not
a proper class, is proved in Corollary 1.53 below). L, is partially ordered by
inclusion in the first components. The least element of Ly, is (FL£,Mod-R),
the largest (Mod—R, FL), where FL = Fy denotes the class of all flat modules.

The interesting fact is that Ly, can canonically be embedded into Lg,;.
This follows from the Ext—Tor-relations of the classical homological algebra:

Lemma 1.14. Let R be a ring and (A, B) be a Tor-pair. Then © = (A, AL)
is a cotorsion pair. Moreover, ® = €¢, where C = {B° | B € B} C PZ.

Proof. The statement follows from the well-known isomorphism
Extp (4, BY) = (Tori'(4, B))*,
where B¢ denotes the character module of a left R—module B. =

Another reason for investigating Tor—pairs is in their relation to closures of
classes of modules under forming direct limits (see Theorem 2.61 below).
Let us consider further examples of cotorsion pairs:

Example 1.15.

(i) Consider the case of Lemma 1.14, when A = FL and B = Mod-R. Then
(FL,EC) is a cotorsion pair, the so—called Enochs cotorsion pair. Here



EC = FL7 is the class of all Enochs cotorsion modules. By Lemma 1.14,
any character module and hence any pure—injective module, is Enochs
cotorsion. That is, PZ C EC.

(ii) Another case of interest is when A = TF, where 7F =TS, and S is a
representative set of all cyclically presented left R—modules. (Recall that
a left R—module M is cyclically presented provided that M = R/Rr for
some r € R.) The elements of TF are the torsion—free modules. (In the
particular case, when R is a domain, M € TF, iff mr # 0 for all m # 0
and r # 0, that is, M is torsion—free in the usual sense.) By Lemma 1.14,
(TF,RC) is a cotorsion pair, the so—called Warfield cotorsion pair. Here
RC = TF= is the class of all Warfield cotorsion modules.

(iii) Let R be a domain and @ be its quotient field. The cotorsion pair gener-
ated by @ is called the Matlis cotorsion pair. We will have more on this
in chapters 2 and 4.

(iv) A module M € Mod-R is a Whitehead module provided Exty (M, R) = 0.
The class of all Whitehead modules is denoted by W;. The corresponding
cotorsion pair (cogenerated by R) is denoted by 207 and called the White-
head cotorsion pair. By [35] and [75], some of the basic properties of this
cotorsion pair depend on the extension of ZFC that we work in.

Clearly, Py C FL CTF,s0oZy C RC C EC for any ring R.

We turn to approximations induced by cotorsion pairs. First we have an
immediate corollary of Lemma 1.12.

Corollary 1.16. Let R be a ring and (A, B) be a cotorsion pair. If A is cov-
ering, then A is special precovering, and if B is enveloping, then B is special
preenveloping.

The mutually dual categorical notions of a special precover and a special
preenvelope are tied up by the homological tie of a cotorsion pair. In a sense,
this fact is a remedy for the non—existence of a duality involving the category
of all modules over a ring.

Lemma 1.17. Let R be a ring and € = (A, B) be a cotorsion pair of modules.
Then the following are equivalent:

(a) Fach module has a special A—precover.
(b) Each module has a special B—preenvelope.
In this case, the cotorsion pair € is called complete.

Proof. (a) implies (b): let M € Mod—R. There is an exact sequence
0-M-—->I5F—o0,

where [ is injective. By assumption, there is a special A—precover p of F

0-B—ALF—O0.



Consider the pullback of 7 and p:

0 0
M _—— M
0 B P I 0
| "
0 B AL F 0
0 0.

Since B, I € B, also P € B. So the left—hand vertical exact sequence is a special
B-preenvelope of M.
(b) implies (a): by a dual argument. m

Lemma 1.17 also holds true when restricted to finitely generated modules
provided that injective envelopes of finitely generated modules are finitely gen-
erated (when R is an artin algebra, for example).

There is another case when cotorsion pairs tie up dual notions. First we
introduce the needed setting;:
For a module M, let

fn fn—l fl

p.o... I op Py, Py~ M 0
be a projective resolution of M. For each i < w, the module Im f; is called the
i-th syzygy of M in P. We denote by Q¢(M) the class of all the i-th syzygies
occurring in all projective resolutions of M.

Let m > 0. We will say that M is FP,,, provided that M has a projective
resolution P such that P, is finitely generated for each n < m. Obviously, M
is FPy, iff M is finitely generated, and M is FPq, iff M is finitely presented.
We will often deal with FPs—modules: these are the modules isomorphic to
P/F, where P is finitely generated and projective, and F is a finitely presented
submodule of P.

Note that if R is a right coherent ring and M is finitely presented, then M
is FP,, for all n > 0. If R is right coherent and M is finitely presented, then we
will consider only projective resolutions consisting of finitely presented modules
— in particular, all syzygies of M will be finitely presented.

For any ring R, we denote by mod—R the class of all modules possessing a
projective resolution consisting of finitely generated modules. (mod—R coincides
with the class of all modules M that are FP,,, for all m < w — see [29, VIIL.4]).

Given an injective coresolution of M,

~ g g 9n—1 g In+1
3:0 M2 qy 2 I

the module Im g; is called the i—th cosyzygy of M in J. We will denote by Q~*(M)
the class of all the i—th cosyzygies occurring in all injective coresolutions of M.
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Let C C Mod-R. For an integer 4, define Q*(C) = (J,;cc 2'(M).

We will often use the so called dimension shifting, that is, the computation
of the Ext—groups using syzygies and/or cosyzygies of modules as follows:

Ext’ (M, N) = Exth(Q"" (M), N) = Exth(M, Q" 1(N))
for all M, N € Mod-R and n > 1. Similarly,

Tor®(M, N) = Tor®(Q"~Y(M), N) = Torf (M, Q" ~1(N))
for all M € Mod-R, N € R-Mod and n > 1.

Definition 1.18. Let R be a ring and C be a class of modules.

(i) C is resolving, provided that C is closed under extensions, Py C C, and
A € C, whenever 0 - A — B — C — 0 is a short exact sequence such
that B,C € C.

(ii) C is coresolving, provided that C is closed under extensions, Zy C C, and
C € C, whenever 0 - A — B — C' — 0 is a short exact sequence such
that A,B e C.

(iii) C is syzygy closed, provided that Q'(C) C C (and hence Q(C) C C for all
i <w).

(iv) C is cosyzygy closed, provided that Q~1(C) C C (and hence Q(C) C C for
all i < w).

(v) Let 1 <n < w. Define
Ctn = KerExt}(C,—) = {N € Mod-R | Ext},(C,N)=0VC €C},
+nC = Ker Exti(—,C) = {N € Mod-R | Ext}(N,C) =0 VC €C}.
In particular, Ct* = Ct+ and +1C = +C. Moreover, we define

Cle = Mi<n<w chn,
toel = MNi<n<w tnC.
We record a couple of easy properties of the notions defined above:
Lemma 1.19. Let R be a ring and C be a class of modules.
(a) The class ~>=C is resolving, and C*+> coresolving.

(b) Any resolving class is syzygy closed; any coresolving class is cosyzygy
closed.

(c) Leti < w. IfC is syzygy closed, then so is Q' (C). If C is cosyzygy closed,
then so is Q7¢(C).

(d) Let k <i<w. Then Cti = (QF(C))+i-* and +iC = Li-+(Q7F(C)).

For example, the classes Py and FL are always resolving. 7F is resolving,
provided that Torf(M, Rr) = 0 for each 7 € R and each torsion-free module
M. In particular, 7 F is resolving when R is a commutative domain.

11



Lemma 1.20. Let R be a ring and C = (A, B) be a cotorsion pair. Then the
following assertions are equivalent:

(a) A is resolving;

(b) B is coresolving;

(c) Exto(A,B) =0 foralli>1, Ac A and B € B.
In this case, the cotorsion pair € is called hereditary.

Proof. (a) implies (c¢) and (b): let 0 - C — P — A — 0 be an exact
sequence with A € A4 and P € Py. By the premise, C € A. Let B € 5. Applying
Hompg(—, B), we get the exact sequence 0 = Extg(C,B) — Ext%(A,B) —
Ext% (P, B) = 0. By induction, we get (c).

In order to prove (b), we take an exact sequence 0 - E — F — G — 0
with E,F € B. Consider A € A. Applying Homg(A, —), we get the exact
sequence 0 = Exth(A, F) — Exth(A,G) — Ext%(A, E) = 0. This proves that
Ge At =B.

(b) implies (¢): by a dual argument.

(c) implies (a): let 0 = E — D — C — 0 be an exact sequence of modules
such that C, D € A. Take B € B and apply Homg(—, B). Then the sequence
0 = Exty(D, B) — ExtR(FE, B) — Ext®(C, B) = 0 is exact, whence £ € A. =

An easy consequence of the two lemmas above says that in certain cases we
need not distinguish between 1 and | ..:

Corollary 1.21. Let R be a ring and C be a class of modules.

(a) Assume that C is syzygy closed. Then C+ = Ct= is coresolving and
L(Cct) = Lo (Ct=) is resolving. The cotorsion pair generated by C is
hereditary.

(b) Assume that C is cosyzygy closed. Then +C = ‘>C is resolving and
(+C)*+ = (+=C)*t= is coresolving. The cotorsion pair cogenerated by C
is hereditary.

In the sequel, we will prove that almost all cotorsion pairs are complete, so
they provide for approximations. In some cases minimal approximations exist,
that is, the cotorsion pairs are perfect in the sense of the following definition:

Definition 1.22. Let R be a ring, and € = (A, B) be a cotorsion pair.

(i) € is called perfect, provided that A is a covering class and B is an envelop-
ing class.

(ii) € is called closed, provided that A = @A, that is, the class A is closed
under forming direct limits.

The term “perfect” comes from the classical result of Bass characterizing
right perfect rings by the property that the cotorsion pair P = (Py, Mod—R)
is perfect (cf. [2, §28]).
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Clearly, any perfect cotorsion pair is complete. The converse fails in general:
for example, Py is complete for any ring. Numerous examples of perfect and/or
complete cotorsion pairs will appear in the sequel.

In order to prove the existence of minimal approximations, we will often use
the following version of a result due to Enochs and Xu [79, §2.2]:

Theorem 1.23. Let R be a ring and M be a module. Let C be a class of
modules closed under extensions and direct limits. Assume that M has a special
Ct —preenvelope v with Cokerv € C. Then M has a C+—envelope.

Proof. By an ad hoc notation, we will call an exact sequence 0 — M —
F — C — 0with C € C an Ext-generator, provided that for each exact sequence
0> M — F' - C" — 0 with ¢" € C there exist f € Homg(F',F) and
g € Homp(C’, C) such that the diagram

0 M F c 0
Il
0 M F c 0

is commutative. By assumption, there exists an Ext—generator with the middle
term F' € C*. The proof is divided into three steps:

Lemma 1.24. Assume 0 — M — F — C — 0 is an Ezt—generator. Then there
exist an Ert-generator 0 — M — F' — C' — 0 and a commutative diagram

0 M F c 0
I
0 M P o 0

such that Ker(f) = Ker(f'f) holds in any commutative diagram whose rows are
Ext-generators:

0 M F 0
N

0 M P ' 0
S

0 M P c 0.

Proof. Assume that the assertion does not hold. By induction, we will
construct a direct system of Ext—generators indexed by ordinals as follows:
First let the second row be the same as the first one, that is, put F/ = Fy = F,
C'"=Cy=0C, f =idr and g = idgc. Then there exist F; = F", C; = C”,
fio = [/ and ¢19 = ¢’ such that the diagram above commutes, its rows are
Ext—generators and Ker f19 2 Ker f = 0.

Assume that the Ext—generator 0 — M — F,, — C, — 0 is defined together
with fog € Hompg(F3s, Fy) and gop € Homp(Cs, Cy) for all § < a. Then there
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exist Fot1, Cat1 €C, fat+1,a and ga41,o such that the diagram

0 M F, c, —— 0
| ]
0 M Foia Cot1 —— 0

commutes, its rows are Ext—generators and Ker fo11,0 2 Ker fo0, where fo11,58 =
Jo+1,afap and gat1,8 = Ga+1,a9ap for all § < a.

If « is a limit ordinal, put F, = h_n)1ﬁ<a Fg and C, = li_n)15<a Cp. Consider
the direct limit 0 - M — F, — C, — 0 of the Ext—generators 0 — M —
Fg — Cs — 0, (B < «). Since C is closed under direct limits, we have C, € C.
Since 0 — M — Fg — Cg — 0 is an Ext-generator for (some) § < «, also
0— M — F, — C, — 0is an Ext—generator.

Put fog = h—n>16§B'<a forp and gop = hi%gﬁf<a ggp for all 3 < a. Then
Ker(fao0) 2 Ker(fgo), and hence Ker(fa0) 2 Ker(fgo), for each § < a.

By induction, for each o we obtain a strictly increasing chain (Ker fgo | 8 <
), consisting of submodules of F', a contradiction. m

Lemma 1.25. Assume0 — M — F — C — 0 is an Ext—-generator. Then there
exist an Ext-generator 0 — M — F' — C' — 0 and a commutative diagram

0 M F C 0
|l
0 M F C’ 0

such that Ker(f’) = 0 in any commutative diagram whose rows are Ext—genera-
tors:

0 M F c’ 0
Il
0 M F" ol 0.

Proof. By induction on n < w, we infer from Lemma 1.24 that there is a
countable direct system D of Ext-generators 0 — M — F,, — C, — 0 with
homomorphisms f,+1,, € Homg(F,, Fri1), gnt1,n € Homp(Ch, Cry1), such
that the 0—th term of D is the given Ext—generator 0 - M — F — C' — 0,

0 M F, ¢, ——0
| ]
0 M Fon Cpy1 — 0
is commutative, and for each commutative diagram
0 M Fri1 Chy1 —— 0
|
0 M F cC ——0

whose rows are Ext-generators, we have Ker(f,11.,) = Ker(ffui1.n)-
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Consider the direct limit 0 - M — F' — C' — 0 of D, so F' = li_n)1n<w F,
and ¢/ = h_n>1n<w C,,. Since C is closed under direct limits, we have C' € C,
and 0 - M — F' — " — 0 is an Ext—generator. It is easy to check that this

generator has the required injectivity property. m

s

Lemma 1.26. Let 0 - M = F' 5 C' — 0 be the Ext-generator constructed
in Lemma 1.25. Then v : M — F’ is a C+—envelope of M.

Proof. First we prove that in each commutative diagram

0 M F c 0
ol
0 M F c 0

f' is an automorphism.

Assume this is not true. By induction, we construct a direct system of Ext—
generators, 0 - M — F, — C, — 0, indexed by ordinals, with injective,
but not surjective, homomorphisms f,g € Homp(Fs, Fo) (8 < o). In view of
Lemma 1.25, we take

0O-M-—-F,—-C,—0=0-MLF 50 =0

in case a = 0 or a non-limit, and F, =lim Fjg, and C = lim Cp if o is a limit
ordinal. Then for each non-limit ordinal o, (Im f,g | 8 non-limit, 3 < «) is a
strictly increasing sequence of submodules of F’, a contradiction.

It remains to prove that F’ € C*. Consider an exact sequence 0 — F’ £,
X — C — 0, where C' € C. We will prove that this sequence splits.
Consider the pushout of 7 and p:

0 0
0 M2 F T, 0
I
0 M X P 0
C C
0 0.

Since C is closed under extensions, we have P € C. Since0 - M = F' 5 ¢’ —

0 is an Ext—generator, we also have a commutative diagram

0 M X P 0
— |
0 M~ F I 0.
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By the first part of the proof, /' is an automorphism of F’. It follows that
0— F' % X - C —0splits. =

Theorem 1.27. Let R be a ring, M be a module, and C be a class of modules
closed under direct limits. Assume that M has a C—precover. Then M has a
C—cover.

Proof. The proof is by a construction of precovers with additional injectiv-
ity properties. The three steps are analogous to Lemmas 1.24 - 1.26 (see [79,
§2.2]). =m

Corollary 1.28. Let € = (A, B) be a complete and closed cotorsion pair. Then
¢ is perfect.

Proof. By Theorems 1.23 and 1.27. =

Our next goal is to show that complete cotorsion pairs are abundant. We
will prove that any cotorsion pair generated by a set of modules is complete, and
any cotorsion pair cogenerated by a class of pure—injective modules is perfect.

Definition 1.29.

(i) Let u be an ordinal and A = (A, | @ < u) be a (well-ordered) sequence of
modules. Then A is called a continuous chain of modules provided that
Ag=0,A, C Ayyq forall @ < p, and A, = U6<a Apg for all limit ordinals
a < u.

(ii) Let M be a module and C be a class of modules. M is Cfiltered provided
that there are an ordinal x and a continuous chain of submodules of M,
(M, | @ < k), such that M = M,, and each of the modules M,1/M,
(o < k) is isomorphic to an element of C. The chain (M, | o < k) is called
a C—filtration of M. If k is finite, then M is said to be finitely C—filtered.

(iii) Similarly, we define continuous direct systems of exact sequences for well—
ordered direct systems of short exact sequences of modules.

For example, if C = simp R, then the C—filtered modules coincide with the
semiartinian modules, while the finitely C—filtered modules are exactly the mod-
ules of finite length.

The following lemma gives an important sufficient condition for the vanishing
of Ext.

Lemma 1.30. Let N be a module, and M be a +N filtered module. Then
Me+N.

Proof. Let (M, | a < k) be a +N-filtration of M. So Exty(My, N) = 0
and, for each a < K, Exth(Mgy11/Ma, N) = 0. We will prove Exty (M, N) = 0.

By induction on o < s we will prove that Ext}(M,, N) = 0. This is clear
for « = 0.

The exact sequence

0 = Exth(Myy1/My, N) — Exth(Myi1, N) — Exth(M,, N) =0
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proves the induction step.

Assume a < £ is a limit ordinal. Let 0 — N — I =5 I/N — 0 be an exact se-
quence with I an injective module. In order to prove that Ext};i(Ma, N) =0, we
show that the abelian group homomorphism Hompg(M,,7) : Homg(My, I) —
Homp(M,,I/N) is surjective.

Let ¢ € Homp(M,,I/N). By induction we define 3 € Homp(Mgs,I),
B < a, so that ¢ | Mg = mipg and g | M, =1, forall y < § < a.

First define M_; = 0 and ¢_; = 0. If 93 is already defined, the injectiv-
ity of I yields the existence of n € Homp(Mp41,I) such that n | Mg = 3.
Put § = ¢ | Mgy1 — m € Homp(Mpy1,I/N). Then 6 | Mg = 0. Since
Extp(Mgy1/Mg, N) = 0, there is ¢ € Hompg(Mgy1,I) such that ¢ | Mg = 0
and me = 6. Put ¥311 =n+ e Then ¢gi1 [ Mg = g and mipg1 =+ 0 =
@ [ Mgy1. For alimit ordinal 8 < «, put 93 = U7<B Uy

Finally, put 9, = U,6‘<a 1z. By the construction, m), = ¢
The claim is just the case of a = k. =

There is a version of Lemma 1.30 for Tor. Before proving it, we recall the
well-known relations between the functors Ext and Tor:

Lemma 1.31. Let R and S be rings and let A be a module.

(a) Let B € R-Mod-S and C € Mod-S. Then there is a natural (= functorial
in each variable) isomorphism

HomR(A,HomS(B,C)) = HOms(A KSR B,C)

(b) Let n < w, B € R-Mod-S, and let C be an injective right S—module.
Then
Ext}(A, Homs (B, €)) 2 Homg(Tor, (A, B), C).

(c) Assume A is finitely presented. Let B € S-Mod—R and C' an injective left
S-module. Then there is a natural isomorphism

A ®g Homg(B,C) =2 Homg(Hompg (A, B),C).

(d) Letm < w. Assume A has a projective resolution ... — P, — ... — Py —
A — 0 such that P; is finitely generated for each i < m+1. Moreover, let
B € S-Mod—R and C an injective left S—module. Then

TorZR(A, Homg(B,(C)) = Homs(Ext}(A, B),C)
for each i < m.

Corollary 1.32. Let N be a left R—module, and M be a TN —filtered module.
Then M € TN.

Proof. By Lemmas 1.31 (b) and 1.30. =

Another immediate consequence of Lemma 1.30 is

Lemma 1.33. Let n < w and let M be a module. Assume M is P, —filtered.
Then M € P,.
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Proof. By dimension shifting we have M € P,, iff M € +S,,, where S,, =
{Q"(N) | N € Mod-R}. The claim now follows from Lemma 1.30. =

If M is finitely presented, then the covariant functor Hompg (M, —) commutes
with direct limits. This extends to the covariant Ext functor as follows:

Lemma 1.34. Let R be a ring, n > 0 and M be an FP,+1-module (for example,
let R be right coherent and M finitely presented). Let {Nu, fga | < S € I} be
a direct system of modules. Then for alli <n

Exty (M, lim No) & lim Extjp(M, Ny .
acl acl

Proof. Well-known (see e.g. [40, §10]) =

There is a dual result for the contravariant Ext functors (for its proof, we
refer to [46]):

Lemma 1.35. Let R be a ring and M be a pure—injective module. Let { Ny, fga |
a < B eI} be a direct system of modules. Then for each n > 0,

Extf(lim No, M) = lim Ext},(No, M) .
acl acl

Lemma 1.34 has an immediate corollary:

Corollary 1.36. Let R be a right noetherian ring and m < w. Then the class
T 8 closed under direct limits.

Proof. First let m = 0. By assumption, any cyclic module is finitely pre-
sented, so the Baer Criterion and Lemma 1.34 for n = 1 show that Z; is closed
under direct limits. For right noetherian rings, all syzygies of a finitely pre-
sented module can be taken finitely presented. So the result for n > 0 follows
by dimension shifting. =

Now we introduce the notion of a definable class of modules:

Definition 1.37. Let C be a class of modules. Then C is definable, provided
that C is closed under direct limits, direct products and pure submodules.

The term definable comes from the fact that the modules in C are axioma-
tized by particular formulas of the first order language of the theory of modules
(see e.g. [56]).

Any definable class C is completely determined by its pure—injective ele-
ments:

Lemma 1.38. Let R be a ring, M a module and C a definable class of modules.
Then M € C, iff PE(M) €C.

Proof. Assume M € C. Since M is elementarily equivalent to PE(M) (see
[56]), PE(M) is a direct summand in an ultrapower U of M. However, any
ultrapower is isomorphic to a direct limit of direct products of copies of M. So
U € C, and hence PE(M) € C.

Since M is a pure submodule in PE(M), the reverse implication is clear. m
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By a result of Ziegler, any pure—injective module is elementarily equivalent to
a pure—injective hull of a direct sum of indecomposable pure—injective modules.
So definable classes are completely characterized by their indecomposable pure—
injective elements. For more on the model-theoretic and functor—categorical
approach to definable classes we refer to [34] and [56].

We will often work with the following example of a definable class:

Example 1.39. Let R be a ring and C be a class of FPos—modules. Then the
class C* is definable. Indeed, since C consists of finitely presented modules, C*+
is closed under pure submodules (and, obviously, under direct products). By
Lemma 1.34, C* is closed under direct limits.

The following theorem shows that complete cotorsion pairs are abundant:

Theorem 1.40. Let S be a set of modules.
(a) Let M be a module. Then there is a short exact sequence
0—-M—P—N—Q0,

where P € St and N is S—filtered. In particular, M — P is a special
S+t —preenvelope of M.

(b) The cotorsion pair (+(S+t),S*t) is complete.

Proof. (a) Put X = @g.gS. Then X+ =S+, So w.lo.g., we assume that
S consists of a single module S.

Let 0 » K % F — S — 0 be a short exact sequence with F' a free module.
Let A be an infinite regular cardinal such that K is < A—generated.

By induction we define an increasing chain (P, | o < ) as follows:
First let Py = M. For a < A, choose the index set I, = Hompg (K, P,). We
define p, as the direct sum of I, copies of the homomorphism g, i.e.

fro = pe) € Homp (K Ue)| ey,

Then p, is a monomorphism, and Coker y,, is isomorphic to a direct sum
of copies of S. Let ¢, € Hompg(K ), P,) be the canonical morphism. Note
that for each n € I, there exist canonical embeddings v, € Hompg (K, K (o))
and v, € Hompg(F, FU)) such that n = a1, and Vpht = flaVp-

Now P,y is defined via the pushout of p, and ¢:

K(Ia) L} F(Ia)

S
Pa ; Pa+1-

If & < M is a limit ordinal, we put P, = U/3<a Pg, so the chain is continuous.
Put P =, Pa-

We will prove that v : M < P is a special S*—preenvelope of M.
First we prove that P € S*. Since F is projective, we are left to show that any
¢ € Hompg (K, P) factors through p:
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Since K is < A-generated, there are an index a@ < A and n € I,, such that
o(k) = n(k) for all k € K. The pushout square gives Y fta = Oaa, Where o,
denotes the inclusion of P, into P,y1. Altogether we have 'LZJQI/%/J = Yallaly =
TaPaly = 0qn. It follows that ¢ = ¢'u, where ¢’ € Hompg(F, P) is defined by
Y'(f) = thavy(f) for all f € F. This proves that P € S*.

It remains to prove that N = P/M € +(S*). By construction, N is the
union of the continuous chain (N, | @ < A), where N, = P, /M.

Since P,y1/P, is isomorphic to a direct sum of copies of S by the pushout
construction, so is Nyy1/Ng = Pay1/P,. Since S € +(S+), Lemma 1.30 shows
that N € +(S4).

(b) follows by part (a) (cf. Lemma 1.17). =

Any cotorsion pair generated by a set of modules S is also generated by
the single module M = @g.5S. So the following corollary of Theorem 1.40
provides a characterization of the (complete) cotorsion pairs generated by sets
of modules:

Corollary 1.41. Let M be a module. Denote by Zp; the class of all modules
Z such that there is an exact sequence 0 — F — Z — G — 0, where F is free
and G is {M}filtered. Let € = (A, B) be a cotorsion pair. The following are
equivalent

(a) € is generated by M (that is, B= M™1).

(b) A consists of all direct summands of elements of Zp (and for each A € A,
there are Z € Zyr and C € K¢ such that A® C = 7).

Proof. (a) implies (b): by assumption, B = M*. Take A € A and let
0 — N F — A — 0 be a short exact sequence with F free. By Theorem
1.40 (a), there is a special B—preenvelope, v : N < C of N such that G = C/N
is {M}iltered. Let (Go | @ < X) be an {M }iltration of G. Consider the
pushout of p and v:

h Z «— o

O — Q — Q —
3

S — Q— Né— g — o
b
S

The second column gives Z € Zj;. The second row splits since C € B and
Ae A so A® C = Z. Finally, since F,G € A, we have Z € A, so C € K¢.
(b) implies (a): by Lemma 1.30, M+ = At =B. =
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Corollary 1.42. Let S be a set of modules containing R. Then the class +(S*)
consists of all direct summands of S—filtered modules.

Proof. By Corollary 1.41 and Lemma 1.30. =

In general, we cannot omit the term “direct summands” in Corollary 1.42.
For example, if S = {R}, then +(S+) = P, is the class of all projective modules
while S—filtered modules coincide with the free modules. There is, however, a
way of getting rid of direct summands on the account of enlarging the set S (see
Theorem 2.20 below).

We will see that many cotorsion pairs satisfy the equivalent conditions of
Corollary 1.41. Nevertheless, this is not always the case: it is consistent with
ZFC 4+ GCH that there exist cotorsion pairs not generated by any set of modules
(see [37] and [75]).

Assume that S is a module satisfying Extk(S, S*)) = 0 for all cardinals .
Then all {S}filtered modules are isomorphic to direct sums of copies of S. So
the short exact sequence induced by the special S--—preenvelope from Theorem

1.40 (a) takes the form 0 — M S, P — 8™ 0 for a cardinal A. This can be
proved more directly, using an idea of Bongartz [28]:

Lemma 1.43. Let R and S be rings, A be a right R—module and B be an S-
R—-bimodule. Let A be the minimal number of generators of the right S—module
Extp(B, A). Assume that Exty(B, BN) = 0. Then there exists a module C
satisfying

(a) BExtk(B,C) =0, and
(b) there is an ezact sequence 0 — A X5 ¢ — BN — 0 in Mod-R.

In particular, i is a special B+ —preenvelope of A.

Proof. Consider a set of extensions

& 0 A—FE,—B—0

such that the equivalence classes of all &, (o < \) generate Extk(B, A) as a
right S—module. Let

E:0—-A—-CZ BYM 0
be the extension obtained by pushing out the direct sum extension

D : O—>A(>‘)—>®ZEQ—>B(’\)—>O
a<A

along the summation map Y4 : AX — A defined by La((an | @ < ) =

Za<)\ Qo

Consider the long exact sequence

.. — Homp(B, A) — Homp(B,C) — Homp (B, BV) > Exth(B, A) —

~ Exth(B,0) TP Bl (B, BV =0 — ...
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induced by £. Since equivalence classes of the extensions £, generate the right
S-module Exty(B, A), the connecting S—homomorphism ¢ is surjective. So the
S-homomorphism Extk(B,7) is monic, and Exth(B,C) =0. m

Next we prove that cotorsion pairs cogenerated by classes of pure—injective
modules are complete and closed, hence they are perfect. We will follow the
approach of [39], that is, we will prove the result by an application of Theorem
1.40.

Definition 1.44. For any module A and any cardinal k, a k—refinement of A
(of length o) is a continuous chain of modules, (4, | « < o), consisting of pure
submodules of A such that A, = A and |Ay+1/4a] < & for all a < o.

Now, we recall without proof several easy and well-known properties of pure
embeddings:

Lemma 1.45. Let A > |R| + Ng.

(a) Let M be a module and X a subset of M with |X| < X\. Then there is a
pure submodule N C, M such that X C N and |N| < A.

(b) Assume C C BC A, C C, A and B/C C, A/C. Then B C, A.
(¢) IfAC, B and BC, C, then AC, C.

(d) Assume Ag C --- C Ay C Ant1 C ... is a chain of pure submodules of
M. Then |, Aq is a pure submodule of M.

The next lemma shows the role of the x-refinements:

Lemma 1.46. Let k = |R|+Ng. Let € = (A, B) be a cotorsion pair cogenerated
by a class C C PI. Then the following are equivalent.

(a) Ae A

(b) There is a cardinal X such that A has a k-refinement (As | @ < X) with
Aat1/Aq € A for all a < .

Proof. (a) implies (b): if |A| <k, welet A=1, Ag =0 and A; = A. So we
can assume that |A| > x. Let A = |A|. Then A = F/K, where F = R™ is a free
module. We enumerate the elements of F' in a A-sequence: F' = {z, | a < A}.
By induction on «, we will define a sequence (A, | & < A) so that for all & < A,
A, is pure in A and belongs to +C. Since each C € C is pure-injective, it will
follow from the long exact sequence induced by

0— Ay — Aa+1 - Aa—i—l/Aa —0

that Ag41/A0 € A for all a < A.

A, will be constructed so that it equals (RU) + K)/K for some I, C A
such that RU«) N K is pure in K. Let Ag = 0. Assume Apg has been defined for
all B < 0. Suppose first that ¢ = a + 1. By induction on n < w we will define
an increasing chain Fy C F; C ... and then put Aoq1 = U, (Fr + K)/K.
We require that |F,,1/F,| < & for all n < w, and furthermore: for n odd, that
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(F, +K)/K is pure in F/K; for n even, that F,, = R(/») for some .J,, D J,,_3 D
-+ DJoand F, D K|, DK 52 -+ 2D K| where F;, 1N K C K/ C, K.
(Roughly speaking, the condition for n odd will take care of the purity of A,+1
in A, while the condition for n even of A,41 € J-C.)

First put F_q = Fy = RY*) and let J, = I, and K} = RUe) N K. Assume
F,_1 has been constructed and n is odd. By Lemma 1.45 (a), there is a pure
submodule (F,,+ K)/(F,—2+K) Ci F/(F,,—2+K) of cardinality < x containing
(xoR+F,_1+K)/(F,—2+K). Moreover, we can choose F,, so that |F,,/F,_1| <
k. By Lemma 1.45 (b), (F,, + K)/K is pure in F/K.

Assume n > 0 is even. We first define K : by Lemma 1.45 (a), we find a
pure submodule K}, /K], _, C, K/K] _, of cardinality < k containing (F,_1 N
K)/K] _,. This is possible, since K/, o 2 F,,_3NK and (F,_1NK)/(F,—3NK)
embeds in F,,_1/F, _3, so it has cardinality < k. By Lemma 1.45 (b), we have
K/ C. K.

We can choose .J,, C A such that |J,, — J, | < s and F,_; + K/, C RUr) =
F,. This is possible, since |(F,,—1 + K},)/Fn—2| < k; indeed, we have the exact
sequence

0— anl/Fn72 - (anl +K7/1)/Fn72 - (anl +K71L>/Fn71 - 07

and (Fr,—1 + K))/Fn-1 = K], /(F,—1 N K) has cardinality < &, because it is a
homomorphic image of K/, /K/ _,.

Now define A1 = U, o,(Fn + K)/K and Io41 =
1.45 (d), Aay1 Cu A. Clearly |Agt1/44] < k.

We have Anq1 = F'/K’, where F' = J,,., 2, and K' = F' N K. Also,
F' = RUat1) s free, and K' = |, Kb, (= U, <., Fon N K) is pure in K by
construction and Lemma 1.45 (d).

Let C € C. In order to prove that Ext(Aqy1,C) = 0, we have to extend
any f € Hom(K’,C) to an element of Hom(F’,C). First f extends to K, since
K' C, K and C is pure-injective. By the assumption (a), we can extend further
to F, and then restrict to F”.

Finally, if 0 < X is a limit ordinal, let A, = U5<a Ap. Then A, has the
desired properties by Lemma 1.30 and Lemma 1.45 (d).

(b) implies (a): by Lemma 1.30. m

Jon. By Lemma

n<w

Lemma 1.47. Let R be a ring, k be a cardinal and (A,B) a cotorsion pair.
Assume that each A € A is a union of a continuous chain, (A, | o < o) of
submodules of A such that Aq+1/Aa € A and |Agy1/A0| <k, foralla+1<o.
Let S be a representative set of those elements of A which have cardinality < k.
Then B = S+.

Proof. Clearly B C S*. Conversely, take N € S+. Let A € A. By
assumption, and by the choice of S, Extp(Aas1/Aq, N) =0 for all a < . By
Lemma 1.30, Ext(4,N) =0,s0 N € B,and B=8*. =

Theorem 1.48. Let (A, B) be the cotorsion pair cogenerated by a class C C PI.
Then €¢ is complete, closed, and hence perfect.

Proof. Let k = |R| + Ng. Denote by S the direct sum of a representative
set of the class {4 € Mod-R | |A| < k and Ext(A,C) = 0}.
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By Lemma 1.46, each A € A has a k-refinement (A, | « < A\). By Lemma
1.47, € is generated by a set, so €¢ is a complete cotorsion pair by Theorem
1.40 (b).

Let C be a pure-injective module. By Lemma 1.35, -C' is closed under direct
limits. It follows that the cotorsion pair €¢ is closed. Finally, €¢ is perfect by
Corollary 1.28. =

Theorem 1.48 can be extended to higher Ext—orthogonal classes with the
help of the following result due to Auslander:

Lemma 1.49. Let R be a ring. Then the class PZL is cosyzygy closed.

Proof. Let
0-PLESF—0 (1.1)

be a short exact sequence, where P is pure-injective and E = E(P) is the
injective hull of P. We prove that F' is pure—injective. Then any cosyzygy
module of P is isomorphic to F' @ I, where [ is injective, so PZ is cosyzygy
closed.

Applying the functor (—)°¢ to (1.1), we get the following commutative dia-
gram

0 p -t . F T, F —0
np l ne l nr l
0 pee nee Ecc L Fee 07

where 7s are the evaluation monomorphisms. Since P is pure—injective, np
splits, so the exists p € Hompg (P, P) such that pnp = idp. Since E is injective,
there is 0 € Hompg(E*¢, E) with up = opcc. Then ongu = ounp = upnp = p.
Since p is minimal, ¢ = ong is an automorphism.

Denote by 7 € Hompg (F'°¢, F') the morphism induced by . Then wo = 77¢¢.
We will prove that ¥ = 7np is an automorphism.

Let f € F. Take e € E with w(e) = f. Then ¢(f) = vr(e) = rnnp(e) =
rongle) = mpe).

Since mwp is surjective, there is ¢/ € F with f = wp(e’). Then ¥(f') = f,
where f' = m(e). This proves that ¢ is surjective.

Assume that ¢(f) = 0. Then ¢(e) = u(p) for some p € P, and p(p) = ou(p).
Since ¢ is monic, we have e = u(p), so f = w(e) = 0. This shows that ¢ is
monic.

Finally, since v is an automorphism, np splits, and F' is pure-injective. =

Corollary 1.50. Let R be a ring and C be a pure—injective module. Then the
class +>=C is closed under pure submodules, pure—epimorphic images and direct
limats.

Proof. Let £ : 0 = X - Y — Z — 0 be a pure—exact sequence with
Y € t=C. Let C; be the i-th cosyzygy in some injective coresolution of C.
By Lemma 1.49, C; is pure-injective for each i < w. Since Y € +C; and & is
pure-exact, we have Z € +C;. So +>=C is closed under pure-epimorphic images.
By Lemma 1.35, +>=( is also closed under direct limits.

Finally, from the long exact sequence

. — 0 — Ext}h(X,0) — Ext}™(Z,0) - 0 — ...
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we infer that TeC is closed under pure submodules. m

Corollary 1.51. Let R be a ring, 0 < n < w, and let C be a class of pure—
injective modules. Then the cotorsion pairs (17C, (17C)*) and (+=C, (+=C)1)
are perfect.

Proof. By Theorem 1.48 and Lemma 1.49. =

There is an analogue of Lemma 1.46 for the Tor—bifunctor:

Lemma 1.52. Let C be any class of left R—modules. Let k = |R| + Yg. The
following conditions are equivalent for any module A:

(a) AeTC.

(b) There is a cardinal X such that A has a k—refinement (Ay | a < A) such
that Apt1/Aa € TC for all a < M.

Proof. Put P ={C¢|C € C}. Then P is a class of pure-injective modules
and +P = TC by Lemma 1.14. So the assertion follows from Lemma 1.46. =

Corollary 1.53. Let R be a ring. Let k = |R| + Rq. Then |Lryo.| < 227,

Proof. Let S be a representative set of the class of all modules of cardinality
< k. Clearly |S| < 2% . Let (A, B) be a Tor—pair. By Lemmas 1.52 and 1.32,
there is a subset 7 C S such that 77 = B. It follows that |Lr| < 22"

Theorem 1.54.
(a) Let C be any class of left R—modules. Then every module has a TC—cover.

(b) Let D be any class consisting of character modules (of left R—modules).
Then every module has a ~D—cover.

Proof. (a) As above, we have A = TC = 1P, where P is a class of pure—
injective modules. Then every module has an A-—cover by Theorem 1.48.

(b) Since any character module is pure-injective, every module has a +D-
cover by Theorem 1.48. m

Example 1.55. Let R be an artin algebra over a commutative artinian ring
k. Let M be a class of finitely generated modules. Then every module has
a *M-—cover. Indeed, any finitely generated module M is isomorphic to M99,
Here (—)? denotes the standard duality Homy(—,I) where I = Pg E(S) and
S runs over all simple k—modules. So M is pure—injective, and Theorem 1.48
applies.

In view of the importance of the basic construction in Theorem 1.40, it is
natural to ask for its dualization. Unlike the direct limit functor, the inverse
limit one is not (right) exact in general.

Despite this problem, surprisingly, many results above do have their coun-
terparts in the dual setting. However, the dual of the basic construction holds
true only in a weaker form (for more details, see [76]). A complete dualization is
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not possible in ZFC: in [36], Eklof and Shelah proved that it is consistent with
ZFC + GCH that there is no +Z-precover of the group Q.

A complete dualization is however possible in particular cases. Here, we
present a dual of the Bongartz construction (see Lemma 1.43) following [73]:

Proposition 1.56. Let R and S be rings. Let A € S—-Mod-R and B € Mod—R.
Denote by X\ the number of generators of the left S—module Ext}%(B, A).
Assume that Exth(A>, A) = 0. Then there is a module C € Mod-R such that

(a) Exth(C,A) =0 and

there 1s an exact sequence 0 — — (U — B — 0 1n Mod—R.
b) there i 0—- A -C 5 B —0in Mod-R

In particular, ™ is a special + A-precover of B.

Proof. We choose extensions &, = 0 — A — E, % B — 0 (a < \)
so that their equivalence classes generate Exth(B, A) as a left S-module. Let

0 - A &% ¢ — B — 0 be the extension obtained by a pullback of the

direct product extension 0 — A* — I E M B = 0 and of Ap €

a<\ T
Hompg(B, B*) defined by Ag(b) = (b | @ < A). For each a < A, we have the

following commutative diagram:

I1 pa

0 A [Tocy Ea B 0
| e

0 A L C B 0
= d H

0 /e X, ‘. B 0,
H H

0 A E, L , B 0,

where o, is the a—th projection of B* to B, and the third row is obtained by
pushing out the second row along the a—th canonical projection 7, of A* onto
A. Using the a~th projection 7, of [],, ., Eo onto E, and the pushout property,
we get ¢ € Hompg(X,, F, ), making the lower left square commutative.

Since Im(f) = Ker(g), Im(h) + Ker(g) = Xo and gh = oo([[pa)T =
PallaT = paph, we infer that also the lower right square is commutative. This
means that the third and fourth rows are equivalent as extensions of A by B.

Consider the long exact sequence

0 — Hompg(B, A) — Hompg(C, A) — Homp(A*, A) 3

Exth (u,A)
-

Exth(B, A) — Exth(C, A) Extp(AY, A) =0

induced by Exts(—, A). Since equivalence classes of the extensions &, (o < \)
generate Ext}%(B, A), the commutative diagram constructed above shows that
the connecting S—homomorphism § is surjective. Hence the S—homomorphism
Ext}, (i, A) is a monomorphism. This proves that Exth(C, A) =0. =
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2 Deconstruction of cotorsion pairs

By Theorem 1.40, in order to prove that a cotorsion pair € = (A, B) is complete,
it suffices to show that € is generated by a set S C A. By Theorem 2.20 below,
¢ is generated by a set, if and only if there is a cardinal x such that each module
in A is AS"filtered. The process of finding .A<"filtrations for all modules in
A is called the deconstruction of the cotorsion pair €.

We will start with simple cases of deconstruction that yield approximations
in various classes of modules of finite homological dimension.

Then we will proceed with one of the basic general tools of deconstruction,
the Hill Lemma. It will be used together with other set—theoretic methods to
prove that natural closure properties of the classes A and B already imply com-
pleteness of the cotorsion pair €. These results will be crucial for characterizing
tilting and cotilting cotorsion pairs in chapter 3.

We start with a proof of the Enochs conjecture saying that any module
over any ring has a flat cover. We will also generalize Enochs’ construction of
torsion—free covers of modules over commutative domains. Both of these results
are straightforward consequences of Theorem 1.48 (which in turn is based on
the deconstruction Lemma 1.46):

Theorem 2.1. Let R be a ring.

(a) The Enochs cotorsion pair (FL,EC) is perfect and hereditary. In particu-
lar, every module has a flat cover and an Enochs cotorsion envelope.

(b) The Warfield cotorsion pair (TF,RC) is perfect. In particular, every
module has a torsion—free cover and a Warfield cotorsion envelope.

Proof. We have FL = +PZ, and TF = D, where
D={N°|N=R/Rr andr € R} CPT

(see Lemma 1.14). So Theorem 1.48 applies to the cotorsion pairs (FL,EC)
and (7 F,RC), respectively. The Enochs cotorsion pair is hereditary by Lemma
1.20. =

Example 2.2. Let R be a domain. For any module M, Warfield constructed
the cotorsion hull of M, that is, an overmodule M of M such that M € RC,
M/M € TF, and M is a torsion—free essential submodule in M (that is, there
is no non—zero submodule K in M such that M N K = 0 and M /(K + M)
is torsion—free, cf. [44, XII1.8]). Letting C = RC, we see that the sequence
E:0— M — M — M/M — 0 is an Ext-generator in the sense of Theorem
1.23. The torsion—free essentiality implies that £ has the property as in Lemma
1.25, so by Lemma 1.26, the RC—envelope of M coincides with the inclusion
M — M.

Since FL = Fy, it is natural to consider next the classes F,, of all modules
of flat dimension < n:

Theorem 2.3. Let R be a ring and n > 0. Then the cotorsion pair (Fp, (Fn)b)
is perfect and hereditary.
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Proof. If M, N € Mod-R and n > 0, then we have
Torf, | (M, N) = Tor{/(Q"(M),N).

Since Fy = PI, we infer that F, = +C, where C, is the class of all n-th
cosyzygies of all pure-injective modules. By Lemma 1.49, C,, C PZ, so Theorem
1.48 applies. Since F, is resolving, (F,, (F,)*) is hereditary by Lemma 1.20.

Another straightforward consequence of the general theory is the existence
of special divisible and fp—injective preenvelopes of modules:

Definition 2.4. Let R be a ring and M be a module.

(i) M is fp-injective, provided that Exth(F, M) = 0 for each finitely presented
module F'. The class of all fp—injective modules is denoted by FZ. The
two extreme cases are the following: R is right noetherian, iff fp-injectivity
coincides with injectivity; and R is von Neumann regular, iff all modules
are fp—injective (cf. [2]).

M is divisible, provided that Ext}%(F , M) = 0 for each cyclically presented
module F, that is, Exty(R/rR, M) = 0 for each » € R. The class of all
divisible modules is denoted by DZ.

(ii) M is cp—filtered, (fp—filtered, provided that M is Cfiltered where C is the
class of all cyclically presented (finitely presented) modules. Denote by
CF (FF) the class of all cpfiltered (fp-filtered) modules.

(iii) Further, denote by CS (FS) the class of all direct summands of cp—filtered
(fp—filtered) modules.

Sometimes fp—-injective modules are called absolutely pure, because of the
following characterization:

Lemma 2.5. Let R be a ring and M be a module. Then M is fp—injective, if
and only if any embedding M C N 1is pure.

Proof. Assume M is fp-injective and v : M <— N. Let F be any finitely
presented module. Since Exty(F, M) = 0, the map Homp(F,v) is surjective.
So v is a pure embedding.

Conversely, let F' be finitely presented and consider the exact sequence 0 —
M — N 5 F — 0. Since M is pure in N, the identity map idp factors through
7. It follows that the sequence splits, so Ext}%(F, M)=0. =

Clearly Zy C FZ C DI and CS C FS for any ring R. By Lemma 1.33,
we have C§ C P;, when R is a domain. Moreover, C§ = P; for any valuation
domain by a result of Fuchs (see [44, VI.6]).

Theorem 2.6. Let R be a ring.

(a) (CS,DI) is a complete cotorsion pair. In particular, every module has
a special divisible preenvelope. For any module M, there exist divisible
modules D and D', cp—filtered modules C' and C’, and two exact sequences
0—-M—-D—-C—-0and0—-D —-C"— M — 0.
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(b) (FS,FI) is a complete cotorsion pair. In particular, every module has a
special fp—injective preenvelope. For any module M, there exist fp—injective
modules I and I', fp—filtered modules F' and F’, and two exact sequences
0—-M—-I—-F—-0ad0—1 —-F — M—D0.

Proof. Put M = @, . R/rR and let N be the direct sum of a represen-
tative set of all finitely presented modules. By Theorem 1.40 and Corollary
1.41, (CS,DI) and (FS,FI) are complete cotorsion pairs generated by M and
N, respectively. The existence of the exact sequences follows from part (b) of
Corollary 1.41. =

In Corollaries 4.14 and 4.15 below, we will see that the statement of Theorem
2.6 is the best possible in the sense that there exist no divisible envelopes, and
no fp—injective envelopes, in general.

We turn to approximations by classes of modules of finite injective and pro-
jective dimension:

Theorem 2.7. Let R be a ring and n < w. Then (*Z,,I,) is a complete hered-
itary cotorsion pair. In particular, every module has a special I,,—preenvelope.

Proof. Let M be a module. Let
J. 0 M-Iy —...—-1,_1—1,— ...

be an injective coresolution of M. Let C,, be the n—th cosyzygy of M in J. Then
M € I, iff C, is injective. By the Baer Criterion, the latter is equivalent to
Exty(R/I,C,) = 0, and hence — by dimension shifting — to Ext'y(R/I, M) = 0,
for all right ideals I of R. Denote by Sy the n—th syzygy (in a projective resolu-
tion) of the cyclic module R/I. Then Ext’%(R/I, M) = 0, iff Exty(Sr, M) = 0.
So Z,, = (B;cx Sr)*, and the assertion follows by Theorem 1.40 (b).

The cotorsion pair is hereditary by Corollary 1.21 (b), since the class Z,, is
cosyzygy closed. m

The proof of Theorem 2.7 is based on the existence of a test module for
injectivity, that is, on the Baer Criterion. In the dual case, the existence of
test modules for projectivity depends on the structure of the base ring. If R is
not right perfect, then it is consistent with ZFC + GCH that there are no test
modules for projectivity (see [73, §2]). If R is right perfect, then a test module
for projectivity always exists:

Lemma 2.8. Let R be a right perfect ring and n < w. Let C,, = {Q™™(M) |
M € simp R}. Then P, = +C,.

Proof. Let n = 0. We have to prove that Py = *(simp R).

Assume N € *(simp R) \ Py. Since R is right perfect, N has a projective
cover 0 - K — P — N — 0 where K is a non—zero superfluous submodule of P,
and K has a maximal submodule L. By assumption, Exth(N, K/L) = 0. So the
projection 7 : K — K /L can be extended to o € Homg(P, K/L). Then Ker o
is a maximal submodule of P, so K C Rad(P) CKerog,and r =0 | K =0, a
contradiction.

Assume that n > 0 and consider N € Mod—R. Then

N eP, < QUN)€Py — Exth(Q"(N),simpR) =0 <=
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Extk(N,simp R) =0 < Extx(N,C,) =0.

Thus the lemma follows. m

Nevertheless, a result dual to Theorem 2.7 is true for any ring. The proof
makes use of a deconstruction of the cotorsion pair (P, P;-) resembling Lemma
1.46. The result comes from [1].

Before presenting a proof, we need a generalization of the notion of a right
noetherian ring:

Definition 2.9. Let R be a ring. Let x be a cardinal. Then R is right x—
noetherian, provided that each right ideal I of R is < k—generated. The least

infinite cardinal k such that R is right k—noetherian is the right dimension of
R, denoted by dim(R).

Lemma 2.10. Let R be a ring, and  be a cardinal such that k > dim(R).
Then any submodule of a < k—generated module is < k—generated.

Proof. First all submodules of cyclic modules are < dim(R)-generated,
since they are epimorphic images of right ideals. Further, any < x—generated
module M is a union of a continuous chain, (M, | o < k), of submodules such
that all the factors M,41/M, are cyclic. If K C M, then K N M,+1/K N M,
embeds into M,41/M, for each a < k, and the assertion follows. m

Lemma 2.11. Let n < w, R be a ring, kK = dim(R), and M € P,,. Then M s
P=r—filtered.

Proof. Let A = gen(M) + k. By Eilenberg’s trick, M has a free resolution
R 0— RAD Iy plan-y gAY R0 J3 g

such that |A;| < A for each i < n.

Let (mq | @ < X) be a set of R—generators of M. By induction on a, we will
construct a P filtration (M, | o < A) of M together with free resolutions R,
of M, which are restrictions of R:

fana,n .fl[Fa,l fO[FaO
Fa,nfl_)~-~_> a,l - a0 - Ma—>0,

Ra :+ 0—=Fyy

so that mq € My41, Foi = R(Aa.4) for some Aai CA; and |[Agy14 \ Al <k,
forall « < XA and 7 < n.

First My = 0 and Ag; = 0 for all i < n. Assume M, and R, are defined.
If M, # M, let v < X be the least index such that m., ¢ M,. Clearly there
is a subset By C Ay of cardinality < k (in fact, a finite one) such that m, C
fO (R(AQYOUBU))'

Since

Ker(fo | RA=0)) = Ker(fy | RA«0VBo)) 0 p(Aa0)

we have

Ker(fo | R0 [ Ker(fy | RA«0)) =
i~ (R(Aoc,()) + Ker(fo | R(Aa,OUBO)))/R(Aa,(J)_
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The latter module is a submodule in R(A«.0YB0) /R(Aa0) = R(Bo) S the exact-
ness of R, at F, o, of R at R(49) and Lemma 2.10 yield the existence of a subset
By C A; of cardinality < & such that Ker(fy [ R(A«0UBo)) C f)(R(AanUB1)),
Similarly, there is a subset Ba C A of cardinality < s such that Ker(f; |
RA«aUB)Y C fy(RMAe2UB2)) ete. Finally, there is a subset B,, C A, of cardi-
nality < & such that Ker(f,,_; [ RA«n-1UBn-1)) C f (RA«.nUBn)),

Now there is a subset B,_1; C B, ; C A,_1 of cardinality < x such that
fn(R(A“v”UB")) C R(A“v"—lLJB;—l), etc. Finally, there is a subset By C B{, C Ag
of cardinality < s such that f; (R(AMUBD) C R(Aa.0UBg),

Continuing this back and forth procedure in R, we obtain, for each i < n, a
countable chain B; C B, C B,/ C ... consisting of subsets of A; of cardinality
< k. Let C; = B;UBJUB;””U.... Then C; has cardinality < &, the sequence

frlFatin
RaJrl : 0_)Fa+1,n - FaJrl,nfl ...

filFa+1,1 folFat1,0
= Pag11 - Fa+1,0 - N — 0,

with F,41,; = RA«iYC) is exact, and {m,} U M, C N. (The backward
procedure takes care of kernels being inside images, while the forward one of
the resulting sequence being a complex.)

We put M,+1 = N. Note that R, is an exact subcomplex of the exact
complex Rqy1, so the factor complex Ro11/Rq is exact. This shows that
Meyy1 /M, € PS".

For a limit ordinal a < A, we define Ay ; = g, Ap,i and Mo = Uz, Mp.
Then the corresponding restriction of R is a free resolution of M,. =

Now we easily derive
Theorem 2.12. Let R be a ring and n < w.

(a) Then €, = (P, P;}) is a complete hereditary cotorsion pair. In particular,
every module has a special P, —precover.

(b) If R is right Ro—noetherian, then €, is generated by (a representative set
of) the class P=<.

(¢) If R is right perfect, then the cotorsion pair €, is perfect.

Proof. Let k = dim(R). By Lemmas 1.30 and 2.11, we have P;- = (P=")*.
Clearly P=" has a representative set of elements. By Corollary 1.41 (b) and
Lemma 1.33, we get -(P;-) = P, so €, is a complete cotorsion pair. €, is
hereditary by Corollary 1.21 (a). If R is right perfect, then P, = F,, and
Theorem 2.3 applies. =

Though (P,,, P;-) is always complete, there may be no minimal approxima-
tions available if R is not right perfect. This is well-known for n = 0 (see [17]).
For the case n = 1, see Corollary 4.15 below.

Theorem 2.13. Let R be a right noetherian ring. Then &, = (*(ZF),Z;}) is

a complete cotorsion pair. Moreover, if injdim R < n, then &, = (Z,,,Z}) is a
perfect cotorsion pair.
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Proof. Since R is right noetherian, there is a cardinal x such that each
injective module is a direct sum of < k generated modules by the Faith—Walker
Theorem. So an analogue of Lemma 2.11 holds true for Z,, — there is a set
S C T, such that S+ = Z;- (the proof is dual to the one given in Lemma 2.11,
via a back and forth procedure in an injective coresolution of an element of Z,,).
By Theorem 1.40 (b) and Lemma 1.30, it follows that &, is complete.

By Corollary 1.36, Z,, is closed under direct limits. Assume R € Z,,. Then
w.lo.g. R € S, so the class *(Z;}) consists of direct summands of S—filtered
modules by Corollary 1.42. By induction on the length of the Sfiltration, we
get that +(Z;-) = Z,,. Finally, &, is perfect by Corollary 1.28. m

Example 2.14. Let R be an Twanaga—Gorenstein ring, that is, a left and right
noetherian ring with finite injective dimension on either side. Then the left
and the right injective dimensions of R coincide with some n < w, and R is
called n—-Twanaga—Gorenstein. Moreover, all (left or right) R—modules of finite
injective (projective, flat) dimension have injective (projective, flat) dimension
< n, so in Mod-R, we have P = P, =7 =1, = F, (see e.g. [40, §9.1]). The
latter is a covering class in Mod—R by Theorem 2.3. The same is true for the
corresponding classes of left R—modules: we will denote by L the class of all left
R-modules of finite projective dimension.

A module M is Gorenstein projective (Gorenstein injective, Gorenstein flat),
if M € *P (M € P+ and M € TL). Denote by GP (GZ, GF) the classes of
all Gorenstein projective (injective, flat) modules. By Theorem 2.7, (GP,P)
is a complete hereditary cotorsion pair, while (P,GZ) is a perfect hereditary
cotorsion pair by Theorem 2.13, and (GF, L) is a Tor—pair. In particular, every
module has a Gorenstein injective envelope, and a Gorenstein flat cover. (In
Section 5 we will prove that (P,GZ) is actually a tilting cotorsion pair. This
will yield the validity of the first finitistic dimension conjecture for R.)

Similarly, one defines modules of Gorenstein projective (injective, flat) di-
mension < m, and proves the existence of the corresponding cotorsion pairs,
envelopes and covers. For more details, we refer to [40, Chapters 9-11].

Assume € = (A, B) is a perfect cotorsion pair. Then often the modules in
the kernel IC of € can be classified up to isomorphism by cardinal invariants (see
e.g. Theorem 2.47 below). There are two ways of extending this classification:

(i) Any module A € A determines — by an iteration of B—envelopes (of A, of
the cokernel of the B-envelope of A, etc.) — a long exact sequence all of whose
members (except for A) belong to K. This sequence is called the minimal B-
coresolution of A. The sequence of the cardinal invariants of the modules from
K occurring in the coresolution is an invariant of A. In this way the structure
theory of the modules in K is extended to a structure theory for A.

(ii) Dually, any module B € B determines — by an iteration of .A-covers
— a long exact sequence all of whose members (except for B) belong to K, the
minimal A-resolution of B. This yields a sequence of cardinal invariants for
any module B € B.

For more specific examples of (i) and (ii), we consider the case when R is a
commutative noetherian ring:

If ¢ = (Mod—-R,Zy), then K = Zy, and by the classical theory of Matlis, each
M € K is determined up to isomorphism by the multiplicities of indecomposable
injectives E(R/p) (p a prime ideal of R) occurring in an indecomposable decom-
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position of M. The cardinal invariants of arbitrary modules (in A = Mod—R)
constructed in (i) are called the Bass invariants.

A formula for their computation goes back to Bass: the multiplicity of
E(R/p) in the m—th term of the minimal injective coresolution of a module
N is

,Um(p7 N) = dimk(p) EXtTéL(p) (k‘(p), N(p))7
where k(p) = R,)/Rad(Ry) is the residue field, and R, and N, are the
localizations of R and N at p, respectively, for all p € spec R and m > 0 (see
[40, §9.2]).

If € = (Fo, EC), then K consists of the flat pure-injective modules M. These
are described by the ranks of the free modules F), over the localizations R,
whose p—completions occur in the decomposition of M for 0 # p € spec R, and
by the rank of the free module Fyy over R(g) that occurs in the decomposition
of M in case 0 € spec R, see [40, §5.3].

The construction (ii) then yields a sequence of invariants for any Enochs
cotorsion module N. These invariants are called the dual Bass invariants. A
formula for their computation is due to Xu [79, §5.2]: the rank of F), in the
m~—th term of the minimal flat resolution of N is

. R(p
Tm (p, N) = dimy,,) Torn,” (k(p), Hompg (R, N)),
where p € spec R and m > 0.

Now, we present Hill’s construction of large families of submodules starting
from a single continuous chain. Our presentation is based on [72], [68], and [42].
We start with fixing our notation:

Definition 2.15. Let R be a ring and M be a continuous chain of modules,
(M, | « < o). Consider a family of modules (A, | @ < o) such that My, =
M, + A, for each a < 0.

A subset S of ¢ is closed, if every 3 € S satisfies

MgnAgC > Aa
acS,a<3

The height, hgt(z), of an element x € M, is defined as the least ordinal o < o
such that & € Mg 1. For any subset S of o, we define M(S) =3 g Aa-

For each ordinal a < o, we have M, =) 5, Ag,soa (= {8 <o |f<a})
is a closed subset of o.

Lemma 2.16. Let S be a closed subset of o, and x € M(S). Let ' ={a € S |
a < hgt(x)}. Then € M(S’).

Proof. Let x € M(S). Then z = 1 + - -+ + x, where x; € A,, for some
a; €5,1<i<k. Wlog., a1 <--- < ag, and o is minimal.

If o, > hgt(x), then xpy =x—21— - — 21 € My, NAn, T
since S is closed, in contradiction with the minimality of . =

Aav

aeS,a<lay

As an immediate corollary, we have

Corollary 2.17. Let S be a closed subset of o, andx € M(S). Then hgt(z) € S.
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Lemma 2.18. Let (S; | i € I), be a family of closed subsets of o. Then

M([)Si) = [ M(S).

i€l i€l

Proof. Let T = (,c; Si. Clearly M(T') C (,c; M(S;). Suppose there is an
x € (V;e;r M(S;) such that = ¢ M(T), and choose such an  of minimal height.
Then x = y + z for some y € Ahgt(z) and z € tht(a:)' By Corollary 2.17,
hgt(x) € S; for all i € I, so hgt(x) € T, and y € M(T'). Then z € [;c; M(S;),
z ¢ M(T) and hgt(z) < hgt(x), in contradiction to minimality. m

Next we prove that intersections and unions of closed subsets are again
closed:

Proposition 2.19. Let (S; | i € I) be a family of closed subsets of o. Then
both the union and the intersection of this family are again closed in o. That
is, closed subsets of o form a complete sublattice of 27.

Proof.  As for the union, if 3 € S = [J;; S, then § € S; for some i € I,

and MB N Aﬁ < EaESi,a<ﬁ AO‘ < EaES,a<B AO"

For the intersection, let 8 € T' = [,.; Si- Then MzNAg C M(S;Nf3) for each
i € I. Therefore Lemma 2.18 implies that MgNAg C (,c; M(S:NB) = M(TNp)
which exactly says that T is closed. =

The general version of the Hill Lemma can now be stated as follows:

Theorem 2.20. Let R be a ring, k an infinite reqular cardinal and C a set of
< k—presented modules. Let M be a module with a C—filtration M = (M, | o <
o). Then there is a family F consisting of submodules of M such that:

(H1) M C F.
(H2) F is closed under arbitrary sums and intersections.

(H3) Let N,P € F be such that N C P. Then there exists a C—filtration
(Py |y < 7) of the module P = P/N such that 7 < o, and for each v < T
there is a < o with Pyy1/P, isomorphic to Mgy1/Mpg.

(H4) Let N € F and X be a subset of M of cardinality < . Then there is a
P € F such that NUX C P and P/N is < k—presented.

Proof. Consider a family of < k—generated modules (4, | @ < o) such that
for each a < o:
MoHrl =M, + Aa7

as in Definition 2.15. We claim that
F ={M(S) | S a closed subset of o}
has properties (H1)-(H4).

Property (H1) is clear, since each ordinal o < ¢ is a closed subset of o.
Property (H2) follows by Proposition 2.19 and Lemma 2.18.
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Property (H3) is proved as follows: we have N = M (S) and P = M(T) for
some closed subsets S, T. Since S UT is closed, we can w.l.o.g. assume that
S CT. For each § < o, put

Fg=N+ Y  Aa=M(SU(T'np) and Fz=Fp/N.
a€T\S,a<p

Clearly (F | 8 < 0) is a filtration of P = P/N such that Fg,1 = Fz+ (A +
N)/N for 8 € T\ S and Fg41 = Fp otherwise. Let 3 € T'\ S. Then

Fii1/F3 = Fgi1/Fz = Ag/(FsN Ag),

and
FgﬁAgQ( Z Aa)ﬂAg:MgﬂAQ.
acT,a<

However, if x € FgN Ag, then hgt(x) < 3, so x € M(T") by Lemma 2.16, where
T'={a e SU(T'NP)|a<p}. By Proposition 2.19, we get = € Mg because
B¢ S. Hence FgNAg = Mgn Ag and Fngl/Fg = Ag/(Mg N Ag) = Mpgy1/Msg.
The C-filtration (P, | v < 7) is obtained from (Fj | 8 < o) by removing possible
repetitions, and (H3) follows. Denote by 7/ the ordinal type of the well-ordered
set (T'\ S, <). Notice that the length 7 of the filtration can be taken as 1+ 7/
(the ordinal sum, hence 7 = 7/ for 7/ infinite).

For property (H4), we first prove that every subset of o of cardinality < & is
contained in a closed subset of cardinality < k. Because & is an infinite regular
cardinal, by Proposition 2.19, it is enough to prove this only for one—element
subsets of 0. So we prove that every 3 < o is contained in a closed subset
of cardinality < x, by induction on 3. For 8 < k, we just take S = 4+ 1.
Otherwise, the short exact sequence

OHMgﬂA[}‘)AﬁHM[H_l/MgHO

shows that MgN Ag is < k—generated. Thus MgNAg C Zaeso A, for a subset
So C ( of cardinality < k. Moreover, we can assume that Sy is closed in o by
inductive premise, and put S = Sp U {8}. To show that S is closed, it suffices
to check the definition only for 3. But MgN Ag C M(So0) = >  c5.0<p Aa-

Finally, let N = M(S) where S is closed in o, and let X be a subset of
M of cardinality < k. Then X C )’ A, for a subset T' of o of cardinality
< k. By the preceding paragraph, we can assume that 7" is closed in o. Let
P = M(SUT). Then P/N is CHiltered by property (H3), and the filtration can
be chosen indexed by 14 the ordinal type of 7'\ S, which is certainly less than
k. In particular, P/N is < k—presented. =

There is also a rank version of the Hill Lemma for torsion—free modules over
domains. Given a domain R and a torsion—free module M, we define the rank,
rkX of a subset X C M as the torsion—{ree rank of the submodule (X) of M
generated by X. Note that rkX < |X]|.

Theorem 2.21. Let R be a domain, k an infinite reqular cardinal and C a set
of torsion—free R—modules. Let M be a module with a C—filtration M = (M, |
a < o). Assume moreover that for each o < o there is a submodule A, of M
of rank < k such that Myy1 = My + Ag.
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Then there is a family F of submodules of M such that the properties (H1),
(H2) and (H3) from Theorem 2.20 hold true. Moreover, the following rank
version of property (H4) holds:

(H4*) Let N € F and X be a subset of M with rkX < k. Then there are P € F
and a submodule A C M of rank < k such that NUX C P and P = N+ A.

For a proof of Theorem 2.21 we refer to [72].

By Corollary 1.42, if € = (A, B) is a cotorsion pair generated by a set C
containing R, then A coincides with the class of all direct summands of C—
filtered modules. Our next goal is to remove the term “direct summands” in
this characterization of A on account of replacing the set C by a suitable small
subset of A, with the help of Theorem 2.20:

Lemma 2.22. Let k be an uncountable regular cardinal and C a set of < k—
presented modules. Denote by A the class of all direct summands of C—filtered
modules. Then every module in A is A<®—filtered.

Proof. Let K € A, so there is a Cfiltered module M such that M = K ® L
for some L C M. Denote by g : M — K and 7y, : M — L the corresponding
projections. Let F be the family of submodules of M as in Theorem 2.20. We
proceed in two steps:

Step I: By induction, we construct a continuous chain, (N, | o < 7), of
submodules of M such that N, = M and

(a) Ny € F,

(b) Ny = WK(NQ) + 7T'L(ZVoz)a and

(¢) Noy1/Ngy is < k—presented
for each o < 7.

First No = 0 and Nj = J, 4
have N, ;Cé M and we wish to construct Noy1. Take x € M \ Ng; by property
(H4), there is Qp € F such that N, U {z} C Qo and Qo/N, is < rx—presented.
Let X be a subset of Qg of cardinality < x such that the set {x + N, | z € Xo}

generates Qo/Ny. Put Zy = 7k (Qo) &7r(Qo). Clearly Qo/No C Zy/N,. Since
Tk (Nga), 7 (No) € Ny, the module Zy/N, is generated by the set

N, for all limit ordinals § < 7. Suppose we

{x+ Ny |z € mg(Xo)Ump(Xo)}.

Thus we can find @1 € F such that Zy C @Q; and @Q1/N, is < k—presented.
Similarly, we infer that Z; /N, is < k—generated for Z; = mx(Q1) ® 71(Q1),
and find Q2 € F with Z; C @2 and @Q2/N, a < k—presented module. In this
way we obtain a chain @y C @1 C ... such that for all i < w: Q; € F,
Qi/N, is < k—presented, and 7x(Q;) + 7L(Q;) C Qiy1. It is easy to see that
Not1 = U;.,, Qi satisfies the properties (a)-(c).

Step II: By condition (b), we have

Tk (Nat1) + No = T (Not1) @ 7 (Na)
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and similarly for L. Hence

(mk (Na+1) + Na) N (72 (Nat1) + Na)
= (T (Nat1) ® 7(Na)) N (7L (Nas1) @ T (N, ))
( (Na+1) ( (Na-H 6B7TK ))EBWL
= 7mr(Ny )@wL(N ) = N,

and
Na+l/Na = (WK(Na+1) + Na)/Na @ (WL(Na+1) + Noc)/Na-

By condition (a), Ngyt1/Ng is CHiltered. Since
(WK(Na+1) + Na)/Na = 7TK(]\7{1+1)/7"K(Noz)a

T (Na+1)/mr (Ng) is isomorphic to a direct summand of a Cfiltered module,
we infer that mx (Na+1)/mx(Na) € A. By condition (c), mx(Nat1)/7x (Ney)
is < k—presented. So (g (Nat1) | @ < 7) is the desired A<"filtration of
K= TK (N.,-) L]

Now we arrive at the “Kaplansky Theorem for cotorsion pairs”:

Theorem 2.23. Let R be a ring, £ an uncountable reqular cardinal, and € =
(A, B) a cotorsion pair of R—modules. Then the following conditions are equiv-
alent:

(a) € is generated by a class of < k—presented modules;
(b) Every module in A is A<%—filtered.

Proof. (a) = (b). Let C be a class of < k—presented modules generating
¢. W.lo.g., C is a set, and R € C. By Corollary 1.42, A consists of all direct
summands of Cfiltered modules. So statement (b) follows by Lemma 2.22.

(b) = (a). By the Eklof Lemma 1.30, every A-filtered module is again
in A. Thus (b) implies that € is generated by the class A<". =

The name of Theorem 2.23 above comes from the fact that its application to
the cotorsion pair (Py, Mod—R) generated by R yields (for £ = Ry) the following
classical theorem on the structure of projective modules due to Kaplansky:

Corollary 2.24. FEvery projective module over an arbitrary ring is a direct sum
of countably generated projective modules.

The latter application also shows that in general it is not possible to extend
Theorem 2.23 to the case of k = Ny. Namely, there exist rings R which admit
countably generated projective modules that are not direct sums of finitely
generated projective ones.

Next, we present sufficient conditions for the completeness of a cotorsion pair

= (A, B) expressed in terms of closure properties of the classes .4 and B. These

conditions will be crucial for the classification of tilting and cotilting modules

and classes in chapter 3. The proofs will again proceed via deconstruction of &,
but in a more sophisticated way.
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We will first consider an important case when each module in A is ASF—
filtered where k = dim(R). This result comes from [71]. In order to produce
filtrations with “small” consecutive factors, one has to treat filtrations of regular
and singular length separately, since each of these cases requires different set—
theoretic techniques. We start with the regular case.

Definition 2.25. Let s be an infinite cardinal.

(i) For a module M, a continuous chain, M = (M,, | @ < k) of submodules of
M is called a k—filtration of M provided that gen(M,) < & for all « < &,
and M = M,.

(ii) A strictly ascending function f : k — k is called continuous, provided that
f(0) =0, and f(a) = supg., f(B) for all limit ordinals a < &.

(iii) If M = (M, | a« < k) is a s-filtration of a module M, and f: x — Kk is a
continuous function, then M’ = (My(, | o < k) (where we put f(k) = k)
is again a k—filtration of M, called the subfiltration of M induced by f.

It is easy to see that, if k is a regular uncountable cardinal, then any two
k—filtrations of M coincide on a closed and unbounded subset of k, hence they
possess a common subfiltration.

The following result says that, if a class of modules B is closed under direct
sums and M € B is equipped with a x-filtration M consisting of modules from
LB, then M is +B-filtered by a subfiltration of M.

Theorem 2.26. Let R be a ring, k a regular uncountable cardinal, and B a
class of modules closed under direct sums. Let M € B be a module possessing
a kfiltration (M, | o < k) such that M, € 1B for all « < k. Then there is a
strictly increasing continuous function f : k — K such that Mgz) /Mgy € 1B
foralla < g < k.

Proof. Assume the claim is false. Then the set
E={a<k|3I:a<B<r&Ms/M, ¢ "B}

has a non—empty intersection with each closed and unbounded subset of k. Pass-
ing to a subfiltration, we can assume that F = {a < k | Exth(My41/My, B) #
0}. Then for each a € E there are a B, € B and a homomorphism &, :
Muoy1/M, — E(B,)/B, that cannot be factorized through the projection
Ta : B(By) — E(By)/Ba. For a < k, a ¢ E, we put B, =0 and d, = 0.

Let I =[], .. E(Ba), D=8, Ba(CI), and F = I/D. For each subset
ACk,defineIg={zxel|zg=0forall 3<k,0B¢ A} Inparticular, I,, =1,
and I, = [[;_, E(Bp) is injective for each a < k.

For each a < k, we let F,, = (I, + D)/D (C F) and 7, be the epimorphism
Io — F, defined by mq(2) = 2 + D. Then Ker(m) = P4, Bs (€ B).

Let U = Uycpla- Then D C U C I, and we let G = U/D(C F) and
7w : U — G be the projection.

For each o < k, define E, = (I{o} + D)/D. Then there is an isomorphism
ta : E(By)/By & E,, and Foy1 = E, @ F, (C G). Moreover, taking C, =
(I(a,x) + D)/ D, we have F' = Fo 1 © Co, 50 G = E, @ F, © (Co N G). Denote
by &, the projection onto the first component F, in the latter decomposition
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of G. Then &, maps x+ D € G to y + D € E,, where y, = z, and yg = 0 for
all a # 3 < k.

In order to prove that Ext}%(M ,B) # 0, it suffices to construct a homomor-
phism ¢ : M — G that cannot be factorized through m — then Extk (M, D) # 0.

o will be constructed by induction on o < x as a union of a continuous chain
of homomorphisms, (¢, | @ < k), where ¢, : M, — F, for all a < k.

For @ < K, we use the assumption of Ext}%(Ma,@B@é Bg) = 0 to find a
homomorphism 7, : M, — I, such that ¢, = ma1n,. The injectivity of the
module I, yields a homomorphism ¢, : My4+1 — I, such that ¥, [ My, = 1q4.

Denote by p, the projection M1 — Myy1/M,. Define 9o11 = tadapa +
TaWo. Then a1 [ Mo = Tota | Mo = Talla = @a-

Finally, assume there is ¢ : M — U such that ¢ = 7¢. Since U = |, ,. la;
the set C = {a < K | p(My) C I} is closed and unbounded in k. So there
exists « € C'N E. Denote by o the projection I — E(B,). Then ¢ induces a
homomorphism ¢ : My1/M, — E(B,) defined by ¢p,(m) = a(¢(m)) for all
m e Ma—i—l-

By the definition of ., we have to7o0(x) = um(x) for each = € U, &, |
F,=0,and &, | B, =id. So for each m € M1, we get

Tad_)pa(m) = L(;lfaﬂ'ﬁb(m) = L;IEaSﬁa+1(m) = L;IEaLadapa(m) = 50“0@(771).

Since p, is surjective, this proves that 7,¢ = d4, in contradiction with the
definition of §,. =

The singular cardinal case will make use of a version of Shelah’s Singular
Compactness Theorem. For this purpose, we will need to produce a rich supply
of “small” Q-filtered submodules of M. However, Theorem 2.26 at best yields
only a single chain of such submodules. The rich supply is then provided by
Lemma 2.20. But first we have to define the appropriate notion of “freeness”:

Definition 2.27. Let M be a module, Q@ a set of modules, and s a regular
infinite cardinal. Then M is k-Q-free, provided there is a set S, consisting of
< k—generated Q—filtered submodules of M such that:

(i) 0 € S,
(ii) Sy is closed under well-ordered chains of length < , and
(iii) each subset of M of cardinality < & is contained in an element of S.
The set S, is said to witness the k—O—freeness of M. If S, also satisfies
(iv) M/N is Q-filtered for each N € S,,

then M is called k—Q-separable, and Sy is said to witness the k—Q—-separability
of M.

Clearly every k—Q-separable module is Q-filtered. The following lemma
says that the converse is also true under rather weak assumptions.

Lemma 2.28. Let R be a ring, p be an infinite cardinal and Q a set of < u—
presented modules. Then M is k—Q-separable, whenever M is Q—filtered and k
is a regular cardinal > p. Moreover, it is possible to choose the witnessing sets
so that S, C Su+ for all reqular cardinals such that p < k < K/'.
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Proof. By assumption, there is a Q-filtration, M = (M, | a < o), of the
module M. Using the Hill Lemma 2.20, for each x regular cardinal > pu, we
define S,; as the subset of F consisting of all modules of the form M (S) where
S is a closed subset of ¢ of cardinality < k. Then the inclusions S, C S, are
clear, and the properties (H1), (H2), (H4), and (H3) from Theorem 2.20 imply
conditions (i), (ii), (iii), and (iv) above, respectively. m

If Q consists of elements of (Mod—R)<* for an infinite cardinal , then all
< r—generated Q-filtered modules belong to (Mod—R)<* (in particular, this
is then true for all elements of S, defined above). This is a corollary of the
following more general result on lifting filtrations of modules to filtrations of
exact sequences:

Lemma 2.29. Let R be a ring, and M be a module. Let k be an infinite cardinal
and (M, | a < k) be a continuous chain of submodules of M such that M = M.
For each a < K, let

Ex : 0—Ker(7a) E=N P, Ta, Myi1/My — 0

be a short exact sequence such that P, is a projective module. Then there exists
a short exact sequence

E 0—>Ker(7r)£>Pl>M—>O
with P projective, and a continuous direct system of short exact sequences (59 |

a < k) such that £ = &, and for each o < k, P, is projective, Po11 = P, ® P,,
and the diagram

0 0 0

&, 0 —— Ker(m,) _£, p, = M, —— 0
Is |- Is

5a+1 : 0 —— KeI‘(?Ta_H) ; a+1 M) Ma+1 — 0
lo'a J/pa lﬁa

Ea 0 —— Ker(7y,) _£, P, LN Myy1 /My, —— 0
0 0 0

is commutative where pio : Po — Pat1 is the split inclusion of the first compo-
nent, po : Pat1 — P, the split projection on the second, o4 = po | Ker(mat1),
and po : Mot1 — Moy1 /M, is the canonical projection.

Proof. The direct system (&, | @ < k) is constructed by induction on «.
First §=0—0—0—0— 0.

The non-limit step is essentially the Horseshoe Lemma from homological
algebra (see e.g. [40, §8.2]): assume that the construction is completed up to
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some o < k. Let Pyy1 = Py @ Py, and pig : Py > Pay1 (po @ Par1 — Pa) be
the canonical inclusion (projection).

Define Ty @ Pag1 — Mayq 80 that maq1 | Po = T and To = paTat1 | Pa
(this is possible, since P, is projective and p, is surjective). Then w41 is
surjective. Since Ker(mq11) N Py, = Ker(m,), we get commutativity of all the
squares of the diagram above except the lower left one.

It is easy to check that p, maps Ker(m,41) onto Ker(7,, ), so the lower left
square is also commutative, and all rows and columns of the diagram are exact
sequences.

If a < k is a limit ordinal, we let £, = h_r)n

Py = Ug<a Pg = @5<a 155 is projective. m

s &s. Then, by construction,

Of course, if &, is a projective resolution of M,y1/M, € PF for each
a < K, then &£ is a projective resolution of M (€ Py). If 1 < n < w and
Mai1/M, € PS5 for each o < k, we can use the canonical decomposition of
a projective resolution into a series of short exact sequences and iterate the
construction of Lemma 2.29 in order to obtain the following corollary:

Corollary 2.30. Let R be a ring, n > 1, and M be a module. Let k be an
infinite cardinal and (M, | @ < k) a k—filtration of M. Assume that for each
a < K, Myy1/M, € P, so there is a projective resolution R, of length n of
Moy1/M,, consisting of < k—generated modules.

0 0 0
| | |

Eai + 0 —— St £, P,i —— Say —— 0
|e E [E

Cav1i ¢+ 0 —— Saqiit1 —<, Poy1i —— Saqy1i —— 0
| | |

ga’i 0 — Sa,iJrl ; Pa’i  — ga,z — 0
| | |
0 0 0

Then there exists a projective resolution R of length n of the module M,
and for each a < K, a projective resolution P, of length n of the module M,
consisting of < k—generated modules such that, for all i < n and o < K, the
diagram above is commutative and has exact rows and columns.

Moreover, & = 1ii>na<N Ea,i, where &;, £, and é_',m is the i—th short exact
sequence in the canonical decomposition into short exact sequences of the long
ezact sequence R, Ro and R, respectively.

The version of the Singular Compactness Theorem needed here is as follows
(for its proof, we refer to [35, XI1.1.14 and IV.3.7]):
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Lemma 2.31. Let R be a ming, A a singular cardinal, and Ry < p < A. Let Q be
a set of < pu—presented modules, and M be a module with gen(M) = \. Assume
M is k—Q—free for each regular cardinal p < k < X\. Then M is Q—filtered.

For a class of modules C, and an infinite cardinal p, denote by §,(C) the
assertion: “All modules in C are C=+filtered”.

Lemma 2.32. Let R be a ring and B a class of modules closed under direct
sums. Let p = dim(R). Then §,(*=BNP,) implies §,(*=B N Pyi1) for each
n <w.

Proof. Assume §,(+=<BNP,) holds. Let k > p be a regular uncountable
cardinal. Let M € +=Bn Prn+1 be a A-generated module, so there is a short
exact sequence 0 — K — RN 5 A — 0.

Since M € *=BN P, 41, we have K € *>BNP,. Let Q = L°°l§'ﬁ7)§“. By
assumption and Lemma 2.28, there is a set S,; witnessing the k—Q-separability
of K.

Denote by S/, the set of all submodules N C M such that there is a subset
A C \ of cardinality < & with 7(R“)) = N and K N R¥ € S,. By Lemma
1.30 and Corollary 2.30, S,, € *>BNPr, so S, C P,ffl.

We claim that S); witnesses the Q) —freeness of M where Q) = ~=BNP5f,.
Clearly 0 € S, and S, is closed under well-ordered unions of chains of length
< K.

Let N = 7(RW) € S’.. We have the following commutative diagram.

0 0 0
| | |

0—— KnRW S, gAH . N — 0
lg lg lg

0 — K _S . RN . M 0

l ! !

0 —— K/(KNRW) —— RN — M/N —— 0
| | |
0 0 0.

Since K N RW € S,., K/KNRW is Q-filtered, it follows for all B € B that
Exts(K/K N R, B) =0 . Considering the exact sequence

0 = Ext% (M, B) — Ext% (N, B) — Ext’y'(M/N, B)

~ Extl(K/K N RW B) =0

for B € Band i > 1, we infer that S, C Q..

It remains to prove condition (iii) of Definition 2.27. Let X be a subset of
M of cardinality < k. There is a subset Ag C X\ of cardinality < x such that
X C w(RM0)), Let Ly = K N R“0). By Lemma 2.10, L is < r-generated, so
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there exists Ky € S, such that Ly C K. Take A; D Ap such that K, C R
and |A;| < k. Put L; = KNR®Y). Continuing in this way, we define a sequence
Ky C Ky C ... of elements of S, and a sequence Ay C A; C ... of subsets
of A of cardinality < k such that K N RA) C K; and K; C R@i+1) for all
i <w. Then K’ = J,_, Ki € S, and K’ = K N R, where A’ = J,__ A;. So
7(R™A)) is an element of S’ containing X, and S/, witnesses the x—Q/.—freeness
of M. This completes the proof of the claim.

Let C = +=BNP,11. We will prove §,(C) by induction on A = gen(M) for
all M € C.

If A\ < p, then K is < p-generated, and K € (Mod-R)<#, by Lemma 2.10.
Since K € t=BNP,, we infer that M € C=H.

If A > p is regular, then we select from S} a Afiltration, F, of M. Theorem
2.26 yields a A-subfiltration, G, of F which is a +B-filtration of M. Since
0 = ExtR(N’,B) — Extiy'(N/N’,B) — Extiy'(N,B) = 0 for all modules
N,N' € F with N C N, B e Bandi>1, we have Extyr(N/N’,B) = 0 for all
i > 2. So G is actually a +> B-filtration of M. By Lemma 2.11, M possesses a A~
filtration, H, which is a Prf_(_\lfﬁltration of M. Let J be a common subfiltration
of G and H. Then J is a C<*filtration of M. By inductive hypothesis, we can
refine J to the desired CS¢filtration of M.

If A\ > u is singular, then, by inductive premise, S/, witnesses the k—C<H—
freeness of M for each regular uncountable cardinal 4 < k < A. So the existence
of a CSFfiltration of M follows by Lemma 2.31. m

By Theorem 2.24, any projective module over any ring is a direct sum of
countably generated modules. So §,,(+>B N Py) holds for any class of modules
B and any p > Ny. Lemma 2.32 then gives:

Theorem 2.33. Let R be a ring, p = dim(R), and B be a class of modules
closed under direct sums. Then for each n < w, all modules in ~~B NP, are
Lo BN PSH—filtered.

Corollary 2.34. Let R be a ring and € = (A, B) be a hereditary cotorsion pair
such that A C P and B is closed under direct sums. Then € is complete.

Proof. If A C P, then there is n < w with A C P,,. So Theorems 1.40 and
2.33 apply. =

The dual result to Corollary 2.34 also holds true, though its proof requires
quite different techniques:

Theorem 2.35. Let R be a ring and € = (A, B) be a cotorsion pair such that
A is closed under direct products. Then A is definable and € is perfect, provided
either

(a) A is closed under pure submodules, or
(b) € is hereditary, and B C T.

For a proof, we refer to [68] and [70].

Now, we consider a particular case, namely approximations given by the
Matlis cotorsion and strongly flat modules over domains.
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Definition 2.36. Let R be a domain and () be the quotient field of R. Let M
be a module.

(i) M is Matlis cotorsion provided that Extk(Q, M) = 0. Denote by MC the
class of all Matlis cotorsion modules.

(ii) M is strongly flat provided that Exth (M, N) = 0 for each Matlis cotorsion
module N. Denote by SF the class of all strongly flat modules. So
SF = L MC. Clearly any projective module and any divisible torsion—free
module is strongly flat.

Since @ is a flat module (namely @ is the localization of R at 0), we have
o CRCCECCCMC

and hence
Po CSFCFLCTF

for any domain R.

By Theorem 1.40, (§F, MC) is a complete cotorsion pair (generated by Q).
This cotorsion pair is called the Matlis cotorsion pair.

Note that Mod—Q (= the class of all divisible torsion—free R—modules) is a
subclass of Mod—R closed under extensions and direct limits, (Mod-Q)+ = MC,
and @ is a Y _—injective module. So Theorems 1.40 (a) and 1.23 give immediately

Corollary 2.37. Let R be a domain. Then each module has an MC—-envelope,
and a special SF—precover.

There is an explicit description of this kind of cotorsion envelope for torsion—
free modules. It relies on the following result by Matlis [62] relating cotorsion
modules to R—completions:

Lemma 2.38. Let R be a domain and M be a torsion—free module. Then M
is Matlis cotorsion, if and only if M = Q") & N where k > 0 and N is reduced
and R—-complete.

Proof. Since M is torsion—free, the divisible part of M equals (1, s SM,
where Sy = R\ {0}. Also, the divisible part of any torsion—free module is
isomorphic to Q%) for some x > 0, hence we can w. 1. 0 .g. assume that M is
(So—) reduced. So it remains to prove the following:

Lemma 2.39. Assume M is reduced and torsion—free. Then M is R—complete,
if and only if Exth(Q, M) = 0.

Proof. Assume M 1s not R-complete. Since M is reduced, the canonical
embedding 3 M M—M yields an exact sequence 0 — M DML A — J/\I\/M —
0. Here, M denotes the R-completion of M, so M is an RD-submodule of
M, hence M /M is torsion—free, and also M /M is divisible. So M /M Q ()
for a cardinal x > 0. However, nps is non-split (since M is reduced), s
Extp(Q, M) # 0.

Conversely, assume that M is R—complete and Ext}%(Q, M) # 0. Then there
is a non-split exact sequence 0 - M — N — @ — 0. Consider n € N \ M.
Then for each s € Sy there is ng € N such that my = n — sng € M. Since for
each t € T, mgy — ms = sns — stng € SN N M = sM, the net (ms | s € S) is
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Cauchy, so has a limit m € M, and m —n = (m—my) — (n—ms) € sN for each
s € Sp. Since M is reduced and the sequence does not split, N is also reduced,
son =m € M, a contradiction. m

Example 2.40. Let R be a domain. Then any bounded module B is Matlis

cotorsion, because Extk(Q, B) is a bounded Q-module, so Exth(Q, B) = 0.
Let M be a reduced torsion—free module. By Lemma 2.38, M € MC, iff M

is R—complete. So the R— completlon of M, M is Matlis cotorsion, and M /M

is divisible and torsion—free. Hence M /M is strongly flat. So the MC—envelope
of M is just the inclusion np; : M — M (minimality follows from the fact that

M is reduced).

Similarly, the MC-envelope of an arbitrary torsion—free module N is just
the inclusion N — D @& M where N = D @& M and D is the largest divisible
submodule of N.

The algebraic structure of the R—completion can easily be expressed in ho-
mological terms:

Lemma 2.41. Let R be a domain and M be a reduced torsion—free module.
Then M = ExtR( /R, M) and M/M Exty(Q, M). Moreover, if M = R™)

is free, then also M = Homp(Q/R, (Q/R)™)

Proof. Since M is reduced and R-complete, applying the contravariant
Hom—functor Hompg(—, M) to the exact sequence 0 - R — Q — Q/R — 0, we
get from Lemma 2.39 the following exact sequence

0 = Homp(Q, M) — Homp(R, M) — Exth(Q/R, M) — ExtL(Q, M) = 0.

However, applying the covariant Hom-functor Hompg(Q/R,—) to the exact se-
quence 0 — M — M—M /M — 0, we obtain the exact sequence

0 = Homp(Q/R, M /M) — ExtL(Q/R, M) —

— ExthL(Q/R, M) — ExtL(Q/R,M/M) =0,
because ]\//.T/M Q(“) for some x > 0. So ]\/Z/M is torsion—free and injective.
It follows that M = HomR(R M) ExtR(Q/R M) ExtR(Q/R, M).
Similarly, since Ext R(Q M ) =0 = Homg(Q, M ) we derive the group iso-
morphism ExtR(Q M) = Homp(Q, M/M) Since HomR(Q/R M/M) =0=
Exth(Q/R, M /M), also Hompg(Q, M /M) = Homp(Q,M/M) = M/M. This

shows that Z/\l\/M >~ BExth(Q, M).
For M = R™, we also have the exact sequence

0 = Homz(Q/R, Q™) — Homg(Q/R, (Q/R)™) —
— Extp(Q/R, M) — Extp(Q/R,QW) =0,

proving the last assertion. m

The coincidence of the various classes of flat (and cotorsion) modules char-
acterizes Priifer and Dedekind domains. Before proving this, we recall a result
of Warfield:
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Lemma 2.42. Let R be a domain. Then RC = MC NZy. Moreover, TF =
T(F1), so the Warfield cotorsion pair is cogenerated by the class of all pure—
injective modules of injective dimension < 1.

Proof. Let M € RC. Then Exty(I, M) = 0, hence Ext%(R/I, M) = 0, for
each ideal I of R. By Lemma 1.33, M € Z;. Conversely, let M € MC NI
and N € TF. The injective hull of N is isomorphic to Q) for a cardinal &.
Applying Homp(—, M) to the exact sequence 0 — N — Q) — Q) /N — 0,
we get 0 = Extp(Q"), M) — Extp(N, M) — Exth(Q" /N, M) =0, so M €
RC.

Since pure-injective modules are Matlis cotorsion, we have 7.F C +(PZINZy).
Conversely, let M € Y(PZNZ;) = 1(DNZ), where D denotes the class of all
character modules of all left R—modules. Note that a module N€¢ has injective
dimension < 1, iff N has weak dimension < 1, by Lemma 1.31 (b). So M € TF;.
Since {R/Rr | r € R} C Fy, we conclude that M € TF. =

Lemma 2.43. Let R be a domain and n > 0. Then F, = (DI N PI).
In particular, the cotorsion pair (Fy,(F1)*) is cogenerated by the class of all
divisible pure—injective modules.

Proof. We have F,, = tnt1PZ = Ln(C; where C; is the class of all 1-st
cosyzygies of all pure-injective modules. Since R is a domain, C; C DZ. By
Lemma 1.49, we get F,, 2 +» (DI N PI).

Conversely, let M € F,, and let N be a module such that N¢ € DZ. Then
N € TF = 7(F1) by Lemma 2.42. So 0 = Tor{ ("' (M), N) = Torf (M, N).
Since +» (DI N'PI) = +~ (DI N D) where D is the class of all dual modules, we
conclude that F,, C (DI N PI). =

Theorem 2.44. Let R be a domain. The following conditions are equivalent:
(a) R is a Dedekind domain;

(b) The classes of all Warfield, Enochs, and Matlis cotorsion modules coin-
cide;

(¢) The classes of all torsion—free, flat, and strongly flat modules coincide.

Proof. Clearly (b) is equivalent to (c). Also, if R is Dedekind, that is,
hereditary, then Lemma 2.42 shows that RC = MC (= £C). So it suffices to
prove that (b) implies (a):

Consider a torsion—free module F' and 0 # r € R. We have the exact
sequence 0 —» F 5 F — F/rF — 0 where v is the multiplication by r. Since
F/rF is bounded, we have F/rF € MC C Z; by assumption and by Lemma
2.42. So Exth(M,F/rF) = 0 for any module M. So the map Ext%(M,v) :
Ext% (M, F) — Exth(M, F) (which is again multiplication by ) is surjective.
It follows that Ext% (M, F) is divisible. However, taking M = R/I for an ideal
I, we get that Ext%(R/I, F) is bounded, and hence Ext%(R/I, F) = 0. This
gives injdim F' < 1.

Finally, for any module N, the torsion—free cover m of N yields an exact
sequence 0 — W — F 55 N — 0 where F is torsion—free and W is Warfield
cotorsion. Since 7; is a coresolving class, we conclude that injdim N < 1. This
proves that R is hereditary. =
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Theorem 2.45. Let R be a domain. The following conditions are equivalent:

R is a Priifer domain;

(a
(b

w gl dimR < 1;

d

)
)
(¢) The classes of all Warfield and Enochs cotorsion modules coincide;
(d) The classes of all torsion—free and flat modules coincide;

)

(e) All pure—injective modules have injective dimension < 1.

Proof. Assume (a). Let I be an ideal of R. Since I is a direct limit
of finitely generated, and hence projective, ideals, I is flat. It follows that
Tor¥(R/I,M) = 0 for any module M. By the Flat Test Lemma this implies
that submodules of flat modules are flat, so (b) holds true.

Assume (b). Then submodules of flat modules are flat. Since Q is flat, we
see that (d) holds. Clearly (d) is equivalent to (c).

Assume (d). Since torsion—free modules are always closed under direct prod-
ucts, a classic result of Chase gives that R is a coherent ring. (d) also implies
that each right ideal I of R is flat. If I is finitely generated, then [ is finitely
presented (and flat), hence projective. So (a) holds true.

Finally, for any ring R, any pure-injective module [ is a direct summand
in the dual module 7, so the weak global dimension of R is the supremum
of injective dimensions of all pure-injective modules by Lemma 1.31 (b). In
particular, (b) and (e) are equivalent for any ring R. =

Before turning to the remaining case of F£ = SF, we need more informa-
tion about the structure of the strongly flat modules. Since @ is ) —injective,
Corollary 1.41 immediately yields the following characterization.

Corollary 2.46. Let R be a domain. A module M is strongly flat, if and only
if there exist cardinals k and X\ and an extension 0 — R") — N — QW) — 0
such that M is a direct summand of N.

In particular, projdim M < projdim @ for any strongly flat module M.
Moreover, if M is strongly flat, then M, = M ®pr R, is a strongly flat R,—
module for each p € spec R.

Now we can determine the structure of the kernels of the three cotorsion
pairs (in the particular case of valuation domains, Corollary 2.46 and Theorem
2.47 (c) can substantially be improved — see Theorem 2.53 and Corollary 2.54
below):

Theorem 2.47.

(a) Assume R is a right coherent ring. Then the kernel of the Enochs cotorsion
pair coincides with the class of all pure—injective flat modules. If R is
commutative and noetherian, then the kernel consists of all modules of
the form HpespecR Cp, where C), denotes the p-adic completion of the free
module REZ‘)?) (ap > 0) for each 0 # p € spec R, and C), = REZ‘)) (. >0)
for 0 = p € spec R, respectively.
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(b) Assume R is a domain. Then the kernel of the Warfield cotorsion pair co-
incides with the class of all pure—injective torsion—free modules of injective
dimension < 1.

(c) Assume R is a domain. Then the kernel of the Matlis cotorsion pair

consists of all direct summands of modules of the form Q") @& R for
some cardinals k and \.

Proof. (a) Let M be flat and cotorsion. Then the character module M*
is injective, and (M€)¢ is flat. Since the embedding M — (M€)¢ is pure, also
(M©)¢/M is flat. Since M is cotorsion, the sequence 0 — M — (M°)¢ —
(M*©)¢/M — 0 splits. So M is a direct summand in a dual module, hence M
is pure—injective. The second statement follows from Enochs’ classification of
pure—injective flat modules over commutative noetherian rings, see [40, §5.3].

(b) Let C = Q&K where K = Q/R. Since K is divisible, K¢ is torsion—free,
so Cogen(C) = TF. Moreover, *C = * K¢ =TK = TF, so C is a 1-cotilting
module. By Lemma 3.39, the kernel of the Warfield cotorsion pair coincides with
Prod(C). Since C is torsion—free, pure-injective, and of injective dimension < 1,
the same is true for any module in the kernel. The reverse inclusion follows by
Lemma 2.42, since PZ C £C C MC.

(c) Let P € SFNMC. By Corollaries 1.41 and 2.46, P is a direct summand
in a module N such that IV is Matlis cotorsion and there is an exact sequence

0—RM - N—-QY -0 (2.1)

for some cardinals X and X\. Since N is torsion—free, we have N = Q%) @ N’
for a cardinal x and a reduced torsion—free module N’. Since Extr(Q, N') = 0,
we have N’ 2 Homp(R, N') 2 Extr(Q/R, N’). From (2.1), we get

Extr(Q/R, RM) = Extr(Q/R, N').

By Lemma 2.41, Extp(Q/R, RM) = I@, so N =QW @ ROV,

—Z

Conversely, let N = Q") @ R® for some x and . Applying Hompg(—, RV)
to the exact sequence 0 — R — @ — Q/R — 0, we get

0 = Homg(Q,RMN) - R™ — Extr(Q/R,RN) — Extr(Q,RWY) — 0. (2.2)

Since Ext(Q, R™) is a Q-module, we have Extz(Q, R™M) = Q) for a cardi-

nal «'. Since Extr(Q/R, RN) = ]@7 (2.2) induces a presentation of N of the
form (2.1). By Proposition 2.46, N € SF. By Lemma 2.38, also N € MC.
It follows that any direct summand of N belongs to MCNSF. n

For any domain R the classes of all flat and torsion—free modules are resolv-
ing. This may fail for the class of all strongly flat modules. The corresponding
characterization goes back to Matlis:

Lemma 2.48. Let R be a domain. Then the following conditions are equivalent:
(a) R is a Matlis domain;
(b) The class of all strongly flat modules is resolving;

(¢) The class of all Matlis cotorsion modules is coresolving.
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Proof. We assume (a). Then Ext;(Q,—) = 0 for each n > 1 and it also
follows Extg(M,—) = 0 for each M € SF by Corollary 1.41. Application of
Lemma 1.20, then gives (b).

(b) implies (c¢) by Lemma 1.20.
(c) implies (a): for a module M, denote by h(M) the trace of Q in M. (So M
is h—divisible, if h(M) = M, and h-reduced, if h(M) = 0.)

First we prove that Extp(K, M) is h-reduced for each module M, where
K = @Q/R. From the exact sequence 0 - M — E(M) — E(M)/M — 0, we get
the exact sequence 0 — A — B — Extg(K, M) — 0, where
A =Hompg(K,E(M))/Homg(K, M) and B = Homg (K, E(M)/M). Since K is
torsion, B is h-reduced. So it suffices to prove that A is Matlis cotorsion. Since
K is torsion, Homp(K, E(M)) is Matlis cotorsion by Lemma 1.31 (b). Since
A is isomorphic to a submodule of Hompg (K, E(M)/M) which is h-reduced,
also A is h-reduced. It follows that Hompg(K, M) is Matlis cotorsion. Now
the assumption (c) gives that A is also Matlis cotorsion. This implies that
Extp(K, M) is h-reduced.

Applying Hompg(—, M) to the exact sequence 0 - R — Q — K — 0, we get
the following two exact sequences:

0 — Homp (K, M) — Homp(Q, M) — h(M) — 0

and
0 — M/h(M) — Exti(K, M) — Extg(Q, M) — 0.

From the latter we infer that M/h(M) is h-reduced for any module M.

Next consider an exact sequence 0 — T'— M 5 Q — 0, where T is torsion
and h-divisible. Then T is the torsion part of M. Since T C h(M), there is
an epimorphism Q = M/T — M/h(M). Since M /h(M) is h-reduced, we infer
that M = h(M) is h—divisible.

We will prove that the torsion part of M splits, so Ext}%(Q,T) = 0: by
assumption, there are a cardinal x and an epimorphism p : Q") — M. Take
mi € M and ¢; € Q™ such that w(m1) = 1 and p(q;) = mi. We will prove
that T ® p(1Q) = M. First let m € M\ T. Then (m + T)s = (my + T)r for
some non-zero r,s € R, so there exists ¢ € T such that ms — myr = ¢. Since
T is divisible, there is t' € T with ¢t = t's. So (m —t')s = mir = p(q17), and
ms = p(qrs™')s +t's. Put d =m — p(q1rs™) +t'. Then d € M and ds = 0,
sod € T,and m € T+ p(q1Q). However, T N p(q1Q) = 0, if t = p(q17s~ 1)
is an arbitrary element of the intersection, then ts = p(qir) = myr € T, so
0=m(ts) =r.

Finally, Ext%(Q, N) 2 ExtR(Q,T) = 0, where T = E(N)/N is torsion and
h—divisible, for any module N. So projdim@ <1. =

We also note the following relation between strongly flat modules and R-
completions:

Proposition 2.49. Let R be a domain and M € Mod—R. Consider the follow-
ing conditions:

(a) M is strongly flat.

(b) M = Q™ @& N where N is reduced torsion—free and N is isomorphic to a

direct summand of RN, for some cardinals k and \.
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Then (a) implies (b). If R is a Matlis domain, then (b) implies (a).

Proof. (a) implies (b): let M be strongly flat. Since M is torsion—{ree,
M = Q") @& N where N is reduced and torsion-free. Then N < N is an

MC—envelope of N. Moreover, N is strongly flat, so Nox= QY @ R/(\A) for
a module X and cardinals p and A, by Theorem 2.47. i&\pplying the functor
Exth(Q/R,—), we get from Lemma 2.41 that N & X = ROV,

(b) implies (a): by Theorem 2.47 (c), N is strongly flat. Moreover, there is
a cardinal o such that 0 — N — N — Q'?) — 0 is exact. By assumption and
Lemma 2.48, SF is resolving, whence N is strongly flat. m

We arrive at the remaining case of coincidence, characterized by Bazzoni
and Salce in [25]. It turns out that the relevant domains here are the almost
perfect ones:

Definition 2.50. Let R be a commutative ring. Then R is almost perfect,
provided that R/I is a perfect ring for each (principal) ideal 0 # I # R.

It is easy to see that an almost perfect domain cannot contain a strictly
increasing chain of principal ideals (otherwise, if 0 # Rro € Rrq € ... is such
a chain with r; = s;7;41 for all i < w, then Rsg 2 Rsiso 2 ... is a strictly
decreasing chain of principal ideals containing Rrg, hence R/Rrg is not perfect).
In particular, a valuation domain R is almost perfect, iff R is noetherian.

Any noetherian domain R of Krull dimension < 1 is almost perfect, since
then R/I is artinian for each 0 # I # R. In fact, a coherent domain is almost

perfect, iff it is noetherian of Krull dimension < 1 (see [24, §4]).
Theorem 2.51. Let R be a domain. The following conditions are equivalent:
(a) R is almost perfect;
(b) The classes of all flat and strongly flat modules coincide;
(c) The classes of all Matlis and Enochs cotorsion modules coincide.
For a proof of Theorem 2.51 we refer to [24, §4].

Corollary 2.52. Let R be a ring. Then R is a Dedekind domain, if and only
if R is a Prifer domain which is almost perfect.

Proof. By Theorems 2.44, 2.45 and 2.51. =

Corollary 2.37 suggests the question of the existence of strongly flat covers
of modules over domains. The (trivial) sufficient condition for the existence is
SF = FL. Bazzoni and Salce proved that this condition is also necessary. In
other words, all modules have strongly flat covers, iff R is almost perfect (cf.
[24)).

Strongly flat modules over a domain are characterized in Corollary 2.46
as the direct summands of extensions of free modules by torsion—free divisible
modules.

The drawback of this characterization is in dealing with direct summands.
This is of course necessary in general: projective modules need not be extensions
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of free modules by torsion—free divisible modules. In fact, direct summands have
to be considered, even when projective modules coincide with the free ones: for
example, the group (Z-module) of all p-adic integers J,, is (strongly) flat, but
it is easily seen not to be an extension of a free group by a divisible torsion—free
group.

There is a case where we do not have to consider direct summands, namely
when R is a valuation domain. A proof of this fact appears in [72] and relies on
an application of the rank version of the Hill Lemma 2.21:

Theorem 2.53. Let R be a valuation domain and M be a module. Then M is
strongly flat, if and only if M is an extension of a free module by a torsion—free
divisible module.

Corollary 2.54. Let R be a valuation domain. Then the reduced strongly flat
Matlis cotorsion modules coincide with the R—completions of free modules. So
the kernel of the Matlis cotorsion pair consists of all modules of the form Q) &

1@ for some cardinals k and .

Let R be any ring and C be any class of modules. Recall that lim C denotes
the class of all modules D € Mod-R such that D = h_n)lie] C;, where {C}, fji |
1 < j € I} is a direct system of modules from C. Recall also that a cotorsion
pair (A, B) is closed provided that A = lim A.

The cotorsion pair (Mod-R,Zy) is closed, and if (A;, B;) (i € I) are closed
cotorsion pairs, then (o, Ai, (N;e; A1), is also closed. So for each cotorsion
pair € = (A, B) there is a least cotorsion pair € = (A, B) such that € is closed
and A C A. € is called the closure of the cotorsion pair €.

The interesting case is when the closure of a cotorsion pair is complete —
then the closure is perfect by Corollary 1.28, that is, the closure provides for
envelopes and covers of modules.

Our next goal is to show that this happens when € is generated by a class
of FPy—modules C (and in particular, when € is generated by a class of finitely
presented modules over a right coherent ring). As a by—product, we will describe
the class limC in homological terms by showing that limC = T(CT). These
results come from [8].

We start with several basic properties of the classes li_rr}C . The case when C
consists of finitely presented modules is well-known from the classical work of
Lenzing;:

Lemma 2.55. Let R be a ring and C be a class of finitely presented modules
closed under finite direct sums. Then the following are equivalent for a module
M.

(a) M € limC.

(b) There is a pure epimorphism [ : @
of modules in C.

i1 Ci — M for a sequence (C; | i € I)

(c) Every homomorphism h : F — M, where F is finitely presented, has a
factorization through a module in C.
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Moreover, h_H)lC 1s closed under direct limits, pure submodules and pure epimor-
phic images, and the finitely presented modules in li_r)nC are ezactly the direct
summands of modules in C.

We will also need the following result by Crawley—Boevey [33] (recall that
a class C C Mod—R is definable, provided that C is closed under direct limits,
direct products and pure submodules):

Lemma 2.56. Let R be a right coherent ring, and C be a class of finitely
presented modules such that C = add(C). Then the following are equivalent:

(
(

a) C is covariantly finite in mod—R;

b

li_r)nC is closed under direct products;

(c) imC is definable;

)
)
)
(d) imC ds a preenveloping class.

Proof. (a) implies (b): let (C; | ¢ € I) be a sequence of modules in C.
Let M = [[,c;Cs and let f : ' — M be a homomorphism with F' finitely
presented. Let g : FF — C be a C—preenvelope of F. Then for each ¢ € I,
there is h; : C' — C; such that h;g = m; f, where m; : M — C; is the canonical
projection. So there is h : C' — M such that h; = m;h for all i € I. Then
[ =hg,so M €limC by Lemma 2.55.

(b) implies (c): by Lemma 2.55, lim C is closed under direct limits and pure
submodules, so h_H)lC is definable.

(c) implies (d): let M € Mod—R and let k = |[M|+ |R| + Xo. Denote by S a
representative set of all < k—generated modules in lim C. Consider the canonical
map f: M — L where L = [[ycs NHomr(M,N) ¢ limC by assumption. Then
any morphism g : M — N with N € S factors through f. Let L’ € liL)nC and
f'+ M — L'. Then |[Im f’| < &, so there is a pure submodule, N’ of L’ such
that Im f* C N” and |[N'| < & (cf. Lemma 1.45 (a)). By assumption, N' € limC,
so N/ = N for some N € S. It follows that f’ factors through f. This proves
that f is a lim C—preenvelope of M.

(d) implies (a): let f : M — L be a limC-preenvelope of a module M €
mod—R. By Lemma 2.55, there are C € C, g: M — C and h : C' — L such that
f = hg. We prove that g is a C—preenvelope of M in mod-R. Let ¢’ : M — C’
where C' € C. Then ¢’ = I/ f for some b/ : L — C’, so ¢ = h'hg. =

If R is a right noetherian ring, then there is a simple relation between torsion
pairs in Mod—R and mod—R:
Lemma 2.57. Let R be a right noetherian ring.

(a) Let (T,F) be a torsion pair in Mod—R. Then (7<%, F<“) is a torsion
pair in mod—R.

(b) Let (C,D) be a torsion pair in mod-R. Then (imC,limD) is a torsion
pair in Mod-R. Moreover, limC = Gen(C) and limD = KerHompg(C, —).
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Proof. (a) Let M € mod—R be such that Hompg (M, F<*) = 0. Since each
N € F is a directed union of its finitely generated submodules (in F<¢) and R
is right noetherian, we have Homg (M, F) = 0 by Lemma 1.34, so M € 7<%,

Conversely, let N € mod-R be such that Homg (7<%, N) = 0. Assume
there is 0 # f € Hompg (T, N) where T € 7. Then Imf € 7<%, since R is right
noetherian, a contradiction. So Homg(7,N) =0, and N € F<%.
Since Homp(7 <%, F<¢) = 0, the claim follows.
Next we show (b): by Lemma 1.34, Hompg(C,limD) = 0. If M € limC, then
Homp (M, lim D) = 0 by Lemma 2.55. So Hompg(limC, lim D) = 0.

If M € KerHompg(C, —), then each finitely presented submodule of M be-
longs to D, hence M € lim D. It follows that

lim D = Ker Homp(C, —) = Ker Hompg (lim C, —).

Let M be any module and let S be the direct system of all its finitely
presented submodules. For F' € S, denote by ¢(F) € C the torsion part of F.
There is an exact sequence 0 — t(F) — F — F/t(F) — 0 with F/t(F) € D.
Since t(F) C t(G) for all F C G € S, we get the induced direct system of
exact sequences whose direct limit is 0 — lim ¢(F) — M — lim F'/¢(F") — 0. In
particular, if M € Ker Homp(—,lim D), then M = lim¢(F) € limC.

Finally, being a torsion class containing C, limC contains Gen(C). The re-
verse inclusion follows from the fact that any direct limit is canonically a (pure—)
epimorphic image of a direct sum. =

Lemma 2.57 will be essential for characterizing 1—cotilting classes over noethe-
rian rings in chapter 3.

Definition 2.58. Let C be a class of modules. We will denote by C~t~he class of
all pure—epimorphic images of elements of C. Note that CNmod—R = CNmod—R,
if C is closed under direct summands. For example, if (A, B) is a complete
cotorsion pair, then the class A coincides with the class of all modules M such
that each (or some) special A-precover of M is a pure epimorphism.

Note that limC C T(CT), and C C T(CT), since T(CT) is obviously closed
under direct limits and pure—epimorphic images. Moreover, we have

Lemma 2.59. Let R be a ring, C be a class of modules, and (A,B) be the
cotorsion pair generated by C. Denote by D the class of all dual modules (=
character modules of left R—-modules). Then

(a) T(CT) = L(BND) = T(AT).
(b) Assume C is closed under direct sums. Then limC C C C T(CT).
—

(c) Assume that C consists of FPy-modules. Then M € B, iff M € B for
any module M. In particular, T(CT) = (BN PI).

Proof. (a) Let M be a module. By Lemma 1.31 (b), M € T(CT), iff M €
L+ N? for all N € CT. Moreover, N € CT,iff N® c C-ND=BND. ForC = A,
we get in particular that T(AT) = +(BND).

(b) This is clear, since the assumption implies that C is closed under direct
limits.
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(c) Let M be a module. By Lemma 1.31 (d), M € B, iff M4 ¢ CT, iff
Mdd e B.

Since each pure-injective module M is a direct summand in M?, we have
L(BND)=1(BNPI), and the assertion follows from part (a). m

Lemma 2.60. Let R be a ring. Let € = (A, B) be a complete cotorsion pair
such that B is closed under ¥. Then A = T(AT).

Proof. Let M € T(CT). By Lemma 2.59 (b), M € H(BND). Let 0 —

B A — M — 0 be an exact sequence with A € A and B € B. Consider the
canonical pure embedding v : B — B and take the pushout of x and v:

0 B P A M 0
dl dl H
0 B T , N M 0.

By assumption, B € BND, so the bottom row splits. It follows that v factors
through p, hence p is a pure monomorphism, and M € 4. =

By Lemma 2.59, each cotorsion pair € = (A4, BB) is contained in the complete
and closed cotorsion pair cogenerated by the class BND. We will now investigate
whether the latter is the closure of €. As a by—product, we obtain a homological
description of the class li_H)IC in the case when C consists of FPy-modules:

Theorem 2.61. Let R be a ring. Let C be a class consisting of FPy—modules
such that C is closed under extensions, direct summands and R € C. Then
limC = T(CT) is a covering class.

Furthermore, if € = (A, B) is the cotorsion pair generated by C, then limC =

lim A = A = T(AT).

Proof. By Lemmas 2.59 (b) and 2.60, A = T(AT) = T(CT).

Now we show that A C lil>nC . First the isomorphism classes of C form a set,
so A consists of all direct summands of C—filtered modules by Corollary 1.42. By
Lemma 2.55, liL)nC is closed under direct limits, hence under direct summands.
So it suffices to prove that h_H)lC contains all C—filtered modules.

We proceed by induction on the length § of the filtration. The cases when
d = 0 and ¢ is a limit ordinal are clear (the latter by Lemma 2.55). Let § be

non-limit, so we have an exact sequence 0 — A L BL O SowithAe lim C
and C' € C. We will apply Lemma 2.55 to prove that B € limC.

Let h : FF — B be a homomorphism with F' finitely presented. Since C' is
FP,, there is a presentation 0 — G — P % € — 0 with P finitely generated
projective and G finitely presented. There is also ¢ : P — B such that p = ggq.
We have the commutative diagram

0 I pep W o 0
o e H
0 A 1 B v, C 0.
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Considering the pullback of p and (gh) & p, we see that the pullback module U
is an extension of G by F @ P, and F’ is isomorphic to a direct summand in
U. So U, and F’, are finitely presented. Since A € liL>nC, Lemma 2.55 provides
for a module C’ € C and maps ¢’ : F' — C', 7/ : C' — A such that b’ = 7'¢’.
Consider the pushout of f’ and ¢’:

0 - pap 2%, o 0
0 o —r D C 0.

By assumption, D € C. By the pushout property, there is 7 : D — B such that
70 = h @ q, hence 7o [ F = h. So h factors through D, and B € li_n}C.
Now, since h_n)lC is closed under pure—epimorphic images by Lemma 2.55,
we infer that A ClimC. So, by Lemma 2.59, limC = lim A = A
— — —
Finally, lii>nC is a covering class by Theorem 1.48. =

Note that in the setting of Theorem 2.61, the class A = +(C*) consists of
all direct summands of Ciltered modules, while lim A = limC = T(CT) of all
pure—epimorphic images of C—filtered modules. Both classes contain the same
finitely presented modules, namely the modules in C.

Theorem 2.61 may fail, if C does not consist of FPs—modules. For example,
if R is a domain and @ is its quotient field, then C = Mod—(Q is a subclass
of Mod-R closed under direct limits, but A = +(Ct) = SF, the class of all
strongly flat modules, while T(CT) = FL, the class of all flat modules. So, if R
is not almost perfect, then C =1limC ¢ A C T(CT) = T(AT).

Corollary 2.62. Let R be a ring and € = (A, B) be a cotorsion pair generated
by a class of FPy—modules. (For example, let R be right coherent and € be
generated by a class of finitely presented modules.) Then the closure € = (A, B)
of € is cogenerated by the class BN 'PI. In particular, ¢ is perfect, and A =
HLQA =A=T(AT).

Proof. If € is generated by a class of FPs—modules D, we let C be the
smallest class of modules closed under extensions and containing DU{R}. Then
C also consists of FPy,—modules, and it generates €. So Theorem 2.61 gives
limA =+ (BNPI) and € = (lim A, (lim .A)1). Finally, € is perfect by Theorem
ﬁ)& m — —

We finish by a result that will be essential for a characterization of 1—cotilting
classes of cofinite type in chapter 3:

Lemma 2.63. Let R be a ring and (A, B) be a cotorsion pair such that A C Py.
Then A C lii>nv4<‘”.

Proof. Let A € A. By assumption and by Eilenberg’s trick, there is an
exact sequence 0 — FF C G — A — 0 where F' and G are free modules. Let
{zo | @ <k} and {yg | B < A} be free bases of F' and G, respectively. W.lo.g.,
k is infinite. For each finite subset S C &, let S’ be the least (finite) subset
of A such that Fs = @, cgTall € Gs = Dpcgs ysR Then F is a directed
union of its summands of the form Fg, where S runs over all finite subsets of
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k. Let Ag = Gg/Fs. Then Ag € P5¥, and A = P & H, where P is free and
H =lim  As. So it remains to prove that I € lim A<«

We will show that Ag € A<“ for each finite subset S C x. Take an arbitrary
B € B. Then any homomorphism from F' to B extends to G. Let ¢ be a
homomorphism from Fg to B. Since Fg is a direct summand in F', ¢ extends
to F, hence to G, and Gg. It follows that B € {Ag}t, so Asg € A<“, and
H e hi}nAQ". n

In general, Lemma 2.63 fails for n > 1, even for A = P,,. Smalg constructed
for each n > 1 a finite dimensional algebra R,, such that hi)nps“’ =P CP,
(see [69]).

3 Tilting and cotilting modules

We start with a definition of a (infinitely generated) tilting module:

Definition 3.1. Let R be a ring. A module T is tilting provided that

(T1) T has finite projective dimension (that is, T € P),
(T2) Ext%(T,T")) =0 for all 1 <i < w and all cardinals #, and

(T3) There are r > 0 and a long exact sequence 0 - R — Ty — ... = T, — 0,
where T; € Add(T) for all i < r.

If n <w and T is tilting of projective dimension < n, then T is called n—tilting.
The class T is called the n—tilting class induced by T. Clearly (+(T+=), T+)
is a hereditary cotorsion pair, called the n—tilting cotorsion pair induced by T.
If T and T’ are tilting modules, then T is said to be equivalent to T" provided
that the induced tilting classes coincide, that is, Tt = (T")1=.

A ring S is called tilted from R, if there is a tilting module T" such that S =
End(TR).

A tilting module T is classical tilting, iff T satisfies the following stronger
version of condition (T1):

(T1) T eP<v.

In view of Lemma 1.34, classical tilting modules can equivalently be defined
as the modules T satisfying conditions (T1’), (T2') and (T3’), where (T2') says
that Exti(T,7) = 0 for all 1 < i < w, and (T3') is obtained from (T3) by
replacing Add(T") with add(T).

Classical tilting modules are of particular importance. The fundamental re-
sult of classical tilting theory — the Tilting Theorem — says that for any classical
tilting module T' and any 7 < n = projdim 7' there is a tilting category equiv-
alence between the categories [;_,; Ker Ext7, (7T, —) and (,; Ker Torf(—,T)
(where S = End(Tg)):

Exth (T,—

_ )
() Ker Ext7,(T, -) = () Ker Tor} (—,T). (3.1)
i Tor? (=T) i
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In fact, if T is a classical n—tilting right R—module, then 7" is necessarily also
a classical tilting left S—module, and the bimodule 7T is faithfully balanced
(so T is a tilting bimodule) — see [65].

Rather than studying equivalences induced by classical tilting modules, we
will concentrate here on relations between tilting theory of (infinitely generated)
tilting modules over arbitrary rings on the one hand, and the approximation
theory on the other.

Clearly 0-tilting modules coincide with (possibly infinitely generated) pro-
jective generators.

We will now present several examples of infinitely generated 1-tilting mod-
ules that naturally occur in various parts of module theory.

Example 3.2. Let R be a domain, and S a multiplicative subset of R. Let
ds = F/G, where F is the free module with the basis given by all sequences
(s0,---,8n) where n > 0, and s; € S for all i« < n, and the empty sequence w =
(); the submodule G is generated by the elements of the form (so,...,8,)s, —
(80y.--,8n—1), where 0 < n and s; € S for all i < n, and of the form (s)s — w,
where s € S.

It is easy to see that G is free, so dg has projective dimension < 1.

By definition, dg is S—divisible (that is, for each s € S, dgs = dg, or equiva-
lently, Exty(R/sR,és) = 0). Moreover, 6s = J,,., ;, where §o = wR = R
and d;41/9; is isomorphic to the direct sum of copies of the cyclically pre-
sented modules R/sR with s € S, for each i < w. From Lemma 1.30 follows
Exty (s, 55;)) =0 for any cardinal x.

For z € F, denote by € dg the coset of  in F/G. Define pu : g —
6s by p(w) = 0, and u(z) = (1,z) for # # w. Then Ker(u) = wR, so u
induces an embedding v : dg/wR — dg. Conversely, define 7 : g — ds/wR
by 7((s0,--.,8n)) = (51,.--,8,) + wR for 0 < n and s; € S (i < n), and
w((s)) =m(w) =0 for s € S. Then nv = id, so dg/wR is a direct summand of
0g. It follows that dg is a 1-tilting module.

Note that dg is a generator for the class of all S—divisible modules: indeed,
if M is S—divisible and @ € M, then there is a homomorphism 7 : dg — M
such that a € Im(n). The homomorphism 7 is constructed by induction: first
we define 17 on dg = R, so that its image contains a. If n is already defined on
d; for some i < w, we use the fact that §;11/9; is isomorphic to the direct sum
of copies of R/sR with s € S to infer that Ext(0;41/d;, M) = 0, and to extend
7 from §; to d;41.

The module 6 = dp\ 10y Was introduced by Fuchs. Facchini [41] proved that
J is a 1-tilting module. The general case of g comes from [43], so we will call dg
the Fuchs tilting module. Notice that the 1-tilting class induced by dg coincides
with the class of all S—divisible modules.

If R is a Priifer domain, then any module of projective dimension < 1 is
filtered by finitely presented cyclic modules and Exth(R/I,D) = 0 for any
finitely generated ideal I and any D € DZ (see [44, §1.7 and §VI.6]). If R is
a Matlis domain, then DZ = Gen(Q), and P; = + Gen(Q), [44, §VIII]. So in
either case, the 1-tilting cotorsion pair induced by § is (P1, DI).
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Example 3.3. Let R be a commutative 1-Iwanaga—Gorenstein ring (that is,
a commutative noetherian ring with injdim R < 1, see Example 2.14). Let Py
and P; denote the sets of all prime ideals of height 0 and 1, respectively. By a
classical result of Bass [64, §18], the minimal injective coresolution of R has the
form

0= R~ (D E(R/q) > P E(R/p) — 0.
q€Po pEP:

Consider a subset P C P;. Put Rp = W_l(@pep E(R/p)) and Tp = Rp &
©D,cp E(1/p). We will show that T is a 1-tilting module (it is called the Bass
tilting module).

First we have Rp/R = D, p E(R/p) and Q/Rp = @D, p,\ p E(R/p). Since
both Rp and Rp/R have injective (equivalently, projective) dimension < 1, so
does Tp. As Homp(E(R/p),Q/Rp) = 0, we sce that Exts(E(R/p), Rp) = 0
for all p € P. It follows that Ext}%(Tp,Tl(f)) = 0 for each cardinal k. Finally,
the exact sequence 0 — R — Rp — €D, p E(R/p) — 0 yields condition (T3)
for Thp.

Notice that the 1-tilting class induced by Tp is {M | Exty(E(R/p), M) =
0 for all p € P}. This class equals {M | Exth(R/p, M) = 0 for all p € P} in
case R is hereditary (in particular, when R is a Dedekind domain).

Example 3.4. Let R be a connected tame hereditary algebra over a field k. Let
G denote the generic module. Then S = End(G) is a skew—field and dimg Q =
n < w. Denote by 7 the set of all tubes. If & € 7 is a homogeneous tube, we
denote by R, the corresponding Priifer module. If @ € 7 is not homogenous,
denote by R, the direct sum of all Priifer modules corresponding to the rays in
a. There is an exact sequence

0> R— Q"™ I PR — o,
acT

where A\, > 0 for all « € 7.

Let P C 7. Put Rp = 7 (@,cp RS™). Similarly, as in Example 3.3,
we see that Tp = Rp @ EBaeP R, is a 1-tilting module, called the Ringel tilt-
ing module. Notice that the 1-tilting class induced by Tp equals Tp = {M €
Mod-R | Extk(N, M) = 0 for all (simple) regular modules N € P}. In particu-
lar, if P # P’ C 7T, then the tilting modules Tp and Tp/ are not equivalent.

The modules in the tilting class R = T3¢ = {D € Mod-R | Exts(M, D) =
0 for all (simple) regular modules M} are called Ringel divisible (see [34]).

Example 3.5. The following examples go back to [57] (and originate in the
work of Lukas [61]).

(a) Let R be a connected wild hereditary algebra over a field k. Denote by
7 the Auslander—Reiten translation, and by R the class of all Ringel divisible
modules (they are defined as in the tame case, by Extk(M, D) = 0 for each
regular module M).

Let M,N € mod-R. Assume M is regular. By [61], there is an exact
sequence 0 — N — Ay — By — 0, where Ay € M+ and Bjy is a finite direct
sum of copies of 7" M for some n < w.
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Let X be any regular module and 7x = {r™X | m < w}. Iterating the
construction above (for M = X and N = R, M = 7X and N = Ay, etc.),
we obtain an exact sequence 0 — R — Cx — Dx — 0, where Dx has a
countable Tx—filtration. Then Tx = Cx ® Dy is a 1-tilting module, called the
Lukas divisible module. The corresponding 1-tilting class is R (so in contrast
to Example 3.4, T'x and T+ are equivalent for all regular modules X and X).

(b) Let R be a connected hereditary algebra of infinite representation type
over a field k. Let P # 0 be any preprojective module. Then there is a chain
of preprojective modules A, (n < w) with the following properties: Ay = R,
and for each n < w there is an exact sequence 0 — A, C A,41 — P, — 0,
where A1 and P, are preprojective and Hompg(A4,4+1,7 " P) = 0. Put Ap =
Un<w Ans Bp = Ap/A, and Tp = Ap® Bp. Then Tp is a tilting module (called
the Lukas tilting module).

Tp induces the tilting class T = £ = {M € Mod-R | ExtR(Q, M) = 0 for
all preprojective modules @ € mod—R} (L is called the class of all P> -torsion
modules). Again, this class does not depend on the choice of P, that is, all the
Lukas tilting modules Tp are equivalent.

If R is tame, then the tilting cotorsion pair induced by Tp is (B, L) where
B =1 Gen(t), and t C mod—R is the class of all regular modules. The modules
B € B are called Baer modules; for their structure, we refer to [9].

Now we consider an example of an infinitely generated n—tilting module:

Example 3.6. Let n > 0 and R be an n-Iwanaga—Gorenstein ring (see Example
2.14). Let 0 - R — Iy — ... — I, — 0 be the minimal injective coresolution
of R.

Then T' = @, ,, I; is easily seen to be an n-tilting module: indeed, since
T is injective, T has projective dimension < n, so condition (T1) of Definition
3.1 is satisfied. Since R is noetherian, T(®) is also injective, so (T2) holds. The
minimal injective coresolution above yields condition (T3). (This tilting module
will play a crucial role in proving the first Bass’ finitistic dimension conjecture
for R in Chapter 5.)

Theorem 3.25 below will provide a characterization of all n—tilting classes.
For its proof, we will need a number of basic facts on tilting modules and tilting
cotorsion pairs. We start with a definition:

Definition 3.7. Let R be a ring, C be a class of modules, and M € Mod—-R.

(i) M is called C—resolved, if there is a C-resolution of M, that is a long exact
sequence ... — Cp, — ... — Cy — M — 0 such that C,, € C for all n < w.

Assume M is C-resolved. If M has a C-resolution such that C; = 0 for all
i > n+1, then the least such n (among all such C—resolutions) is called the
C-resolution dimension of M. Otherwise M is said to have C—resolution
dimension co.

(ii) Dually, M is called C—coresolved, if there is a C—coresolution of M, that is
a long exact sequence 0 - M — Cy — ... — C), — ... such that C),, € C
for all n < w.

Assume M is C-coresolved. If M has a C—coresolution such that C; = 0
for all i > n + 1, then the least such n (among all such C—coresolutions) is
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called the C—coresolution dimension of M. Otherwise M is said to have
C—coresolution dimension co.

Clearly any module is Py—resolved, and the Py-resolution dimension is ex-
actly the projective dimension. Similarly, any module is Zp—coresolved; the
To—coresolution dimension is exactly the injective dimension.

Now we continue with several basic properties of tilting cotorsion pairs:

Lemma 3.8. Let R be a ring and T be an n—tilting module. Denote by ¥ =
(A, B) the n—tilting cotorsion pair induced by T.

(a) Let 0 — P, — ... —» Py — T — 0 be a projective resolution of T with the
syzygy modules So = T,...,S, = P,. Let S = @,.,, Si. Then ¥ is the
cotorsion pair generated by S. In particular, T is complete.

(b) AC P, and B C Gen(T).

Each of the short exact sequences forming the long exact sequence in (T3)
is given by a special B-preenvelope of an element of A. The length r in
(T3) can be taken < n.

(¢) The kernel of T equals Add(T).
(d) Fach M € BN'Py, has Add(T)-resolution dimension < n.

Proof. (a) This follows by Theorem 1.40 (b).
(b) By assumption, S € P, so A C P, by Theorem 2.12.
Let M € B. Consider the long exact sequence from (T3):

0-R 2Ty —2 .1 -2, 2,1 %,

Since T; € A for all i« < r, and A is resolving by Lemma 1.20, we have K; =
Ker(p;) € A. In particular, K; € P,. Let f: R® — M be an epimorphism
and put g = ). Consider the exact sequence 0 — R ER TO(A) — Kf‘) — 0,
and form the pushout of f and ¢:

0 —— RM 2 7V KN —— 0
/| | H

0 —— M ¢ EY ——0
0 0.

Since M € B, the second row splits, so M is a direct summand in G. Since
h is surjective, G € Gen(Ty) C Gen(T'), and M € Gen(T). This proves that
B C Gen(T).

By (T2), T; € Add(T) C B for all i < r. So the embedding K; — T; is
a special B-preenvelope of K; € A, and projdim K; < n, for each i < r. If
n < r, then the short exact sequence 0 — K,, — T,, — K, 1 — 0 splits, since
Exth (K1, Kp) & 2 Exth(Kp, K1) 2 Exthb™ (K41, Ko) = 0. So we can
assume r < n in (T3).
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(¢) By (T2), Add(T) C AN B.
Conversely, let M € AN B. By part (b), M € Gen(T). So the canonical map
pE HomR(T(HomR(T’M)), M) is surjective, and there is a short exact sequence

0 — L — pHoms(TM) 2, pr ), (3.2)

Applying Hompg (T, —) to (3.2), we obtain the long exact sequence

0 — Homp(T, L) — Homp(T, THomr(T:M))y HomnlTe)l gy, o op apy -

ExtL (T, L) — Extk (T, THmr(TM)Y _ Extl (T, M) — ...
Extly(T, L) — Exth(T, THmaTM))  Extiy(T, M) — ... .

By definition, Homp(T, @) is surjective, so Exth(T, L) = 0 by (T2). We also
have Ext’h (T, M) = 0 for all 0 < i < w, so condition (T2) implies that L €
T+e = B. Since M € A, (3.2) splits, and M € Add(T).

(d) Let M € BNP,,. An iteration of special A-precovers (of M etc.) gives
rise to a long exact sequence

wn wn— 1 wl

O_>Kn_>En —— Enfl

)

Ey M — 0,

where E; € Add(T), K; = Kery; € B and v; induces a special A-precover of
its image for all ¢ < n. By assumption, M € P,, so Ext}%(Kn_l,Kn) ...
Ext’ (Ko, K,) = Ext)y" (M, K,,) = 0. Tt follows that K, _; € Add(T), so we

can take £, = K,,_ 1 and K, =0. =

If T is a tilting module, then its projective dimension is the maximum of
projective dimensions of the modules in A = +(7T*=). In particular, by Lemma
3.8 (b), equivalent tilting modules have equal projective dimensions.

By Lemma 3.8 (c), the kernel of ¥ equals Add(T"). So the classes A and B
can be recovered from the kernel simply using the equalities B = (Add(T))*
and A =1B.

There is another way of recovering A and B from the kernel, via Add(T)-
resolutions and Add(7T)—coresolutions in the sense of Definition 3.7:

Proposition 3.9. Let R be a ring, T be an n—tilting module, and (A,B) the
n—tilting cotorsion pair induced by T.

(a) A coincides with the class of all Add(T)—coresolved modules of Add(T')-
coresolution dimension < n.

(b) B coincides with the class of all Add(T)-resolved modules. In particular,
B is closed under direct sums.

Proof. (a) Since A is resolving, M € A for any module M of finite Add(T")-
resolution dimension.

Conversely, let A € A. An iteration of special B—preenvelopes (of A etc.)
yields a long exact sequence

w() ¢1 Pn—1 wn

OHAHEO E1 En

Kn+1 - 07

where E; € Add(T) for all i <n and K, 41 € A. Let K; = Kerv; (i <n). By
Lemma 3.8 (b), K11 € Pp, 50 Bxth(Kpi1, Kp) = - 2 Exth(Kp, Kp) &
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Extyt (Kpy1, 4) = 0. Tt follows that K,,+1 € Add(T), so we can take E,, = K,,
and Kn+1 =0.

(b) If M € B, then an Add(T)-resolution is obtained by an iteration of
special A-precovers (of M etc.).

Conversely, assume there exists an Add(T")-resolution B

..—oF,—-...—FEy— B—0.

Denote by Ky the kernel of the epimorphism Fy — B, by K; the kernel of the
epimorphism E; — Ky, etc. Let A € A. Then Extp(A, B) ExtQR(A,KO) o
-2 Exty™ (A, K,_1) = 0 by Lemma 3.8 (b), so BEB. =

Indeed, we can do slightly better:

Corollary 3.10. Let R be a ring, T be an n—tilting module, and (A,B) the
n—tilting cotorsion pair induced by T'.

(a) A coincides with the class of all modules A possessing an exact sequence

0—A—Tw) o 7k

where Kk; s a cardinal for each i <n.

(b) B coincides with the class, Gen,(T), consisting of all modules B possessing
an ezact sequence

T 7)) L B 0,
where \; is a cardinal for each 1 <i < n.

Proof. (a) This follows by possibly adding elements of Add(T") to the middle
terms of the short exact sequence forming the Add(T")—coresolution character-
izing A € A in Proposition 3.9 (a).

(b) As in part (a), we infer from Proposition 3.9 (b) that B € B, iff B
possesses a long exact sequence

..—>T()‘i)—>...—>T(>‘1)—>B—>O,

where A; is a cardinal for each 1 <14 < w. So clearly, B C Gen,(T).
Conversely, if B € Gen,,(T') possesses a sequence

7O Iy Bpon g

then Ext’y (T, B) = Ext’y (T, Ker(f1)) = - - - = Ext'f (T, Ker(f,)) = 0 for each
i>1since projdimT <n. So BET > =5. =

By Corollary 3.10 (b), any tilting module of projective dimension n satisfies
T+ = Gen,(T). Also the converse holds, so T is an n-tilting module, if and
only if T+~ = Gen, (T) (see [18]).

The classes X+~ and Gen,,(X) are well-defined for any object X of a co-
complete abelian category X. So the condition X+ = Gen, (X) is a suitable
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defining condition for an (infinite-dimensional) tilting object X of X that avoids
the problem of the possible non—existence of projective objects in X.

The equivalence of tilting modules defined above can be expressed in a sim-
pler way:

Lemma 3.11. Let R be a ring and Ty, Ty be tilting modules. Then Ty is
equivalent to To, iff Add(T1) = Add(T»), iff Add(T1) C Add(T%).

Proof. If Tj-> = T3>, then also +(T7=) = L (T3>), and hence Add(T}) =
Add(T3) by Lemma 3.8 (c).

Assume T7 € Add(T3). Then By, = TQL"" C T1L°° = Br,. However, By, C
Br, by Proposition 3.9 (b), so 71 and T, are equivalent. =

The following result, due to Angeleri Hiigel and Coelho [3], gives a charac-
terization of tilting classes of modules:

Theorem 3.12. Let R be a ring, n < w, and C be a class of modules. Then the
following assertions are equivalent:

(a) C is n—tilting.

(b) C is coresolving, special preenveloping, closed under direct sums and direct
summands, and ~C C P,,.

Proof. (a) implies (b): this follows from parts (a) and (b) of Lemma 3.8,
and from Proposition 3.9 (b).

(b) implies (a): first the special C—preenvelope of any injective module splits.
Since C is closed under direct summands and it is coresolving, we have Z, C C
and C is cosyzygy closed. So +~C = +C by Lemma 1.21.

The special C-preenvelope of R gives rise to a short exact sequence 0 —
Ky — Ty — K1 — 0, where Ko = R, Ty € C and K; € *C C P,. Since
R € 1C, we have Ty € C N +C. By induction we obtain short exact sequences
0 K; - T; — Kiy1 — 0 with T; € CN+C and K;;; € *C C P,. Since
K,+1 € Py, the sequence 0 — K,, — T, — K, 41 — 0 splits by dimension
shifting. So we can assume that K,,y; = 0, and form the long exact sequence
(with T; € CNAC for all i < n)

0-RETLET S ... "1, 2T, —0. (3.3)
Put T = @,.,, T;- We will prove that T is n-tilting. First T € CN+C C P, so

(T1) holds. Since C is closed under direct sums, T*) € C for each cardinal ,
and (T2) holds. The long exact sequence above gives (T3).

Finally, we will prove that Tt~ = C. Since T € *C, clearly T+>= D C.
Conversely, let C' € T+>. Consider a special C—preenvelope 1y of C, a special
C—preenvelope 1 of Coker g etc. Since Coker¥,,+1 € Pp,, dimension shifting
shows that 1,11 splits. So there is a long exact sequence

0-C% DD, .. "' D, "D, -0

with D; € C C Tt for all i < n, and D,, € CN+C. Since C € T and T+~
is coresolving, we get Cokert); € T+ for all i < n. It remains to prove that
CN+C C L (T+>=) — then 1, splits and, by induction, v splits, so C € C.
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Let M € CN+C (C T+~ nNP,). By Lemma 3.8 (d), there is a long exact
sequence
0—>E'n—>...—>E'0@>Z\l—>07

where E; € Add(T) for all i < n. By the closure properties of C, Add(T) C
CN+C, and Kerng € C. So ng splits, and M € Add(T) C H(T+=). =

Note that the proof of (b) implies (a) above is constructive: the tilting
module T is obtained as T = @, ., T; where T; form the long exact sequence
(3.3) obtained by an iteration of special C—preenvelopes, starting from a special
C—preenvelope of R, pg : R — Ty, over a special C—preenvelope of the cokernel
of g, etc.

Now we can characterize tilting cotorsion pairs by the closure properties of
their components:

Corollary 3.13. Let n < w. Let R be a ring and € = (A, B) be a cotorsion
pair. Then the following assertions are equivalent:

(a) € is an n—tilting cotorsion pair.

(b) € is a hereditary (and complete) cotorsion pair such that A C P, and B
is closed under direct sums.

Proof. (a) implies (b). By Theorem 3.12 for C = 5.

(b) implies (a). In view of Theorem 3.12, it only remains to prove that
completeness of € follows from the other assumptions on €. However, this has
already been proved in Corollary 2.34. =

Our Definition 3.1 of a tilting module admits infinitely generated modules.
Indeed, many of the examples of tilting modules presented in this book are far
from being finitely generated. There is, however, an implicit finiteness condition
hidden in the notion of a tilting module: every tilting module T is of finite type.
This says that though T is large, when computing the corresponding tilting class
T+, we can replace T by a set S C mod-R such that THe~ = S+,

In particular, T is a definable class of modules, that is, it is closed under
direct limits, products, and pure submodules. Another consequence is that
tilting modules are classified up to equivalence by the resolving subcategories of
finitely presented modules of bounded projective dimension.

Now, we aim at proving these results in several steps following the recent
papers [4], [21], [23], [26] and [71]. We will concentrate on the key ideas of the
proofs rather than technicalities, so not all steps will be proved in full generality.
We refer to [46] for a complete presentation.

We start with the notions of a module, and a class of finite type:

Definition 3.14. Let R be a ring.

Let C be a class of modules. Then C is of finite type (countable type) provided
there exist n < w and S C P (S C Ps¥) such that C = Ste .

Let T be a module. The T is of finite type (of countable type) provided the class
T+== is of finite type (countable type).
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Let C be a class of finite (countable) type and A = +C (= +=C). Then (A4, ()
is a hereditary cotorsion pair generated by the class A<% (AS¥), so & = A<®
(S = A=%) is the largest possible choice for S in Definition 3.14.

Any class of finite type is a tilting class, so there is a rich supply of tilting
classes and modules available:

Theorem 3.15. Let R be a ring and C be a class of finite type. Then C is
tilting and definable.

Proof. By assumption, there are n < w and S C P=% such that C = Ste=.
Clearly C is closed under direct products. By Lemma 1.34, C is also closed
under direct limits. Since F* is closed under pure submodules for any finitely
presented module F', C is closed under pure submodules. So C is a definable
class.

Let € = (A,C) be the cotorsion pair cogenerated by C. By Theorem 1.40,
¢ is complete. By Theorem 2.12, A C P,. By Corollary 3.13, € is an n—tilting
cotorsion pair, that is, C is an n—tilting class. =

The converse of Theorem 3.15 also holds: all tilting classes and modules are
of finite type. This is proved in three steps.
The first step shows that all tilting classes are of countable type:

Theorem 3.16. Let R be a ring, T be a tilting module, and (A, B) the cotorsion
pair induced by T'. Then T and B are of countable type. Moreover, each module
A€ A is ASYfiltered.

Proof. First, assume that R is an Rg—noetherian ring. We have A C P,, by
Lemma 3.8 (b). So the assertion in this case is a particular instance of Theorem
2.33 for p = N.

For the general case, we refer to [71] or [46]. =

In order to proceed from the countable type to the finite one, we will first
prove the definability of tilting classes. For that purpose, we will need a couple
of results concerning countably presented modules and their Ext—orthogonal
classes.

We start by recalling the canonical presentation of countably presented mod-
ules going back to Bass:

Let A € Mod—R be countably presented. Then there exist finitely presented
modules (4; | i < w), and R-homomorphisms h; : A; — A;;1 such that A is
the direct limit of the well-ordered direct system

h h hi—1 h; hit1
Ao—O>A1—1> — Ai—l>Ai+1 — ...

and the following sequence is pure—exact

0-PaLPa—a—o, (3.4)

i<w <w

where 1 is defined by ve; = €; — €;41hi, and ¢ : A; — @, A is the i-th

canonical monomorphism for each ¢ < w.
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Let B be a module. For each i < w, denote by & : B“) — B the i-th
canonical projection. For each homomorphism 8 € Homg(@D,_., A;, B“)), we
define Bj; = §;8¢; for all i,j < w.

An R-homomorphism v : @,_, A; — BW) is called diagonal, provided that
vij = 0 for all ¢ # j < w.

We will say that 1) has B—factorization property, provided that each diagonal
map v € Hompg(D,_,, A;, B®)) has a factorization through ¢, that is, there
exists ¢ € Homp(@D,__ A, B®)) such that v = ¢

i<w

1<w

We will prove that the B—factorization property is closely related to the
Mittag—Leffler condition defined below. For that purpose, we introduce further
convenient notation: an exact sequence of modules of the form

gi+1 gi gi—1 g g
g: 1—>G2+1—1>Gll—>—1>G1—0>G0

is called a tower of modules. Putting ¢;; = g;...g; for all ¢ < j and g;; = idg,,
we obtain an inverse system of modules induced by the tower G, and denoted
by G' = (Gi,gij | i < j <w).

We will say that the inverse system G’ (or the tower G) satisfies the Mittag—
Leffler condition, provided that for each k& < w there exists j > k such that
Im(gxi) = Im(gg;) for all j < i < w, that is, the descending chain of the images
of the groups G;41 in Gy is stationary.

Define a map Vg : [[,., Gi — [, G:i by the assignment

(-.-,ai,...,aQ)H ("'3ai_gi(ai+1)7"'7a0_go(al))'

Then clearly Ker(Vg) = lim _ G is the inverse limit of the inverse system g'.

If0—- G — H — K' — 0 is a short exact sequence of inverse systems
induced by towers of modules, then the Snake Lemma from classical homological
algebra (see e.g. [40, §1.2]) yields the exact sequence

0—limG; — lim H; — lim K
Pa— Pa— Pa—
i<w i<w i<w

— Coker(Vg) — Coker(Vy) — Coker(Vg) — 0. (3.5)

In particular, if Coker(Vg) = 0, then @1 preserves the exactness of all short
exact sequence of inverse systems induced by towers of modules which start from
G’. The Mittag-Leffler condition is a sufficient condition for this to happen:

Lemma 3.17. Assume that G satisfies the Mittag—Leffler condition.
Then Coker(V¢g) = 0.

Proof. First assume that for each k < w there is j > k such that g,; = 0.
Consider a sequence Z = (z, | k <w) € [, .., Gk Let § = (yx | k < w), where
Yk = Tk + Cp1 + -+ ¢j—1 and ¢; = g(x;) for j > i > k. Then Vg(y) =z, so
V¢ is surjective, and Coker(V¢) = 0.

In the general case, let I, C Gy be the (stabilized) image of gx; : Gi+1 — Gk
in Gy (for k < j <1). Consider the tower

git1 i
7: —>Il+lg—)&)llﬂlo

Since all the maps ¢; : I;41 — I; are surjective, Vj is easily seen to be
surjective, so Coker(Vy) = 0.
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Now the tower
j: ...gil Gi+1/Ii+1£-~-£G1/[1@>GO/IO

has the property that for each ¢ < w there is j > 4 such that g;; = 0. By the
first part of the proof, V; is surjective, and Coker(V ;) = 0.
Finally, (3.5) yields the exact sequence

0 = Coker(V;) — Coker(Vg) — Coker(Vy) =0
proving that Coker(Vg) =0. =

In fact, if G is a tower of modules, then besides the obvious equality m g=
Ker(Vg), also liinl G = Coker(V¢) and @ig =0 for ¢ > 1, and (3.5) is just
the long exact sequence for the derived functors of the left-exact functor lim
(for more details, we refer to [78, §3.5]).

Notice that, if A is a countably presented module with the presentation (3.4),
and B is any module, then the inverse system induced by the tower of abelian
groups

HOmR(hi_'_l,B) HOmR(hi,B) HOmR(h(),B)

Hompg(A;11, B) Homp (Ao, B)
satisfies the Mittag—Leffler condition, if and only if, for each ¢ < w, the chain of
subgroups of Hompg(A4;, B)

HOHlR(AH_l,B)hi 2 s 2 HOHlR(Ai+j, B)hi+j—1 . hi 2 s

is stationary.
First we will need the following necessary condition for a diagonal map to
factorize through :

Lemma 3.18. Let R be a ring, A a countably presented module with the pre-
sentation (3.4), and B be a module. Assume that v € Hompg(EP,_, Ai, B“))
is a diagonal map which has a factorization, ¢, through . Then there exists
a sequence of natural numbers (I(m) | m < w) such that, for each m < w,
I(m) >m, and yirhk—1hk—2 ... him = =k k+1hihi—1 ... Ry for all k > 1(m).

Proof. Fix m > 0. For each j < w, we have ¢;; = 0 and v;; = 0 for almost
all i < w, since A; is finitely generated. Let I(m) > m be the least index such
that ¢g,, = 0 for all & > I(m).

Since v is diagonal and v = ¢, >, dixtr; = 0 for i # j < w, and
Zk<w GikWri = 7i; for each i < w. The former equation yields, for k& > m, that
Orj = Ok,j+1h; for each m < j < k, hence ¢pm = rrhir—1hr—2... hy. The
latter equation gives ¢ri = ¢k k+1hk + Yii. Altogether, we have

— Ok k+1hehk—1 - b = Yekhgp—1hk—2 ..

for each k > I(m). =

The following lemma relates the B—factorization property to the Mittag—
Leffler condition:
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Lemma 3.19. Let R be a ring, and A be a countably presented module with the
presentation (3.4). Let B be a module such that v has B—factorization property.
Then for each i < w, the chain of subgroups of Hompg(A;, B)

HOIIIR(AiJrl, B)h1 2 e 2 HOIIIR(AiJrj, B)hiJrj,l ce hl 2 cee (36)
18 stationary.

Proof. Assume there is ¢ < w such that the chain (3.6) is not station-
ary. So there is an infinite set S C w such that for each 7 € S there is
fj € HOHIR(AH_]', B) with fjhi+j—1 e hz ¢ HOI’HR(Ai_;,_j_;,_l, B)hH-j . hl Define
a diagonal morphism v : B, 4; — B by vi4ji+j = f;. By assumption,
~ has a factorization, ¢, through . By Lemma 3.18, this implies that for all
k= 1),

Vekhk—1hr—2.. . hi = =@ py1hehgp—_1... h;.

For j € S with k =i+ j > [(i), we have ¢ 11 € Homp(Ait;11,B), in
contradiction with the choice of f;. =

Also the converse of Lemma 3.19 holds: if the chain (3.6) is stationary for
all i < w, then ¢ has B—factorization property (for a proof, we refer to [23, §3]).

An important property of the Mittag—Leffler condition is that it behaves well
with respect to pure submodules:

Lemma 3.20. Let R be a ring, and A be a countably presented module with the
presentation (3.4). Let B’ be a pure submodule of a module B. Assume that
the system of abelian groups induced by the tower (Hompg(A;, B), Homg(h;, B) |
1 < w) satisfies the Mittag—Leffler condition. Then so does the inverse system
induced by the tower (Hompg(A;, B'),Homg(h;, B') | i < w).

Proof.  We have to prove that the chain of subgroups of Hompg(A;, B’)
HomR(Ai_,_l, B/)hz 2 s 2 HOHlR(A,j+j, B,)hi+j_1 e hz 2 s

is stationary. Since the analogous chain with B’ replaced by B is stationary by
assumption, it suffices to prove that

vHomp(A;4;, B')f = Hompg(4:4;, B)f NvHompg(A;, B'),

where v : B’ — B is the inclusion map and f = hijy;_1...h;. The in-
clusion C is clear, so it is enough to prove that given any homomorphisms
xz € Homp(A;y;,B) and y € Hompg(A;, B') satisfying zf = vy, there exists
z € Homp(A;4;, B") such that y = zf.

Consider a presentation 0 — K S g 2 Ait; — 0 with K finitely gen-
erated and p < w. Let (1,, | m < p) be the canonical basis of R?, and k,, =
Zm<p ImTnm (n < q) be an R—generating subset of K. Let d; = Zm<p 1o Sim
(I < t) be a finite set of elements of RP such that p(d;) = f(a;), where {a; | I < t}
is a finite R—generating subset of A;.

The existence of the map x implies solvability in B of the following system
of R-linear equations in variables x,, (m < p):

Z TmTnm =0 (n < q), (3.7)

m<p
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Z TmSitm = y(ay) (I < t). (3.8)

m<p

Since B’ is pure in B, there is a solution, (b, ..., by_1) of this system in B’.
Define a map w : RP — B’ by w(1,,) = by, (m < p). Then w [ K =0 by (3.7),
so w induces z € Homp(A;4;, B') such that w = zp. Finally, y = zf by (3.8).
|

Now we can prove

Theorem 3.21. Let R be a ring, A a countably presented module, and B = A*.
Assume that B«) € B for each B € B. Then B is closed under pure submodules.

Proof. Consider the presentation of A from (3.4). Let B € B and B’ be a
pure submodule of B. By assumption, Ext},(A, B)) = 0, so 9 clearly has B—
factorization property. By Lemmas 3.19 and 3.20, this implies that the inverse
system induced by the tower (Hompg(A;, B'), Hompg(h;, B") | i < w) is Mittag—
Leffler.

Consider the pure—exact sequence

X:0-B —-B~%B/B 0.

Since all modules A; (i < w) are finitely presented, an application of Hompg(A;, —)
(i < w) to X yields an inverse system of short exact sequences

0 — Hompg(A4;, B') — Hompg(4;, B) — Homg(A;, B/B") =0 (i <w).

However, (Hompg(A;, B'),Hompg(h;,B") | i < w) satisfies the Mittag—Leffler
condition, so Lemma 3.17 gives exactness of the sequence
0 — lim Hompg(A;, B') — lim Hompg(A;, B) — lim Homg(A;, B/B') — 0
i<w i<w i<w
and hence of

Homp (A
—_

0 — Homp(A, B') — Homp(A, B) ), Homp(A, B/B') — 0.

In particular, Hompg (A, p) is surjective, and Extk(A, B) = 0 by assumption, so
we conclude that Exty(A,B’) =0. m

As an immediate corollary, we obtain:

Corollary 3.22. Let R be a ring, T be a tilting module, and (A,B) be the
cotorsion pair induced by T'. Then B is definable.

Proof. Clearly B is coresolving, and closed under direct products. By
Proposition 3.9 (b), B is closed under direct sums. Since the canonical map
of a direct sum onto a direct limit is a pure—epimorphism, it suffices to prove
that B is closed under pure submodules.

However, B is of countable type by Theorem 3.16, so the closure of B under
pure submodules follows by Theorem 3.21. =

In order to refine Theorem 3.16 further to finite type, we will use the following
criterion:
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Lemma 3.23. Let R be a ring and T be a tilting module. Let (A, B) be the
tilting cotorsion pair induced by T. Then T is of finite type, iff ASY C lil)n.AQ".

Proof. If T is of finite type, then B = (A<“)* by 3.14, so A C lim A<¢ by
Theorem 2.61.

Conversely, let 7 = (A<¢)L. Then B C 7, and both B and 7 are definable
(by Corollary 3.22 and Theorem 3.15, respectively). By Lemma 1.38, a module
belongs to a definable class, iff its pure—injective envelope does. So it remains
to show that B and 7 contain the same pure—injective modules.

Let M € 7 be pure—injective and let A € A. By Theorem 3.16, A is
A=“_filtered. By assumption, AS® C lim A<. Since lim A<* is closed under
extensions and direct limits by Theorem 2.61, by induction on the length of a
A=« _filtration of A, we infer that A € lii>n.A<“’.

So there is a direct system (A;, fj; | ¢ < j € I) of modules in A<“ such
that A = lim, A;, and Extz%(Ai,M) =0 foralli eI andj> 0. Since M is
pure-injective, Lemma 1.35 gives Ext%(A, M) = lim, Ext}(A;, M) = 0 for all
4 >0, hence M € B.

This proves that 7 contains the same pure—injective modules as B. =

Already at this point, Lemmas 2.63 and 3.23 yield that each 1-tilting module
is of finite type. In order to extend this fact by induction to n—tilting modules,
we need one more lemma:

Lemma 3.24. Let R be a ring, n > 0, and T be a tilting module of projective
dimension n. Let € = (A',B') be the cotorsion pair defined by B' = (Q(T))* =,
where Q(T) is the first syzygy module of T. Then € is a tilting cotorsion pair
induced by an (n — 1)—tilting module T".

Proof. Since Q(T') has projective dimension n — 1, by Corollary 3.13, it
suffices to prove that the class B’ is closed under direct sums.

For this purpose, it suffices to show that B’ coincides with the class of all
modules M such that there is an exact sequence 0 — M — B — C — 0, where
B € Tt and C € Add(T).

The existence of the exact sequence gives Ext’ (Q(T), M) = Exte (T, M) =
0 for each i > 0, because 0 = Ext% (7, C) — Ext (T, M) — Ext'y (T, B) =0
is exact.

Conversely, if M € B’, then the special T preenvelope of M yields an
exact sequence 0 — M — B — C — 0, where B € T+= (C B') and C €
L(T+=) N B'. Moreover, 0 = Exth(T,B) — Exth(T,C) — Ext®(T,M) =
ExtR(QUT), M) = 0 is exact, so C € +(T+~)N T~ = Add(T) by Lemma 3.8
(c). =m

We arrive at the main result of this chapter:

Theorem 3.25. Let R be a ring, T a tilting module, and (A, B) the cotorsion
pair induced by T. Then

(a) T and B are of finite type.

b) T is equivalent to a tilting module Ty;, such that Ty, is A<Y—filtered.
f f
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Proof. (a) The proof is by induction on n = projdim7T. There is nothing
to prove for n = 0, since T is then equivalent to R.

Assume n > 0 and consider the cotorsion pair € = (A’,B’) defined by
B = (Q(T))te=, where Q(T) is the first syzygy module of T. By Lemma 3.24,
¢ is a tilting cotorsion pair induced by a tilting module of projective dimension
n — 1, so B’ is of finite type by the inductive premise.

Let A € AS*. By Lemma 3.23, in order to prove that T is of finite type, it
suffices to show that A € lim A<“.

By assumption, there is an exact sequence 0 - K — F' — A — 0 with F
countably generated projective and K € Pffl. For each j > 0 and B’ € B/,
we have Extgrl(T, B) = Ext%(Q(T),B’) = 0. Since A € A, A is a direct
summand in a module filtered by R and by the syzygies of T' (see Corollary 1.41
and Lemma 3.8 (a)). We have 0 = Ext}; (A, B') = Ext},(K, B') for all j > 0,
so Ke A, and K € (A)=v.

Let C = (A")<¥ (C A<¥). Since B’ is of finite type, K is a direct summand
in a Ciltered module P by Corollary 1.41, so K & L = P for a module L. By
Theorem 2.20 (for k = w) and Lemma 2.29, we can, moreover, assume that P
is countably presented. Let G = P“). Then K & G = (K @ L)) = @G, and
there is an exact sequence

0G5S H— A0,

where G and H = F @ G are countably presented and C-filtered. Again by
Theorem 2.20, there exist strictly increasing C—filtrations (G; | i < w) of G, and
(H; | i < w) of H. Possibly taking a subfiltration of the latter filtration, we
can, moreover, assume that G; C H; for each i < w. Then A = @i<w A; where
Ai = I’IZ/GZ

It remains to prove that A; € A<“ for each i < w.
First we show that A; € A: since H; € A, if suffices to extend an arbitrary
homomorphism f € Hompg(G;, B) with B € B to some g € Hompg(H;, B).
However, G/G; is C-filtered, so G/G; € A" C A. Hence Exty(G/G;, B) = 0,
and f can be extended to h € Hompg(G, B). Similarly, since A € A, h extends to
some k € Hompg(H, B). Now it suffices to take g = k | H;. This gives A4; € A.

Finally, we prove that 4; € A<“. Since A is resolving, it suffices to show
that any finitely generated module M € A is finitely presented. But M is
A=“filtered by Theorem 3.16, so Theorem 2.20 and Lemma 2.29 yield that M

is countably presented. Hence there is an exact sequence 0 — N S rm
M — 0, where m < w and N = {J;_, N;, where N; are finitely generated
submodules of V.

Let E; denote the injective envelope of N/N;. Define f : N — Hj<w E; by
f(n) = (n+ Nj)j<w. Then the image of f is contained in €p,_,, E; € B. Since
M € A, there is g € Homp(R(™), G9j<w E;) such that g [ N = f. However, the
image of g is finitely generated, so there exists j < w such that /N; = N proving
that M is finitely presented.

This proves that A € li_n)lA<“’, and hence that T is of finite type.

(b) By part (a), B = (A<¢)L. By Corollary 1.41 and Lemma 3.8 (c), there
are a A<“-filtered module T%;, and a module @ € Add(T') such that Ty, =
Q ®T. Then Tty is a tilting module with Thee = T;;;f, so Ty, is equivalent
toT. m
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Of course, there is an explicit construction of the tilting module TY;,, avail-
able: the proof of the implication (b) implies (a) in Theorem 3.12 shows that
any iteration of special B—preenvelopes: g : R — T of the ring R, ¢; of the
cokernel of ¢ etc., yields a long exact sequence

0-RBTy T —... T 1 —Tp—0

such that 77 = €,.,, T; is a tilting module equivalent to 7. By part (a),
B = Ct>, where C = A<¥. By Theorem 1.40 (a), each of the special B-
preenvelopes ; above can be taken so that its cokernel is C—filtered. But then
also each T; (i < n) is Ciltered, and so is T”.

In contrast with Theorem 3.16, T itself need not in general possess an A<“—
filtration. For example, if T'= R@® P, where P is a countably generated projec-
tive module which is not a direct sum of finitely generated projective modules,
then T is not P5“filtered.

The fact that tilting classes coincide with the classes of finite type makes it
possible to classify all tilting classes by the resolving subcategories of mod—R.

A class of modules S is called a resolving subcategory of mod-R, if Py C
S C mod-R, S is closed under extensions and direct summands, and A € S,
whenever there is an exact sequence 0 - A — B — C — 0 with B,C € S (cf.
with Definition 1.18 (i)).

Before characterizing tilting classes by means of resolving subcategories of
bounded projective dimension, we note that the property of being a resolving
subcategory can always be tested in a simplified form:

Lemma 3.26. Let R be a ring and S C mod—R.

Then S is resolving, if and only if R € S, S is closed under extensions and
direct summands, and A € S, whenever there is an exact sequence 0 — A —
P — C — 0 with P finitely generated projective and C' € S.

In particular, if S C Py, then S is resolving, if and only if R € S and S is
closed under extensions and direct summands.

Proof. The only-if part is clear. Conversely, if R € S and § is closed under
extensions and direct summands, then clearly Py C S.

Consider an exact sequence 0 - A — B — C — 0 with B,C € §. By
assumption, there is an exact sequence 0 - K — P — C' — 0 with P finitely
generated projective and K € §. Consider the pullback

0

O — QO ¢— Y — XN «—
o

=
b
O — W— N — XN +— o

N
[\



Since S is closed under extensions, the left-hand column gives L € S. Since
P is projective, the upper row splits, A is a direct summand in L, and hence

AeS. n

Theorem 3.27. Let R be a ring and n < w. There is a bijective correspondence
between n—tilting classes of right R—modules, and resolving subcategories S of
mod-R such that S C P<¥. The correspondence is given by the mutually inverse
assignments C — (+C)<“ and S — S+.

Proof. Let C be an n—tilting class. By Theorem 3.25, C is of finite type, so
there exists 7 C P such that C = 7+>=. Then clearly (+C)<% is a resolving
subcategory of mod-R.

Conversely, let S be a resolving subcategory of mod—R such that S C P<v.
Then C = S+ is a class of finite type, so C is n-tilting by Theorem 3.15.

Let C be an n-tilting class, so C = T+ for class 7 C P, Let S = (+C)<“.
Then C = (+C)*+ C §*. Conversely, 7 C S, s0 St C T+= =C.

Let S be a resolving subcategory of mod—-R such that S C Ps«. Clearly
S C (+(81))<¥. By Theorem 2.61, +(S+) C T(ST) = limS. By Lemma 2.55,
S = (im §)=*, so we conclude that (H(SH))w =S8 =

Now, we pause to consider two particular cases where tilting classes and/or
modules can be described in more detail. In both cases, we will deal with
1-tilting modules and classes, so we will need the following general result:

Lemma 3.28. Let R be a ring. A module T is 1-tilting, iff Gen(T) = T+. In
this case Pres(T') = Gen(T).

Proof. Assume that T is 1-tilting. Then T is closed under homomorphic
images. Since (T2) says that T() € T+, we get Gen(T) C T*. By Lemma 3.8
(b), T+ C Gen(T), so Gen(T) = T+.

Conversely, assume that Gen(T) = T*. Let N be a module and E be its
injective hull. Applying Homg(7T,—) to 0 - N — E — E/N — 0, we get
0 = Extk(T, E/N) — Ext%(T,N) — Ext%(T, E) = 0, since T is closed under
homomorphic images. So Ext%(T, —) = 0, i.e. T € P;. Condition (T2) is clear
by assumption.

Now we prove that Pres(T) = Gen(T). Let M € Gen(T). Then the canoni-
cal map ¢ € Homp(TMoma(T:M)) AT is surjective, so there is an exact sequence
0 — K — THomr(TM) 2, Ar 0 Applying Hompg(T,—), we get

0 — Homg(T, K) — Homp(T, THoma(T:M))y HFomnlTe) g, o op
— Exth(T, K) — Exth (T, THomr(T.M)) — 0,

By definition, Hom (T, ¢) is surjective, so Ext (T, K) = 0 and K € Gen(T).

It remains to verify condition (T3). By condition (T2) and Theorem 1.40,
there is a special T+-preenvelope, ¢ : R < T, of R with Ty = Coker (1))
isomorphic to a direct sum of copies of T. Since R € (T+), also Ty € +(T+).
Since Gen(T') = Pres(T), there are a cardinal A and an exact sequence 0 —
K —-TW — Ty — 0 with K € T+. It follows that the sequence splits, and
To € Add(T). So (T3) holds forr =1. =
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In particular, if T is any 1-tilting module, then the 1-tilting class T+ =
Gen(T) is a torsion class, called the tilting torsion class generated by T. The
corresponding torsion—free class is Ker Homg (T, —), so (T, Ker Homp(T, —))
is a (non—hereditary) torsion pair in Mod—R called the tilting torsion pair gen-
erated by T'.

Now we will characterize tilting torsion classes among all torsion classes of
modules in terms of approximations.

Theorem 3.29. Let R be a ring and T be a class of modules. The following
conditions are equivalent:

(a) T is a tilting torsion class.
(b) T is a special preenveloping torsion class.

(¢) T is a torsion class such that R has a special T —preenvelope.

Proof. (a) implies (b): by Lemma 3.28, 7 = T for a 1-tilting module 7.
Since projdimT < 1, 7 is closed under homomorphic images. By Proposition
3.9, 7 is closed under direct sums. Now (b) follows by Theorem 1.40 (b).

(b) implies (c): this is trivial.

(c) implies (a): let 0 = R — Ty — T1 — 0 be a special T-preenvelope of R.
We will prove that T' =Ty @ Tp is a 1-tilting module such that Gen(7T') = 7.

Since 7 is a pretorsion class, we have T' € 7, and Gen(T) C 7. Let M €
T+ (= Ti"). The pushout argument from the proof of Lemma 3.8 (b) (for r = 1)
shows that M € Gen(T). Finally, the 7-preenvelope of R is special, so T} € +7,
and 7 C (+7)t C T =71+,

This proves that T+ = Gen(T) = 7, so T is 1-tilting by Lemma 3.28. =

The equivalence of parts (a) and (b) is in fact a particular case of Theorem
3.12 for n = 1. Indeed, it suffices to verify that -7 C P; in case 7 is a special
preenveloping torsion class. But such 7 contains all homomorphic images of
injective modules. If M € +7, N € Mod- R and E is the injective hull of N, then
0 = Extp(M, E/N) — Ext}(M,N) — Ext% (M, E) = 0, and Ext%(M, —) = 0.
So 7 C P; as required.

It is worthwhile to restate Corollary 3.13 and Theorem 3.27 in the particular
setting of modules of projective dimension < 1:

Corollary 3.30. Let R be a ring and € = (A, B) be a cotorsion pair. Then the
following assertions are equivalent:

(a) € is a 1-tilting cotorsion pair.
(b) AC Py, and B is closed under direct sums.

Corollary 3.31. Let R be a ring. Then 1-tilting torsion classes C correspond
bijectively to the classes S such that R € S, S C P and S is closed under
extensions and direct summands. The correspondence is given by the mutually
inverse assignments C — (+C)< and S — S+.
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Proof. This follows immediately from Lemma 3.26 and Theorem 3.27. =

It turns out that in the particular setting of artin algebras R, torsion classes
in mod—R are sufficient to classify all 1-tilting classes in Mod—R. Our presen-
tation of this fact follows [57].

The tool making the classification possible is an infinitary version of a well-
known formula by Auslander and Reiten. For its proof we refer to [34].

Lemma 3.32. Let R be an artin algebra, D be the standard duality and T =
DTr, 7= =TrD be the Auslander—Reiten translations in mod—-R. Let M € P
and N € Mod-R. Then D(Extg(M, N)) = Homp(N,7M).

The following extends the characterization of tilting torsion classes generated

by classical tilting modules over artin algebras by Assem and Hoshino (see [10,
§VL6)):

Theorem 3.33. Let A be an artin algebra. Then there is a bijective correspon-
dence between 1—tilting classes C C Mod—R and torsion classes T C mod—R such
that T contains all finitely generated injective modules. The correspondence is
giwen by the mutually inverse maps

fiCC<

and

g: 7T — KerHompg(—,F)
where (T, F) is a torsion pair in mod—R.

Proof. If C is a torsion class in Mod-R, then f(C) is a torsion class in
mod—R, since R is right noetherian (see Lemma 2.57 (a)). So f is well-defined.

Let 7 be a torsion class in mod-R containing Z;“ with the corresponding
torsion pair (7, F) in mod—-R. Then T contains all finitely generated cosyzygies
of all simple modules, hence ~7 consists of modules of projective dimension
< 1. (Indeed, if S is a simple module with injective hull E(S), consider the
short exact sequence 0 — S — E(S) - X — 0. For M € 17, we have
0 = Exty(M,X) = Ext%(M,S). Since Ext%(M,S) = 0 holds for all simple
modules S, we get projdim M < 1 by Lemma 2.8.)

By Lemma 3.32 (a), for each M € mod-R, M € +7, iff Homg(7,7M) =0,
it tM € F. Put 7 F = {M € mod-R | 7TM € F}. Since F contains no
non-zero injective modules, we have 7(t~F) = F for each F' € F. As 7~ F
consists of modules of projective dimension < 1, Lemma 3.32 (a) yields ¢(7) =
Ker Homp(—,7(7=F)) = (1= F)*, so g(T) is a class of finite type, hence 1-
tilting, in Mod—R, and g is well-defined.

Clearly T = {M € mod-R | Homgr(M, F) =0 for all F € F} = fg(7T).

Conversely, let C be a 1-tilting class in Mod—R. Let 7 = f(C), (7,F) be a
torsion pair in mod-R and D = gf(C). Then f(D) = fgf(C) = f(C), that is,
the finitely generated modules in C and D coincide.

We claim that also the pure-injective modules in C and D coincide. To
see this, let M be a module and (f; : M — F; | i € I) a representative
set (up to isomorphism) of all epimorphisms from M onto a finitely generated
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module. Then any homomorphism from M to a finitely generated module has a
factorization through f : M — [];c; Fi. Then the map f is a pure embedding.
Since C is a torsion class in Mod—R, we infer that a pure—injective module M
belongs to C, iff M is a direct summand in a (possibly infinite) direct product
of elements of f(C), and similarly for D. However, f(C) = f(D), and the claim
follows.

Since D = (7~ F)+, the classes C = S* and D are of finite type, so they are
definable by Theorem 3.15. In particular, a module belongs to C, if and only
if its pure—injective envelope does (see Lemma 1.38), and similarly for D. It
follows that C = D, that is, C = gf(C).

As an example, we will consider the correspondence from Theorem 3.33 in
the particular setting of Examples 3.4 and 3.5.

Example 3.34. Let R be a connected tame hereditary algebra over a field k,
P be a non—empty set of tubes, and Tp be the corresponding Ringel tilting
module (see Example 3.4). Then the corresponding torsion class in mod-R is
T# Nmod-R which consists of all preinjective modules and all regular modules
in the tubes not in P.

If R is a connected hereditary algebra of infinite representation type and Tp
is the Lukas tilting module from Example 3.5 (b), then the corresponding torsion
class in mod—R consists of all regular modules and all preinjective modules.

If R is a connected wild hereditary algebra and T}, is the Lukas divisible
module from Example 3.5 (a), then the corresponding torsion class in mod—R
is the class of all preinjective modules.

Notice that neither of the tilting modules Tp and T); above is equivalent to
a finitely generated tilting module.

As our second example, we consider the case of Dedekind domains.

Recall from Example 3.3 that given a Dedekind domain R and a set of max-
imal ideals P C mspec R, Rp denotes the module wfl(@pep E(R/p)), where
m:Q — Q/R is the canonical projection. By 3.3, Tp = Rp @ @pep E(R/p) is
a 1-tilting module with the corresponding tilting class

T4 = (@D R/p)* = (M € Mod R | Mp = M for all p € P}.
pEP
Theorem 3.35. Let R be a Dedekind domain.

(a) There is a bijective correspondence between the set of all tilting classes in
Mod-R and all subsets of the maximal spectrum mspec R. The correspon-
dence is given by the mutually inverse assignments

Cr— Pe={pe€mspecR| Mp=M for all M € C}

and
P— Cp={M € Mod-R | Mp=M for allp € P}.

(b) The set of Bass tilting modules {Tp | P C mspec R} is a representative
set (up to equivalence) of the class of all tilting modules.

76



Proof. (a) Since R is a hereditary noetherian ring, by Theorem 3.27, tilt-
ing classes in Mod—R correspond bijectively to the resolving subcategories S C
mod-R, that is, the subcategories S containing all finitely generated projective
modules and closed under finite direct sums, direct summands (and submod-
ules).

By Steinitz Theorem, each finitely generated R—module is a finite direct sum
of a projective module and some modules of the form R/p™ where p are maximal
ideals of R and 0 < n < w. So resolving subcategories S correspond bijectively
to subsets P C mspec R as follows: given P, Sp consists of all finitely generated
modules whose g—primary components are zero for all ¢ ¢ P. The corresponding
tilting class Tp = Sp = {M € Mod-R | ExtR(R/p, M) = 0 for all p € P} = Cp.

(b) We show that any tilting module T is equivalent to Tp for some P C
mspec R. By part (a), T+ = {M € Mod-R | Mp = M for all p € P} for a
set of maximal ideals P. But the latter class equals Tﬁ;7 so T is equivalent to
Tp. Finally, if P # P’, then Tp is not equivalent to Tp: (by part (a), or simply
because R/p € T3, \ T4 whenever p € P\ P'). =

We finish this chapter by considering the dual case of cotilting (left R-)
modules. We start with a definition:

Definition 3.36. A left R—module C is cotilting provided that

(C1) C has finite injective dimension.

(C2) Extn(C*,C) =0 for all 1 <i < w and all cardinals &.

(C3) There is r > 0 and a long exact sequence 0 — C, — ... — C; — Cy —
W — 0, where C; € Prod(C) for all i < r and W is an injective cogenerator
for R—-Mod.

If n <w and C is a cotilting left R—module of injective dimension < n, then C'
is called n—cotilting. The class +>=C (C R-Mod) is the n—cotilting class induced
by C. Clearly (+>=C, (+>=(C)"1) is a hereditary cotorsion pair in R-Mod, called
the n—cotilting cotorsion pair induced by C.

If C and C' are cotilting left R—modules, then C’ is equivalent to C provided
that the induced cotilting classes coincide, that is, +oC = Lt (C".

Clearly 0—cotilting modules coincide with injective cogenerators for R—Mod.

Since each tilting module is of finite type, the duality (—)? yields an easy way of
producing n—cotilting left R—modules from n—tilting (right R—) modules. (Recall
that given a right R-module M, the dual left R-module, M?, is defined by
M? = Homg(M, E), where E is an injective cogenerator for S~Mod and R is
an S—algebra.)

Theorem 3.37. Let R be a ring, n > 0 and T be an n—tilting module. Then
the dual module T? is an n—cotilting left R-module with the induced n—cotilting

class
C=TT~ ={M € R Mod| Tor®(T, M) =0 for all i < n}.

Moreover, if X C P¥ is such that T+~ = X1~ then C = XT.
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Proof. Clearly, if M € Mod-R is projective, then M? is an injective left
R-module. Similarly, if M is a generator for Mod-R, then M? is a cogenerator
for R-Mod, and M € Add(T) implies M? € Prod(T?). This proves conditions
(C1) and (C3) for C = T

Let x be a cardinal. Then for each i > 1, Ext%(C*, C) = 0, iff Tor’ (T, C*) =
0. Let S = (F(T*=))<¥ (C P,). By Theorem 3.25, T is of finite type, so
St=Tt>. Let U=TaQYT)®---® Q" 1(T), the direct sum of the syzygies
of T. Then T € +(U+) =+(81) C lim S by Corollary 2.62.

Since the Tor—functor commutes with lim, in order to prove condition (C2)
it suffices to show that Tor®(S,C*) = 0 (for each i > 1 and each cardinal
k). However, S C mod-R and C* = (T())% so the latter is equivalent to
Ext’s (S, 7)) = 0. This holds since S C +(T+~) and T*) € T by condition
(T2) defining the tilting module 7.

Now Lo C' = T which gives the first claim since T has projective dimen-
sion < n.

For the final claim, let Q be a set containing R and a representative set of
elements of X and their syzygies. Then Q+ = X1~ = U' and QT = XT~. By
Corollary 1.41, Q consists of direct summands of {U, R}filtered modules, and
vice versa, U is a direct summand of a Q-filtered module. By Corollary 1.32,
QT =UT =TT>,30C =XT>. n

We pause to consider an example:

Example 3.38. Let R be a commutative 1-Iwanaga—Gorenstein ring (see Ex-
ample 3.3). For i = 0,1 let P, = {p € specR | ht(p) = ¢}, and let Q =
D,er, E(R/p).

As in Example 3.3, R has a minimal injective coresolution of the form

0—R— P E(R/q) = €D E(R/p) — 0,

qEPy pEP;

and for each subset P C P; there is a Bass (1-) tilting module Tp = Rp ®
@D, cp E(R/p), where Rp = 7' (,cp E(R/p)), and Tp generates the tilting
class T¢ = {M | Exty(E(R/p), M) = 0 for all p € P}.

Consider the injective cogenerator £ = €D, ¢ npec r £(12/p). By Theorem
3.37, Cp = (Tp)? = Homp(Tp, E) is a (1-) cotilting module, called the Bass
cotilting module. Notice that (D,cp E(R/p))?* = [1,ep Jp; the product of the
p—-adic modules over p € P. Since @ is a flat module and the sequence 0 —
Rp = Q — @ ep\p E(R/q) — 0 is exact and its last term is injective, hence

of flat dimension < 1, we infer that Rp is flat, and hence (Rp)? is injective. So
the corresponding cotilting class is

Cp="Cp={M € Mod-R | Extyp(M, [] J») = 0}
peEP

= {M € Mod-R | Tor®(E(R/p), M) =0 for all p € P}.
There is a dual version of Lemma 3.8 for cotilting modules:

Lemma 3.39. Let R be a ring, n > 0 and C be an n—cotilting left R—module.
Denote by € = (A, B) the n—cotilting cotorsion pair induced by C'.
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(a) A C Cogen(C) and B C Z,.

(b) Each of the short exact sequences forming the long exact sequence in (C3)
is given by a special A—precover of an element of B. The length r in (C3)
can be taken < n.

(c) The kernel of € equals Prod(C).

(d) Fach M € ANZ, has Prod(T")-coresolution dimension < n.

Proof. (a) Since C € T, and (+Z,,T,) is a cotorsion pair (see Theorem
2.7), we have B C Z,,.

The rest of the proof is dual to the one for Lemma 3.8 (with the injective
cogenerator W in R—Mod replacing the projective generator R). m

By Lemma 3.39 (c), the kernel of the cotorsion pair € equals Prod(C). The
proof of Proposition 3.9 can be dualized to prove

Proposition 3.40. Let R be a ring, n > 0, C be an n—cotilting left R—module
and € = (A, B) the n—cotilting cotorsion pair induced by C.

(a) A coincides with the class of all Prod(C)-coresolved modules. In particu-
lar, A is closed under direct products.

(b) B coincides with the class of all Prod(C)-resolved modules of Prod(C)-
resolution dimension < n.

As in Corollary 3.10, we can replace Prod(C)—(co)resolutions in Proposition
3.40 by Q—(co)resolutions, where @ = {C*" | k > 0}; n—cotilting left R—modules
can then be characterized by the dual property of +>C = Cog, (C).

Moreover, dually to Lemma 3.11, we obtain that if Cy and Cs are cotilt-
ing left R—modules, then C is equivalent to Cy, iff Prod(C7) = Prod(Cs), iff
Prod(C1) C Prod(Cy).

The crucial property of cotilting modules making the dualization of the the-
ory of tilting modules possible is their pure-injectivity. It was proved in many
steps: first for abelian groups [46], and then for modules over Dedekind and
Priifer domains [39], [22], and for 1-cotilting modules over arbitrary rings [17].
The general case of n—cotilting modules was first settled for countable rings in
[22]; the case of arbitrary rings is due to Stovicek, [70].

Theorem 3.41. Let R be a ring, n > 0 and C be an n—cotilting left R—module.
Denote by € = (A, B) the n—cotilting cotorsion pair induced by C.
Then C is pure—injective, A is definable, and € is a perfect cotorsion pair.

Proof. By Lemma 3.39 (a), B C Z,,. By Proposition 3.40 (a), A is closed
under direct products. Since € is a hereditary cotorsion pair, Theorem 2.35
applies and yields that A is definable and € is perfect.

In order to prove that C' is pure—injective, it suffices to show that for each
cardinal x, Exth(C*/C®"),C) = 0. Then the summation map ¥ : C*) — C
extends to C*, so C is pure-injective by [56, §7].

Clearly the module C*) is a direct limit of the direct system consisting of
the modules C*)| where F runs over all finite subsets of k. Then C*/C®*) =
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lim  C*/CU). Since C%/CF) = C"\F' € A by condition (C2), and A is closed
under direct limits, we conclude that C*/C*) € A. =

A bimodule rCyg is an n—cotilting bimodule provided that C' € R—-Mod and
C € Mod—S are n—cotilting modules and rCy is faithfully balanced. For ex-
ample, Morita bimodules (i.e., faithfully balanced bimodules which are injective
cogenerators on either side) are exactly the O—cotilting bimodules.

Since cotilting modules are pure—injective, their endomorphism rings S have
rather strong properties: S/Rad(S) is von Neumann regular, right self-injective,
and idempotents lift modulo Rad(S). This follows from the analogous well—
known properties of endomorphism rings of injective objects in Grothendieck
categories (cf. the proof of Proposition 1.10). These strong properties explain
why cotilting bimodules occur rarely as compared to tilting bimodules.

If gCs is a Morita bimodule, then C' induces a Morita duality between
R-mod and mod-S, [2, §24]. Similarly, each 1-cotilting bimodule induces a
“generalized Morita duality”. We refer to [31] for the role of cotilting bimodules
in the duality theory for module categories.

Now we can characterize n—cotilting classes and n—cotilting cotorsion pairs
by their closure properties:

Theorem 3.42. Let R be a ring, n < w and C be a class of left R—modules.
Then the following assertions are equivalent:

(a) C is n—cotilting.

(b) C is resolving, covering, closed under direct products and direct summands,
and Ct C T,

Proof. (a) implies (b): this is an immediate consequence of Lemma 3.39
(a) and Theorem 3.41.

(b) implies (a): this is proved dually to the implication (b) implies (a) in
Theorem 3.12. =

Corollary 3.43. Let n < w. Let R be a ring and € = (A, B) be a cotorsion
pair in R—Mod. Then the following assertions are equivalent:

(a) € is an n—cotilting cotorsion pair.

(b) € is a hereditary (and perfect) cotorsion pair such that B C I, and A is
closed under direct products.

Proof. (a) implies (b): by Theorems 3.41 and 3.42 for C = A.

(b) implies (a): in view of Theorem 3.42, we only have to prove that per-
fectness of € follows from the other assumptions on €. However, this holds by
Theorem 2.35 (b). =

By Theorem 3.37, the dual module of any tilting module is cotilting. Sim-
ilarly as all tilting modules and classes are of finite type, the duals of tilting
modules and classes are exactly the cotilting modules and classes of cofinite
type, defined as follows:
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Definition 3.44. Let R be a ring.

Let C be a class of left R—modules. Then C is of cofinite type provided there
exist n < w and S C P<¥ such that C = STe=.

Let C be a left R—module. Then C is of cofinite type provided that the class
Loo O is of cofinite type.

Let C be a class of cofinite type and A = TC (= T~(C). Then clearly C =
(A<¥)Te 50 § = A<¥ is the largest possible choice for § in the Definition 3.44.

Any class of cofinite type is a cotilting class:

Proposition 3.45. Let R be a ring and C be a class of left R—modules of cofinite
type. Then C is cotilting (and definable).

Proof. By assumption, there are n < w and § C P such that C = STe.
Let S¢ = {5 | S € S}. Then C = +>=(8%) by Lemma 1.31 (b), so C is resolving,
and it is a covering class by Corollary 1.51. Since & C mod-R, the functor
Torf'(S, —) commutes with direct products, whenever S € S or S € mod-R
is a syzygy of a module in S (see e.g. [40, §3.2]). So C is closed under direct
products. Since 8¢ C 7, also C+ C Z,,. By Corollary 3.42, we infer that C is
an n—cotilting class.

Finally, each cotilting class is definable by Theorem 3.41. m

Notice that if C is of cofinite type, then, by Lemma 1.31, the least n such that
the class C = 1 (8?) is n—cotilting coincides with the least n such that S C F,,.
However, S C mod—R, and finitely presented flat modules are projective, so this
is exactly the least n such that S C P<v.

The essential difference between the tilting and cotilting setting is that the
converse of Proposition 3.45 does not hold in general. In Example 3.55 below,
we will construct a l—cotilting class over a valuation domain which is not of
cofinite type. So in general there exist more cotilting modules than just duals
of the tilting ones. However, for many classes of rings, all cotilting modules are
of cofinite type, so this surprising phenomenon does not occur.

Theorem 3.46. Let R be a ring and n < w.

(a) Let C be an n—cotilting left R—module. Then C is of cofinite type, if and
only if there is an n—tilting module T¢ such that C is equivalent to Tg.

(b) If C and C’" are n—cotilting modules of cofinite type, then C' is equivalent
to C, if and only if the n—tilting modules Tc and T are equivalent. In
particular, Tc is uniquely determined by C' up to equivalence of tilting
modules.

Proof. (a) Assume that C is of cofinite type. By the remark after Definition
3.44, there is S C P such that Lo 0= ST~ and we can w.l.o.g. assume that
S =T(8T~) Nmod—-R (so in particular, S a resolving subcategory of mod-R).
Since the class St is of finite type (see Definition 3.14), there is an (n—) tilting
module T such that Té‘” = St. By Theorem 3.37, Tg is an n—cotilting left
R-module inducing the cotilting class T[> = ST~ = Lo O s0 T is equivalent
to C.
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Conversely, assume that C is equivalent to 7' for an n-tilting module 7.
Since T is of finite type, there is S C P<% such that T+ = St 50 t=C =
Tl = ST by Theorem 3.37, hence C'is of cofinite type.

(b) Assume that 7' and 7" are tilting modules such that C' = T is equivalent
to C’ = (T"). Then (T")T>~ =TT~ by Lemma 1.31. Let (A, B) and (A’, B') be
the tilting cotorsion pairs induced by T and 7". Let S = A<¥ and &' = (A")<¥.
By Theorem 2.61, § = (limS)<“ = T(ST) N mod-R = T(T7>) N mod-R, and
similarly for S’ and T’, so S = S’. By Theorem 3.25, S* = B, and similarly
(8")t =B so B=B, that is, T and T’ are equivalent tilting modules.
Conversely, if Tc and T are equivalent, then Tor € Add(T¢), hence T, g, €
Prod(T¢), so T, is equivalent to Tg. m

In particular, if i = {U; | ¢ € I} is a representative set of all tilting modules
up to equivalence, then U = {U? | i € I'} is a representative set of all cotilting
modules of cofinite type up to equivalence.

The classes of finite type correspond to resolving subcategories in mod—R. In
view of Theorem 3.46, it is not surprising that there is a similar correspondence
for the classes of cofinite type:

Theorem 3.47. Let R be a ring and n < w. There is a bijective correspondence
between n—cotilting classes of cofinite type in R—Mod and resolving subcategories
S of mod—R such that S C P<¥. The correspondence is given by the mutually
inverse assignments C — (TC)<* and S — ST.

Proof. Let C be an n—cotilting class of cofinite type in R—Mod. So there
is a class 7 C P<“ such that C = 77~. Then clearly (TC)<“ is a resolving
subcategory of mod—R.

Conversely, let S be a resolving subcategory of mod—R such that S C Pv.
Then C = 8T is a class of cofinite type, so C is n—cotilting by Proposition 3.45.

Let C be an n—cotilting class of cofinite type in R—-Mod, so C = ST for a
class S C Ps¥. Wlo.g., S = (7C)<¥, and hence ST = ST~ = (.

Let S be a resolving subcategory of mod—R such that S C P<“. By Theorem
2.61, 7(8T) = lim S. By Lemma 2.55, S coincides with the class of all finitely
presented modules in lim S. So § = (lim &)<* = (T(ST))<“. =

Now, we turn to the particular case of 1—cotilting modules. They can be
characterized in terms of the classes they cogenerate as follows:

Lemma 3.48. Let R be a ring. A module C is 1-cotilting, iff Cogen(C) = +C.

Proof. Dual to the proof of Lemma 3.28. =

It follows that if C' is 1—cotilting, then Cogen(C) is a torsion—free class of
modules, called the cotilting torsion—free class cogenerated by C.

We will characterize cotilting torsion—free classes among all torsion—free
classes of modules in terms of approximations:

Theorem 3.49. Let R be a ring and F be a pretorsion—free class of left R—
modules. Let W be an injective cogenerator for R—Mod. Then the following are
equivalent:
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(a) F is a cotilting torsion—free class.
(

b

F is a covering class.

(¢) F is a special precovering class.

)
)
)
(d) W has a special F—precover.

Proof. (a) implies (b) by Theorem 3.42, (b) implies (c) by Lemma 1.12 (b),
and (c) trivially implies (d).

(d) implies (a): let 0 — Cy — Cy — W — 0 be a special F-precover of .
A dual proof to that of Theorem 3.29 shows that C = Cy @ Cs is a cotilting
module such that Cogen(C) =F. =

Now we can easily show that in the particular case of left noetherian rings,
1—cotilting torsion—free classes are completely determined by their finitely gen-
erated modules. This result goes back to Buan and Krause [30].

Theorem 3.50. Let R be a left noetherian ring. Then there is a bijective
correspondence between the 1-cotilting classes C in R—Mod and the torsion—free
classes € in R—mod containing R. The correspondence is given by the mutually
inverse assignments

C — CNR-mod and E— limé.
—

Proof. 1If C is 1-cotilting then C is a torsion—free class in R~Mod containing
R. By (the left-hand version of) Lemma 2.57 (a), C N R—mod is a torsion—free
class in R—mod.

Conversely, given £ as in the claim, let C = lim&. By Lemma 2.57 (b), C
is a torsion—free class in R~Mod. Since R € &, we have C = (T&)T by (a left
R-module version of) Theorem 2.61. So C is a covering class by Theorem 1.54.
By Theorem 3.49, C is 1—cotilting.

Now & = li_r)né’ N R—mod by Lemma 2.55. Conversely, given a 1—cotilting
class C in R—Mod, each M € C is a directed union of the system of all its finitely
generated submodules, {M; | i € I}. Since C is 1—cotilting, M; € C for each
i € 1. So C =lim(C N R-mod), and the assignments are mutually inverse. =

There is a general criterion for a 1-cotilting class to be of cofinite type:

Proposition 3.51. Let R be a ring and C be a class of left R—-modules. Then
C is 1-cotilting of cofinite type, if and only if there is a module M € Py such
that C = MT.

Proof. For the only—if-part, consider S C P such that C = ST=. Let M
be the direct sum of a representative set of all modules in S. Then C = M T~ =
oo M. Since C is 1-cotilting, C+ C Z;, so M? € I, hence M € F; by Lemma
1.31. So & C Fy Nmod-R = P (since finitely presented flat modules are
projective). So M € Py, and C = MT.

For the if-part, we consider the cotorsion pair (A, B) generated by M. Since
A C Py, the claim will follow once we prove that MT = (A<“)T. If N € MT,
then N% € B, so N € AT C (A<¥)T. Conversely, by Theorem 2.61 and Lemma
2.63, M € li_n>1.A<“’ =T((A<)T), 50 MT D (A<)T. =m
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Now we can prove that in many cases, all 1-cotilting classes are of cofinite
type:

Theorem 3.52. Let R be a left noetherian ring such that F; = Py (this occurs
when R is right hereditary, or right perfect, or 1-Iwanaga—Gorenstein). Then
all 1—cotilting classes are of cofinite type, that is, all 1—cotilting left R—modules
are equivalent to duals of 1-tilting (right R—) modules.

Proof. Let C C R-Mod be a 1—cotilting class. By a version of Theorem
2.61 for left R—modules, and by Theorem 3.50, C = DT, where D = T(C<¥).
Since C is closed under submodules, we have D C F;.

By Lemma 1.52, each module D € D is D<"filtered, where k = |R| + Ng.
Let M be the direct sum of a representative set of all modules in D<*. By
Corollary 1.32 C = MT.

Finally, since D C F; = P; by assumption, we conclude that C is of cofinite
type by Proposition 3.51. =

In particular, if R is left artinian or 1-Iwanaga—Gorenstein, then we can
describe 1-cotilting classes either by means of the torsion—free classes in R—mod
containing R (as in Theorem 3.50), or by means of the subcategories S C mod—R
closed under extensions and direct summands and satisfying Py C § C P
(as in Corollary 3.31).

As an application we consider in more detail the case of Dedekind domains.
Given a Dedekind domain R and a set of maximal ideals P C mspec R, we
define a module Qp by

Qr=Qo @ ER/ge ][]
gE€mspec R\ P peEP
Given an ideal I of R, we will call a module M € R-Mod I-torsion—free
provided that Tor{'(R/I, M) = 0. Denote by Cp the class of all left R-modules
that are p—torsion—free for all p € P, that is,

Cp = {M € R-Mod | Tor¥(R/p, M) = 0 for all p € P}.
Theorem 3.53. Let R be a Dedekind domain.

(a) LetC be a class of modules. Then C is cotilting, iff there is a set of mazimal
ideals, P, such that C =Cp.

(b) The set {Qp | P C mspec R} is a representative set (up to equivalence) of
the class of all cotilting modules.

Proof. (a) Clearly, given P C mspec R, Cp is a class of cofinite type, hence
a cotilting one by Proposition 3.45.

Conversely, if C is cotilting, then C is of cofinite type by Theorem 3.52, so by
Theorems 3.35 and 3.46, there is a subset P C mspec R such that C = T;. By
Example 3.38, C = {M € Mod-R | Tor®(E(R/p), M) = 0 ¥p € P}. Since R
is hereditary and E(R/p) is {R/p}filtered for each p € mspec R, the condition
Torl*(E(R/p), M) = 0 is equivalent to Tor(R/p, M) = 0, for each p € P, and
the claim follows.
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(b) In view of Theorems 3.35, 3.46 and 3.52, it suffices to prove that for each
P C mspec R, @Qp is a cotilting module equivalent to the cotilting module Cp
defined in Example 3.38.

Condition (C1) for Qp is clear. For (C2), since Q & Jp is flat and Jp is
pure—injective, where Jp = HpeP Jp, it suffices to prove that Exty (I, Jp) =0,
where I, = (D, cmspec R\P E(R/q))", for each k. However, I, is an injective
module, and it is easy to see that I, has no indecomposable direct summands
isomorphic to E(R/p) for p € P. Since J, is g-divisible for all p € P and ¢ €
mspec R \ P, we infer that Exth (I, Jp) = 0. For condition (C3), consider the
exact sequence 0 — Jp — E(Jp) — E(Jp)/Jp — 0. Then E(Jp) = QW and
E(Jp)/Jp = D, cp E(R/p)@») for some cardinals A > 0 and a,, > 0 (p € P).
Let W = E(Jp)/ P jemspec r\p £ (R/q). Then W is an injective cogenerator
for Mod—R, and the exact sequence 0 — Jp — E(Jp) DD jemspec m\p £(L2/0) —
W — 0 proves (C3).

Finally, tQp = +Cp = +Jp, so Qp and Cp are equivalent. m

In fact, the cotilting torsion—free classes over any Dedekind domain corre-
spond bijectively to Tor—pairs:

Theorem 3.54. Let R be a Dedekind domain. Let C C Mod—R. The following
conditions are equivalent:

(a) (C,CT) is a Tor—pair.
(b) (C,C*) is a cotorsion pair such that C 2 FL.

(¢) There is a subset P C mspec R such that C is the class of all modules
which are p—torsion—free for all p € P.

(d) C is a cotilting torsion—free class.

For a proof of Theorem 3.54, we refer to [46].

We finish this chapter by an example of a cotilting class that is not of cofinite
type due to Bazzoni:

Example 3.55. Let R be a maximal valuation domain with a non—principal
maximal ideal p (see [44, XIIL5]). Then R is pure-injective, so the class W,
of all Whitehead modules is a covering class by Theorem 1.48. Since R has
injective dimension < 1 by Theorem 2.45, W; is closed under submodules and
extensions. In order to prove that W, is a cotilting torsion—free class, it suffices
to show that M € W, iff p annihilates the torsion part (M) of M (then if 0 # x
is an element in a direct product of Whitehead modules and Ann(x) # 0, then
Ann(z) = p, so Wy is closed under direct products, and Theorem 3.49 applies).

First, since torsion—{ree modules are flat and R is pure-injective (see Theo-
rem 2.45), M € Wy, ift t(M) € W.

Assume that pt(M) = 0. Then t(M) = (R/p)(®), so it suffices to prove that
Exth(R/p, R) = 0. Note that Exty(R/p, R) = (Q/R)[p]/((Q[p] + R)/R), where
Mp] denotes the set of all elements x € M annihilated by p. (This follows
by applying Hompg(R/p,—) to the exact sequence 0 — R — @ — Q/R — 0,
and identifying Hompg(R/p, N) with N[p] for N = Q and N = Q/R.) So
Exth(R/p, R) = 0, iff (Q/R)[p] = 0. Let (R:p) = {z € Q| z.p C R}. Since p
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is non-principal, (R : p) = R, so (Q/R)[p] = (R : p)/R = 0. This proves that
pt(M) = 0 implies M € W;.

Conversely, assume that M is a torsion Whitehead module and consider
0 # x € M. Then Extg(Rz,R) = 0. Let I = Annz. Then as above 0 =
Extp(R/I,R) = (Q/R)[I]/((Q] + R)/R), so (Q/R)[I] = (R : I)/R = 0, and
(R :I)= R. Then I is not principal, so I(R : I) = I* where I* is the prime ideal
associated with I. But then I = I*, and since (R : J) = Ry for every prime
ideal J, we conclude that I = p. This proves that M € W, implies pt(M) = 0,
and finishes the proof that W is a cotilting torsion—free class.

Finally, we show that WW; is not of cofinite type. Assume there is S C
mod—-R = Pf“’ such that W; = ST. Since R is a valuation domain, finitely
presented modules coincide with direct sums of cyclically presented modules.
So there is a set of non-zero elements {r, | @ < kK} C p such that Wy = {M |
Torf(R/roR, M) = 0 Ya < x}. However, Tori'(R/roR, M) = M]r,], so in
particular Tor?(R/roR, R/p) = R/p # 0. However, R/p € Wi, a contradiction.

4 Application 1: The structure of Matlis local-
izations

In this section we will employ infinitely generated 1-tilting modules in develop-
ing structure theory of Matlis localizations, that is, the localizations of commu-
tative rings R at multiplicative sets .S consisting of non—zero—divisors such that
projdim S~'R < 1. As an application, we will then consider the existence of
minimal versions of tilting approximations. Our approach is based on [5] and
[72].

First, we will need a number of preliminary definitions and results. We start
with the ones related to the spectrum, spec R:

Let R be a commutative ring, and S a multiplicative subset of R. We write
V(S)={P especR| PNS = 0}. Recall that V(5) is canonically isomorphic
to spec STIR. Clearly, if S C S, then V(S") C V(S).

Denote by ¥ the multiplicative subset consisting of all non—zero—divisors in
R. Let S be a multiplicative subset of R. If s and s’ are elements of R such
that ss’ € 9, then s and s’ are invertible in the localization S~'R. Hence
STIR = (S")7'R, where S’ = {t € R|s = tt' for some s € S and ¢’ € R} is a
saturated multiplicative subset containing S. S’ is called the saturation of S.

If S is a multiplicative subset of R, and I is an ideal of R such that INS = (),
then it is well-known that the set C = {J < R | I C Jand JNS = (0} has
maximal elements and that any such maximal element is a prime ideal of R.

Let now S C ¥ be a saturated multiplicative subset. Then any = € R\ S
satisfies zR NS = @ and thus is contained in a prime ideal from V(S), so
S=R\ Upev(s) P.

Similarly, if S is a multiplicative subset of 3, then its saturation is easily
seen to coincide with S" = R\ Upey (s P-

Observe that X is an example of a saturated multiplicative subset of R.
Hence R\ ¥ is a union of prime ideals of R, and it can be proved that the
minimal primes of R are in this union.
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More generally, let M be a non—zero R—-module. The set of elements in R
such that multiplication by them induces an injective endomorphism of M is a
saturated multiplicative subset of R.

Dually, the set of elements in R such that multiplication by them is a sur-
jective endomorphism of M is also a saturated multiplicative subset of R.

We now present some results concerning the module S~'R/R. In particular,
we study its endomorphism ring and show that the direct sum decompositions
of ST'R/R have quite nice properties.

Proposition 4.1. Let R be a commutative ring. Let S be a multiplicative subset
of . Then R is canonically a subring of S™'R and the following holds true:

(a) If f € Endr(S™'R/R) and x € ST'R/R, then f(z) € xR. In particular
Endg(S~'R/R) is a commutative ring.

(b) If ST'R/R = @,.; Ai and B C S'R/R, then B = @,,(BN A;).

(c) If SS'TR/R = A® B = A® B', then B = B'. Moreover, if A and A’
are direct summands in ST'R/R, then also AN A" and A+ A’ are direct
summands in ST R/R.

(d) Assume ST'R/R =@,c; Ai. If i # j, then Hompg(A;, A;) = 0.

Proof. (a)Let f € Endgr(S™'R/R). Let x € ST'R/R, and let s € S. Then
sz =0, if and only if # € (1 + R)R. Hence f(1+ R) € (1 + R)R for any s € S,
and then f(z) € xR for any x € ST'R/R.

(b) For any i € I, let m;: ST'R/R — A; C ST'R/R denote the projection
onto A;. By part (a), for any € ST'R/R, m;(z) € xRN A;. This shows that
2R = @, (xRN A4;) for any 2 € ST'R/R. Then the same is true for any
submodule B of S™'R/R.

(c) For the first statement, apply (b) to see that B’ = (ANB')& (BN B’') =
BN B’ C B. By symmetry B = B’. For the second statement, let ST'R/R =
A®B=A"@®B'. Then (b) yields A+ A’ =(ANAY® (ANB)d (A NB). So
(A+A)N(BNB')=0,and (A+A)® (BNB')=S"'R/R.

(d) For any i € I, let m;: ST'R/R — A; denote the canonical projection.
Let 4,j € I, i # j, and let f € Hompg(A4;,A;). We can apply part (a) to
fom € Endr(ST'R/R) to deduce that f(z) € zRNA; C A;NA; =0 for any
x € A;. Hence f =0. =

We arrive at the notion of a restriction due to Hamsher [48]:

Definition 4.2. Let R be a commutative ring and M a module. A submodule
N C M is a restriction of M, if for each prime (equivalently, maximal) ideal p
of R, the localization N,y of IV at p satisfies N(,) = 0 or N,y = M(,).

An example of restriction is a direct summand of a cyclic module, because a
cyclic module over a local ring is indecomposable. Proposition 4.4 gives another
example of restriction. Both of them will be needed in Theorem 4.7.

Lemma 4.3. Let R be a commutative ring. Let N C M be R—-modules such
that N is a restriction of M. Let s € X. If the multiplication by s is an onto
endomorphism of M, then it is also an onto endomorphism of N. Equivalently,
if M is {s}—divisible, then so is N.
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Proof. By the definition of a restriction, for any p € spec R, multiplication
by s is an onto endomorphism of N(,). Thus it is an onto endomorphism of N.
| |

Proposition 4.4. Let R be a commutative ring and S a multiplicative subset
of X.

(a) If R is local, then ST'R/R is indecomposable.

(b) Let A be an R—submodule of S~'R such that R C A. Assume that A/R
is a direct summand in ST*R/R. Then A/R is a restriction of ST'R/R.

(c) Let A be an R—submodule of ST'R such that R C A. Assume that A/R
is a restriction of STYR/R. Then A is a subring of S~ R.

Proof. (a) Since R is local, all cyclic modules are indecomposable, hence
ST1R/R is indecomposable (see e.g. [63, Theorem 4.7]).

(b) If A/R is a direct summand of S™'R/R, then, for any p € specR,
(A/R)(p) is a direct summand of (S~'R/R),. By part (a) either (A/R)(,) =0
or (A/R)p) = (ST'R/R) (- Then A/R is a restriction of ST'R/R, and (b) is
proved.

To prove (c), let X = {p € spec R | (A/R),) # 0} be the support of A/R.
For each p € spec R, denote by a,: ST'R — (S’lR/R)(p) the canonical ring
homomorphism. Assume that £ is an element of S™'R such that o, (%) = 0
for all p € spec R\ X. Then, since (ST'R/R),) = (A/R)) for all p € X,
we deduce that a,(%) € (A/R)y) for all p € spec R. This implies that for
each p € spec R there is an element ¢ € R\ p such that ¢t £ € A and therefore
proves that £ € A. Conversely, it is clear that a,(A4) = (A/R)(,) = 0 for all
p € spec R\ X. We thus conclude that A = ﬂmzx Keray, so Ais aring. =

We will next investigate direct sum decompositions of S™'R/R under the
assumption of projdim S™'R < 1.
Note that localizations of projective dimension at most one are rather fre-

quent. For instance, if R is any commutative ring and S = {1 = sg, $1,...}
is a countable multiplicative subset of ¥, then pd(S~'R) < 1. This follows by
Lemma 1.30 applied to the filtration (50.1“8_ Rli<w)of ST'R=J,, So;s

The next proposition goes back to Hamsher:

Proposition 4.5. Let R be a commutative ring. Let S be a multiplicative
subset of ¥ such that ST'R has projective dimension at most 1. Let A be a
non—zero R-submodule of S™'R such that proj dim (S*IR/A) < 1. Then A/sA
is R/sR—-projective for any s € S. If, in addition, R is local and A is divisible
by a non—unit in S, then A= S™'R.

Proof. Let Q@ = S™'R and s € S. By assumption, projdim@ < 1 and
projdim @Q/A < 1, so projdim A < 1. Then it is well-known that the projective
dimension of A/sA viewed as R/sR-module is also < 1. Since Q/sA = Q/A, the
exact sequence 0 — A/sA — Q/sA — Q/A — 0 yields that projdim A/sA < 1.
Now, if the projective dimension of A/sA viewed as R/sR-module equals 1,
then projdim A/sA = 2, a contradiction. So A/sA is R/sR-projective.

For the second claim it suffices to show that A = tA for each t € S. By the
first part, A/tA is a projective R/t R—module, so, since R is local, A/tA is a free
R/tA-module divisible by a non—unit in R/tR, hence A/tA=0. =
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As proved in Proposition 4.4 the direct sum decompositions of ST'R/R are
parameterized by certain subsets of spec R. In the next lemma, we describe the
support of ST'R/R. (Recall that the support of a module M is defined as the
set of all p € mspec R such that M, # 0; the support is denoted by supp M.)

Lemma 4.6. Let R be a commutative ring. Let S be a multiplicative subset
of ¥, and p € specR. Then (S™'R/R),) = 0, if and only if p € V(S). In
particular, we have supp (S'R/R) = {p € mspec R | pN S # 0}.

Proof. If p € V(S), then S C R\ p. Thus (S_lR/R)(p) = R(p)/R(p) =0.
Let p be a prime ideal of R such that p & V(S). Let s € pNS. Then % + Ry
is a non-zero element of S~ (R,))/R) = (ST'R/R)(,). =

The following theorem characterizes direct summands in S™'R/R:

Theorem 4.7. Let R be a commutative ring and S be a multiplicative subset of
¥ such that projdim S~'R = 1. Let My = A;/R be a submodule of ST'R/R.
Put X; = supp S™'R/R and X, = supp M;. Let

¢©: ST'R/R — II 'B/R),
pEspec R\V(S)

be the canonical inclusion. Put My = 9071(HPGX2 (S7'R/R)(»)) = A2/R.
Then the following conditions are equivalent:

(a) M is a direct summand of S™'R/R.
(b) projdim(ST'R/A;) <1 and M; is a restriction of ST'R/R.
(¢) ST'R/R = M, ® M>.

Proof. Since projdim(S~!R) = 1, Proposition 4.4 (b) yields the implication
(a)=(b), and clearly (c) implies (a).

Assume (b). By the definition of M; and Mo, it follows that M3 N My =0
and also that, for i = 1,2, (Mi)(p) = 0 for each maximal ideal p ¢ X;. We shall

show that SR = A; 4+ Ay. Take s € S. It is enough to prove that % € A+ A,.

By Lemma 4.3, s induces an onto map on M; = A; /R, hence sA; + R = A;.
This implies that A;/sA; is cyclic and that the map m1: R/sR — A;/sA;
defined by 7 + sR — r + sA;, for r € R, is surjective. By Proposition 4.5,
Ai/sA; is a projective R/sR-module, so m splits. Thus there exists a € R
such that a —a? € sR, Ay =aR+sA; and 1 —a € sA;. So % € A;. We show
that ¢ € Ay. This occurs if and only if p(2 + R) € [[,cx,(ST'R/R)(y), if and
only if ((a + sR)R/sR)) = 0 for each p € X; U (spec R\ X).

As R/sR = (a + sR)R/sR® (1 —a + sR)R/sR, (a + sR)R/sR and (1 —
a 4+ sR)R/sR are restrictions of R/sR. For any p € specR \ X, as s € S,
(R/sR)py = 0, hence also ((a +sR)R/sR)) = 0. Let p € X1. As (A1)(p) =
(S7'R)(p) and s € S, 0 = (A1/sA1) ) = ((a + sR)R/sR) ;). This finishes the
proof of (¢). m

Proposition 4.8. Let R be a commutative ring. Let S; C S be multiplicative

subsets of ¥ such that projdim(S™'R) = 1 and projdim(S~'R/S;'R) < 1.
Then SflR/R is a restriction of ST'R/R. More precisely,
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(a) Ifp € V(S1), then (S;"R/R) ) = 0.
(b) If p € spec R\ V(S1), then (ST 'R/R)() = (ST'R/R) ).

Proof. (a) follows from Lemma 4.6. If p € spec R\ V(S1), then there exists
a non—unit s € S1Np C S. Then Proposition 4.5 yields

(ST R/R) ) = S (R)/Rip) = S (Rp)/ Ry = (ST R/R) p).

In view of Theorem 4.7 we immediately obtain

Corollary 4.9. Let R be a commutative ring and S1 C S a multiplicative subset
of ¥ such that projdim S~'R = 1. Then projdim(S~*R/S;'R) < 1, if and only
if S'R/R is a direct summand in ST'R/R.

Example 4.10. By Proposition 4.4, the complement of the module S} 'R/R
in the statement of Corollary 4.9 is of the form A/R for a subring A of S™'R
containing R.

However, A is not a localization in general: consider the case when R is
a Dedekind domain, S = R\ {0}, and R C A C Q = RS™! is defined by
A/R = E(R/p), where p is a maximal ideal contained in the union of all the
maximal ideals ¢ # p (such a p exists iff the class group of R contains torsion—
free elements).

Then A® R, /R = Q/R, but A is not of the form (S”)~*R for a multiplica-
tive subset S’ C St otherwise, since A =1, R(g), we have S" C "  (R\¢q) =
R\ (U,»p @) = R*, where R* is the set of all units of R, so (S)"'R=R# A,
a contradiction.

We will also need Griffith’s notion of a G(Rg)—family of submodules:

Definition 4.11. Let R be a commutative ring and M a module. A family S
of submodules of M is a G(Rg)—family provided that

(G1) 0,M € S,
(G2) S is closed under unions of chains, and

(G3) if N € S and X is a countable subset of M, then there exists N’ € S such
that N U X C N’ and N’/N is countably generated.

Lemma 4.12. Let R be a commutative ring, S a multiplicative subset of ¥ and
Q = S7'R. Assume projdimQ < 1. Then the set S of all restrictions of Q/R
is a G(Ng)—family of submodules of Q/R.

Proof. Property (G1) is clear, and (G2) follows from Definition 4.2, because
Ny = N ®r R(y), where R(;,) is a flat R-module.

Property (G3) is a consequence of the following claim: for each N € S and
each countable subset X C @Q/R, there is a countable multiplicative subset S; C
S such that X C S7'R/R and projdim Q/S; 'R < 1. Indeed, Proposition 4.8
then shows that S;'R/R is a restriction of Q/R, and so is N’ = N + S;'R/R.
Since N’/N is countably generated, (G3) follows.
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In order to prove the claim, we consider a projective resolution of @
C
0K SFLgoo,

where F = R, f(1,) = s~ for each s € S (where (1, | s € S) is the canonical
basis of F).

Notice that, if T is a countable multiplicative subset of S, then K N R(™)
is generated by the countable set K7 = {1; — 1, | t,t' € T}: indeed, these
elements clearly belong to K. If t € KNR™), z = 1tor0 + -+ - + 14, 7k, then we
can w.l.o.g. assume that {yp = 1 and, for each m < k, t,,41 = t; . Um 1 for some
U1 € T. Since f(z) =ty 'ro + -+ +t; 'rp = 0, we have (ug...up)ro + -+
uprr—1 +rr = 0. So

x=1lyro+ -+ 1y Tt + ek — Loy (g o ougro) — - — Ly upri—1 — 1g, 7k

= (1t0 — 14, (ul - uk))To + -+ (1tk—1 — ltkuk)rk—la

which shows that x is generated by the elements of K.

Since K is projective, K = GajeJ K; where K; is countably generated (see
Corollary 2.24).

By induction, we define an increasing sequence (T; | i < w) of countable
multiplicative subsets of S as follows: Tj is any countable multiplicative subset
of S such that X C RTy '/R. 1f T; is defined, then K N T; C @, 4 K; for a
countable set A; C J. Let B; be a countable subset of S such that GajeAi K; C

R(B)_ Define T;+1 as a countable multiplicative subset of S containing 7; U B;.
Finally, put S1 = ;. Ti- Then S; is a countable multiplicative subset of S
such that X C RS, /R. Moreover, we have the following commutative diagram
with exact rows and columns:

=N +—— o
(_

N

0 —— KNR®Y

K/(KNRSY) —— 0

N
&
N

9]
o
N

RS\SH g

N

Q/RS;'  —— 0

l

0.

(_
© — L — o —
<—

By construction, K N R(51) = Djeu,.
the right hand column gives proj dim Q/SflR <l =

4, K is a direct summand in K, so
3

Recall that given a commutative ring R and a set S C R consisting of non—
zero divisors, then the class of all S—divisible modules, Dg = {M € Mod-R |
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Ms = M for all s € S}, satisfies Dg = S+, where S = {R/sR | s € S} C P;“.
By Theorem 3.15, Dg is a 1-tilting torsion class.
Now we are in a position to prove the main result of this chapter:

Theorem 4.13. Let R be a commutative ring and S a multiplicative subset in
R consisting of non—zero—divisors. Then the following conditions are equivalent:

(a) STLR is a Matlis localization of R.
(b) T =S"'R® S™'R/R is a 1-tilting R-module.

(c) STYR/R decomposes into a direct sum of countably presented R—submod-
ules.

(d) R has a Dg—envelope.

Moreover, if T is 1-tilting then T generates the 1-tilting class Dg.

Proof. Let @ = ST'R. First we prove the equivalence of (a)—(c):

Assume (a). We will verify conditions (T1)—(T3) for T, thus proving (b).
First the projective dimension of @, Q/R, and hence of T, is < 1 by the as-
sumption, so (T1) holds. (T3) holds, since there is the exact sequence 0 —
R —- Q — Q/R — 0. In order to prove (T2), in view of (T1), it suffices to
show that Extp(Q/R, Q")) = 0 for each cardinal k. However, Exth(Q, Q")) =
Extb(Q,Q("”")) = 0, since @ is a localization of R. So in order to prove that
Ext}%(Q/R,Q(”)) =0, it suffices to show that any f € Hompg(R, Q")) extends
to some g € Homp(Q,Q™) = Homg(Q,Q"™). But we can simply define
9(q) = f(1)q for all g € Q.

Next, assume (b). Consider the cotorsion pair (A, B) generated by T. By
Theorem 3.16, each module in A is AS“—filtered. In particular, this holds for
Q/R € A. Let F be a family corresponding to a AS“filtration of Q/R by
Theorem 2.20 (for kK = N1). Let G = F NS where S is the G(Rg)—family of all
restrictions of /R coming from Lemma 4.12.

We claim that there is a filtration (G, | @ < o) of Q/R such that G,, € G for
all @« < o and G,41/G, is countably presented. Indeed, we can define Go = 0
and G, = Uﬁ<a Gg for limit ordinals a. Assume G, € G is defined and there
isxz € (Q/R)\ Gqo. Let Fy = Sy = G,. By Theorem 2.20, there is F} € F such
that Fo U{z} C Fy and Fy/Fy is countably presented. Clearly Sy C Fy. Let Cy
be a countable subset of F} such that Fy+(C1) = Fy. Since S is a G(RXg)—family,
there S; € S such that Sy U C; C 57 and S1/Sp is countably generated. Then
Fy C S;1. Let Dy be a countable subset of S; such that Sy + (D;) = S;. Then
there is F» € F such that F1UD; C F; and Fy/F) is countably presented. Then
S1 C F5. Proceeding in this way, we obtain a chain

Go=Fy=5CFHCS CHRC---CS,CF11CS+1C...

We define Got1 = U,cp, o = Upew Sne Then Goy1 € G, and since
F,41/F, is countably presented for each n < w, so is G44+1/G by Lemma
2.29. This proves the claim.

Now each G, is a restriction of Q/R = G, such that (Q/R)/G, € A, so
(Q/R)/G, has projective dimension < 1. By Theorem 4.7, G, is a direct sum-

mand in Q/R, and hence in G,41, for each o < . This yields a decomposition
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of Q/R into a direct sum of copies of the countably presented modules G41/G
(o < ), so (c) holds.

Assume (c), so Q/R = @,.; M; where M; is a countably presented R-
module for each i € I.

First we claim that for each i € I, M; is a direct summand of a module of
the form TflR/ R, where T; is a countable multiplicative subset of S.

To prove the claim set Jy = {¢}. By induction, we can construct an ascend-
ing chain {J,},>0 of countable subsets of I and an ascending chain {5, },>0
of countable multiplicative subsets of S such that @;.; M; C S, 'R/R C
@jehﬂ M; for all n > 0. Let J = UnZO J, and T; = UnZO S,. Then

D, M; = T, 'R/R, and T, is a countable multiplicative subset of S. This
proves the claim.

Now, since T} is countable, T, 'R is a countably generated flat R—module,
hence T; 'R is countably presented and has projective dimension < 1 (see [44,
VI.9]). Then we also have projdimT;"*R/R < 1, hence projdim M; < 1 for
each i € I, and projdim S™'!R/R < 1, that is, projdim S~ R < 1 and (a) holds.

Notice that T'= Q ® Q/R satisfies Gen(T') = Gen(Q) C Dg, since () € Dg
and Dg is a torsion class. If moreover T is 1-tilting, then Gen(T) = T+ (see
Lemma 3.28), so by the reasoning above, Gen(T) = (Q/R)* = (,c; M- 2
Nics(T;7'R/R)*, where T; (i € I) are countable multiplicative subsets of S.
However, if T' = {t; | k < w} is a countable multiplicative subset of S, then
TR =, (to" -ty )R and (tg" .. ;1) R/(tg" ...t )R = R/tpy1 R for
each k < w, and t;'R/R = R/tyR, so (T"*R/R)* D Dg by Lemma 1.30. This
proves that (Q/R)* D Dg, and hence Gen(T) = Dg.

Finally, we prove that (d) is equivalent to (a)—(c). Indeed, if (a)—(c) hold,
then the embedding p : R — @ is a special Dg—preenvelope of R. Since Q)
is a localization of R, we have Homp(Q, Q) = Homg(Q,Q), so the only R-
endomorphism of @ fixing 1 is the identity. Thus, p is left minimal, and p is a
Dg—envelope of R.

Conversely, assume (d) and let f: R — D be the S—divisible envelope of R.
First we show that D is S-torsion—free. To this end, we take s € S and show
that the multiplication v¥: D — D by the element s is injective. We know that
there is d € D such that sd = f(1). Define an R-homomorphism g: R — D
by g(1) = d. Since f is a Dg—preenvelope, there is a map ¢: D — D such that
of =g. So o f(1) = s(pf(1)) = sg(1) = sd = f(1). By the left minimality of
f we conclude that ¢ is an isomorphism, hence ) is injective.

It follows that D is an S—torsion—free, S—divisible module, hence a Q-
module. In particular D € Gen(Q). Moreover, since f is an S—divisible
preenvelope, each epimorphism R — X with X S-divisible factors through
fX RN — DX So D generates Dg. This shows that Dg is contained in,
and therefore coincides with, Gen(Q).

Let T’ be a 1-tilting module generating the class Dg. Since Gen(Q) =
Gen(T"), there exist cardinals x and A and R-epimorphisms f : (")) — Q
and g : QW) — (T)¥), Then fg: Q™ — Q is an R-epimorphism and hence a
@Q—epimorphism. So fg, and also f, splits, and the R—module @ is isomorphic
to a direct summand in (7”)*). Then @ has projective dimension < 1, and (a)
holds. m

Particular instances of Theorem 4.13 include the classical result of Kaplan-
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sky characterizing Matlis valuation domains as the valuation domains with @
countable (this follows by taking R a valuation domain and S = R\ {0}), the
theorem of Lee characterizing Matlis domains by the existence of a direct de-
composition of @Q/R into countably generated summands (take R a domain and
S = R\ {0}), and the theorem of Fuchs and Salce (= the particular case when
R is a domain and S a multiplicative subset of R).

By Theorem 3.29, the class of all S—divisible modules is a 1-tilting class for
any commutative ring R. It is possible to generalize the notion of a Fuchs tilting
module defined for domains in Example 3.2 to the setting of general commu-
tative rings, so that the resulting 1-tilting module 0 generates the class of all
S—divisible modules (see [5, §5]). Of course, in the case of Matlis localizations,
8 is equivalent to the module ST'R @ S~'R/R by Theorem 4.13.

Theorem 4.13 is helpful in answering the question of the existence of min-
imal versions of preenvelopes in particular cases. We start with its immediate
corollary:

Corollary 4.14. Let R be a domain. Then R has a DI-envelope, if and only
if R is a Matlis domain.

Notice that since DZ is a tilting torsion class over any domain, tilting approx-
imations need not have minimal versions (this contrasts with the dual setting of
cotilting approximations, where the minimal versions always exist, see Theorem
3.41).

By Theorem 2.12, (P, 77#) is a complete cotorsion pair. It appears open to
determine when the P;-—preenvelopes have minimal versions (= envelopes) for
n>1.

Our next corollary will give an answer for n = 1 in the particular case of
Priifer domains that are not Matlis. In this case, also fp—injective envelopes do
not exist in general:

Corollary 4.15. Assume R is a Priifer domain.
(a) The cotorsion pair generated by 6 is (P1,DI) and DI = F1I.
(b) If projdim @ > 2, then R does not have an FI—-envelope.

Proof. (a) The first equality has already been considered in Example 3.2.

Since any Priifer domain is coherent, each finitely generated submodule of
a finitely presented module is finitely presented. So, if F' is finitely presented,
then there exist n < w and a chain of submodules0 =Fy C Fy C---C F, =F
such that F;y1/F; is cyclic and finitely presented for all ¢ < n. So

FI={PR/T}* =DI
IcF

where F denotes the set of all finitely generated ideals of R.
(b) By part (a) and Corollary 4.14. =
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5 Application 2: Finitistic Dimension Conjec-
tures

In this chapter we present applications of tilting approximations to computing
finitistic dimensions of rings and algebras.

The simple, but key fact is that the little finitistic dimension of a right
noetherian ring is finite, if and only if there is a (possibly infinitely generated)
tilting module T such that TfLoo = (P<¥)% (see Theorem 5.9 below). The
surprising phenomenon here is that even in the artin algebra case, we cannot
in general take 7% finitely generated, so the infinite-dimensional tilting theory
developed above comes up as a natural tool.

Our first application concerns (non-commutative) Iwanaga—Gorenstein rings.
In Theorem 5.11 we prove that, if R is n—Iwanaga—Gorenstein, then findim R =
Findim R = n.

In the second application (Theorem 5.13), for a right artinian ring R, we
provide a formula for computing fin dim R involving only approximations of the
(finitely many) simple modules.

Our third application yields a simple proof of a result by Auslander, Reiten,
Huisgen—Zimmermann and Smalg saying that findim R = Findim R < oo in
case R is an artin algebra such that P<“ is contravariantly finite.

This chapter is based on [4] and [7].

Recall that the (right) global dimension of R, gl dimR, is the supremum of
the projective dimensions of all (right R—) modules.

Definition 5.1. Let R be a ring. Denote by Findim R the big finitistic di-
mension of R, that is, the supremum of the projective dimensions of arbitrary
modules of finite projective dimension.

Similarly, findim R will denote the little finitistic dimension of R, that is, the
supremum of the projective dimensions of all finitely generated modules of finite
projective dimension.

Obviously, findim R < Findim R < gldim R for any ring R.

We recall a couple of simple and well-known facts:
Lemma 5.2. Let R be a ring such that gldim R < oco.
(a) findim R = Findim R = gldim R = max{projdim R/I | I C R}.
(b) If R is right semiartinian, then all these dimensions are also equal to
max{projdim S | S € simp R}.

Proof. This is an easy consequence of Lemma 1.30. =

So the little and the big finitistic dimensions provide a refinement of the
homological dimension theory in the case when gldim R = co. The following
example shows that such refinement is needed even in very simple cases:

Example 5.3. Let R be a quasi-Frobenius (= 0-Iwanaga—Gorenstein) ring
which is not completely reducible. (For example, let p be a prime integer, n > 1
and R = Z,n».) Since all projective modules are injective, there is no module of
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projective dimension 1, hence no module of projective dimension m for any m >
1. By assumption, there is a non—projective simple module M, so projdim M =
oo. It follows that findim R = Findim R = 0, while gldim R = oo. (Since
R = Zpn is of finite representation type, it is certainly the finitistic dimension
rather than the global one that reflects better the transparent structure of the
module category Mod-Z,n.)

Notice that, if R is a right Np—noetherian ring, then the possible difference
between Findim R and fin dimR comes from (a representative set of) countably
infinitely generated modules of finite projective dimension:

Lemma 5.4. Assume that each right ideal of R is countably generated. Then
Findim R = sup{projdim M | M € P=*}.

Proof. This follows by Theorem 2.12. =

Example 5.5. Let R be a commutative noetherian ring. Then the little and the
big finitistic dimensions are known to be closely related to other dimensions of
the ring. Bass, Gruson and Raynaud proved that Findim R coincides with the
Krull dimension of R. Auslander and Buchsbaum proved that, if R is moreover
local, then fin dim R = depth R, where depth R denotes the length of a maximal
regular sequence in Rad R. So in the local case, both dimensions are finite, but
they coincide, if and only if R is Cohen—Macaulay. Examples of commutative
noetherian rings with Findim R = findim R = oo were constructed by Nagata:

Let R = K[x; | i < w] be the polynomial ring in countably many variables
over a field K. Let (d; | i < w) C w be a strictly increasing sequence of natural
numbers such that d;11 — d; > d; — d;—1 for all ¢ > 0. For each ¢ < w, let
P, = <£Ed,;+1, e ,xdi+1> be the prime ideal in R generated by the variables x;
(di < j < dig1). Let U = R\ U, P and let S be the localization of R
at U. Then S is noetherian, the Krull dimension of S is co, and findim .S =
Findim S = oo. For more details we refer to [11, §11].

If R is an arbitrary ring, then the statements
(I) Findim R = findim R,
(IT) findim R < o0

are known as the first and the second finitistic dimension conjectures for R,
respectively.

In the case of artin algebras, (I) was disproved by Huisgen—Zimmermann:
for each n > 2, she constructed a finite-dimensional monomial algebra A,, such
that findim R = n and Findim R =n + 1 (see [51]).

Examples with arbitrarily big differences between the two dimensions were
later constructed by Smalg: for each n > 1 there is a finite-dimensional algebra
R,, over a field such that findim R = 1 and Findim R = n.

The second finitistic dimension conjecture has been proved for all finite di-
mensional monomial algebras [47], all algebras with representation dimension
< 3 [55] et al., but it remains open for general artin algebras.

Now we fix our notation for the rest of this section:

Let R be a ring. Denote by €; = (A, By) the cotorsion pair generated by
the class P<%. Recall that P<%¥ = P N mod-R, and P<¥ is just the class of
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all finitely presented modules of finite projective dimension in case R is right
coherent.

Since P<“ always has a representative set of elements, €; is complete. So
Ay is a special precovering class, but — unlike P<“ — A; always contains
infinitely generated modules. However, Ay C li_r)nPQ” by Theorem 2.61, so
Ay Nmod-R = P<¥ by Lemma 2.55.

Tilting theory relates to the finitistic dimension conjectures by means of the
following simple observation:

Lemma 5.6. Letn < w. Let R be a right coherent ring and S be a syzygy closed
class of finitely presented modules. Let (U, V) be the cotorsion pair generated by
S. Then the following assertions are equivalent:

(a) U CP,.

(b) There exists a tilting module T of projective dimension < n such that
Y =T,

Proof. Assume (a). By assumption, S C P% and St = St~ s0 Vis a
class of finite type, hence n-tilting by Theorem 3.15.
If (b) holds, then Y = H(T+=)CP,. =

Varying the class S, we get a rich supply of (infinitely generated) tilting
modules:

Lemma 5.7. Let R be a right coherent ring and n < w. Denote by (A, B,) the
cotorsion pair generated by P~*. Then there is a tilting module T, of projective
dimension at most n such that B, = T,fb“”.

If R is right noetherian and findim R > n, then T, has projective dimension n.

Proof. The first assertion follows by Lemma 5.6 for S = Pv.

Assume that R is right noetherian with findim R > n. So there is a finitely
presented module M of projective dimension n. Assume that there is a tilting
module T € P,,_1 with B,, = T>. On the one hand, by Lemma 5.6 we then
have A,, C P,_1. On the other hand, P~¥ C +((P¥)1) = A,. This implies
that M € P,,_1, a contradiction. =

Example 5.8. Let R be a right coherent ring. For all 0 < i < n < w, denote by
(Ani, Bni) the cotorsion pair generated by the class Q=1 (P<¢). By Theorem
1.40 and Lemma 1.33, this cotorsion pair is complete and A,,; C Pp_it1.

By dimension shifting, we have B,,; = (P=¢)+i for all 0 < i < n < w. Note
that By; C By, for i < j, Bpi € By for m < n, and B,,; € Bp4k,i+k for each
k<w.

Clearly A, = An1, By = By for all 1 <n <w, and By =, .., Bn-

Let 0 < i <n < w. Then Lemma 5.6 for S = Q" }(P¥) yields a tilting
module T;,; of projective dimension at most n — 7 4+ 1 such that 5,,; = T:;"".

In particular, the classes By, (n < w) form an increasing chain of 1-tilting
torsion classes. If R is right noetherian and findim R > n, then, as in Lemma
5.7, we see that the projective dimension of T},; equals n — 7 + 1.

It is easy to see that there is a single tilting module that controls the global
dimension of the category of all finitely generated modules in the case when R
is right noetherian and the latter dimension is finite:

97



Theorem 5.9. Assume R is a right noetherian ring. Then findim R < oo,
if and only if there is a tilting module Ty such that By = Tfj‘”. In this case
findim R = projdim Ty, and Ty can be taken P<“filtered.

Proof. Assume that findim R = n < co. Then By = B,,. By Lemma 5.7
there is a tilting module Tt of projective dimension n such that By = TfJ‘*.

The reverse implication follows by Lemma 5.6 for § = P<¥.
Finally, Ty can be taken P<“-filtered by Theorem 3.25 (b). =

Clearly the module T is unique up to the equivalence of tilting modules. In
Theorem 5.19, we will see that even for finite-dimensional algebras with little
finitistic dimension = 1, it need not be possible to select T finitely generated.
The proof of Theorem 3.12 provides an explicit construction of T':

By a finite iteration of special (P<¢)--preenvelopes (of R etc.), we obtain a
(P<«)L-coresolution of R. The tilting module T can simply be taken as the
direct sum of the members of this finite coresolution.

The problem is that, in general, it is rather difficult to compute these special
(P<«)L-preenvelopes, and hence determine 7 in this way. However, there are
a number of cases when 7' can be computed explicitly. We start with a very
simple one:

Example 5.10. Let R be a right noetherian ring of finite global dimension. Let
0—R—Iy— I — ... — I, — 0 be the minimal injective coresolution of R.
Then Ty = @, ., I; is a tilting module with projdim Ty = gl dimR = fin dimR
such that TfLoo = (P<¥)+. Indeed, in this case P<* = mod-R, so (P<¥)L-
envelopes coincide with the injective envelopes.

There is another, non-trivial case where the tilting module Ty can be taken
as the direct sum of the terms of the minimal injective coresolution of R. This
is the case of (non—commutative) Iwanaga—Gorenstein rings considered in Ex-
amples 2.14 and 3.6. The explicit knowledge of T; here yields a proof of the
first finitistic dimension conjecture:

Theorem 5.11. Let n > 0 and R be an n—Iwanaga—Gorenstein ring. Then
(a) findim R = Findim R = n.

(b) Ty = B,<,, Li where 0 = R — Iy — I — ... — I, — 0 is the minimal
injective coresolution of R.

(¢c) Ay =P =P, =1, =1, By = GT is the class of all Zy-resolved modules,
and Add(Ty) = Zo.

Proof. First note that by Example 2.14, P =P, =Z,, =7, so Findim R =
n.

By Example 3.6, T = €,.,, I; is an n-tilting module. Denote by (A, B) the
tilting cotorsion pair induced by T'. Since T is injective and R is right noetherian,
clearly Add(T') C Zy.

We will prove that Add(T) = Zy. Since Add(T) = AN B by Lemma 3.8
(c), it suffices to prove that 7o C A. By Proposition 3.9 (b), each module
B € B is Add(T)-resolved. Denote by B’ the kernel of the n—th map in a
fixed Add(T)-resolution of B. Since Add(T) C Zy, dimension shifting gives
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Extp(I, B) = Ext)y" (I, B') for each I € Zy. However, Zy C P, so the latter
Ext—group is zero, proving that I € A.

Since Add(T") = Zy, Proposition 3.9 yields that A = Z,, (= P), and B is the
class of all Zy-resolved modules. However, by Example 2.14, B = P+ = GT is
the class of all Gorenstein injective modules.

Finally, since T is a tilting module, T is of finite type, so B = (A<“)* (see
Theorem 3.25). However, A<Y = P<¥ so (A,B) = (As,By) and T = T}.
By Corollary 1.42, any module P € P is a direct summand of a P<“filtered
module, so we conclude that findim R = FindimR. =

Let R be a right noetherian ring with findim R < oo. Then clearly, a
sufficient condition for findim R = Findim R to hold is

(1) Af = P.

All our proofs of the first finitistic dimension conjecture for a ring R proceed
by proving (III) (see Theorems 5.11 and 5.21). However, (III) is not necessary
for the first finitistic dimension conjecture to hold, even in the case of artin
algebras. The relevant example goes back to Igusa, Smalg, and Todorov, [54]:

Example 5.12. Let k£ be an algebraically closed field and R the finite dimen-
sional monomial algebra given by the quiver

with the relations ay = 8y =vya = 0.
Then Findim R = findim R = 1, so lim P<* = P.
However, using the fact that R has a factor algebra isomorphic to the Kronecker
algebra A, and the representation theory of A—-modules developed by Ringel, one
can show that Ay # P, that is, Ay is not closed under direct limits. For more
details, we refer to [8].

The module Ty is not finite-dimensional. This follows from another impor-
tant property of this example proved in [54], namely that P<% is not contravari-
antly finite, and from Theorem 5.19 below.

Before proving the finitistic dimension conjectures for all artin algebras with
P<¥ contravariantly finite, we recall a formula for computing fin dim R for right
artinian rings proved in [74]:

Theorem 5.13. Let R be a right artinian ring. For each S € simp R, take a
special Ay—precover, fs: Xg — S. Then

findim R = max{projdim Xg | S € simp R}.

In particular, findim R < oo, iff Xg € P for each S € simp R.

Finally, we will employ infinite-dimensional tilting theory in the proof of
the second finitistic dimension conjecture for right artinian rings such that P<¢
is contravariantly finite, and (ii) in the proof of the first finitistic dimension
conjecture for artin algebras with P<“ contravariantly finite.
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The first result was proved in case of artin algebras by Auslander and Reiten
[13], the second by Huisgen—Zimmermann and Smalg [53]. Our approach is
different, based on [7] and [74].

An class of artinian rings where P<% is contravariantly finite was studied by
Huisgen—Zimmermann:

Example 5.14. Let R be a right artinian right serial ring (that is, R =
@i <m CiR, where e; R is a right artinian right uniserial module and e; is a
primitive idempotent for each ¢ < m). Then P<%¥ is contravariantly finite.
Moreover, findim R = 1+max{projdime;J! | | < n,i < m,projdime;J! < oc}.
Here J = Rad(R) is the Jacobson radical of R, and n the nilpotency index of
J. For more details, we refer to [52].

The following is a criterion for contravariant finiteness of P<% in terms of
the A;—approximations of simple modules:

Theorem 5.15. Let R be a right artinian ring. Then P<“ is contravariantly
finite, iff we can choose Xs € mod—R for all S € simp R.

Proof. Assume Xg € mod—R for all S € simp R. Then each finitely gen-
erated module F' has a special A;—precover X — F such that X is finitely
Cfiltered. Hence Xr € P<%, and P<¥ is contravariantly finite.

Conversely, let gs : Y5 — S be a P<“—precover of S in mod—R. By Corol-
lary 1.9, we can w.l.o.g. assume that gg is a P<“-cover. By a version of
Lemma 1.12 in mod-R, Ker(gs) € (P<¥)*. So gs is a special A;—precover
of S. =m

As a corollary we obtain a sufficient condition for finiteness of the little
finitistic dimension of right artinian rings:

Corollary 5.16. Let R be a right artinian ring. If P<% is contravariantly
finite, then findim R < co.

Proof. By Theorem 5.15, each simple module S has an A¢—approximation
Xs — S such that Xg € P<¥. By Theorem 5.13, findimR < co. =

The sufficient condition of Corollary 5.16 is not necessary even in the case
when A is a finite-dimensional monomial algebra over an algebraically closed
field: the IST-algebra defined in Example 5.12 above satisfies findim R =
Findim R = 1, but P<¥ is not contravariantly finite.

Using tilting approximations, we will now prove that contravariant finiteness
of P<% for an artin algebra also implies the validity of the first finitistic dimen-
sion conjecture. First we will need a lemma making use of an idea of Auslander
and Buchweiz [12]:

Lemma 5.17. Let R be an artin algebra over a commutative artinian ring
k, and T be a finitely generated tilting module of projective dimension n. Let
C = T+> Nmod-R.

(a) Each module M € mod—R has C—coresolution dimension < n.

(b) The class C is covariantly finite, and D = +C Nmod-R is contravariantly
finite.
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Proof. (a) The claim is trivial for n = 0, since in this case C = mod-R. For
n > 0, consider the long exact sequence

O—-M-—-Iy—...— 1, 1 — N—0,

where all I; (i < n) are finitely generated injective, hence I; € C.
Since EX‘c?}"‘"(T, M) 2 Exty(T,N) =0 for all m > 1, also N € C.

(b) Let M € mod-R. Let m < w denote the C—coresolution dimension of
M. By induction on m, we prove that there are two short exact sequences
0—=Vi—U; 25 M —0and 0 — M %V, — Uy — 0 such that U; and Us
have finite add(T")—coresolution dimension and Vi, Vs € C.

This is sufficient: since D is resolving in mod—R and add(T) C D, we have
Ui,Us € D. So ¢1 (p2) is a special D—precover (C—preenvelope) of the module
M in mod-R.

Assume m = 0, so M € C. For the first short exact sequence, we take
0—- M — M — 0 — 0. For the second, we take an exact sequence 0 — C' —
Q — M — 0 with Q € add(T) and C € C.

The latter sequence exists, as the k-module Homg(T, M) has a finite k—
generating set S, so the canonical map f : T®) — M has the property that
any g € Hompg(T, M) can be factorized through f. Since C C Gen(T) by
Lemma 3.8 (b), f is surjective, and we put C = Ker(f) and Q = T'5). This
is possible since C' € TH>=: indeed, Extk(T,C) = 0, because Homp(T, f) is
surjective by construction and 7 is tilting; moreover, dimension shifting gives
Ext’y (T, C) = Ext’ (T, M) = 0 for each i > 1, since M € C.

For the inductive step we split a C—coresolution of M of length m + 1 into
two parts: the exact sequence 0 — M — Cy — K — 0, and the long exact
sequence of length m:

00— K—-Ci—...—C, —0.

By inductive premise, there is an exact sequence 0 — C' — @ 2, K — 0 with
Q of finite add(T")—coresolution dimension and C' € C. Consider the pullback of
m and p:

0 0
C C
0 M 2 P Q 0
H ’
0 M Cy —— K 0
0 0.

In the middle row, the module @ is finitely add(T")—coresolved and P € C,
so the row provides for the second short exact sequence for M.
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Since P € C, as above, we obtain an exact sequence 0 — V — U’ 5 P — 0
with U’ € add(T) and V' € C. Consider the pullback of o and :

l
!

T

., p Q 0

l

0.

The middle row shows that U has a finite add(T")—coresolution. So the left
column provides for the first short exact sequence required for M. =

l
l
0 U U’ Q 0
I
l

The following lemma gives the connection between contravariant finiteness
and finite number of generators of the tilting module:

Lemma 5.18. Let R be an artin algebra. Let S be a syzygy closed subclass of
P<«¥. Denote by (U,V) the cotorsion pair generated by S. Then the following
assertions are equivalent:

(a) U= is contravariantly finite.

(b) There exists a finitely generated tilting module T such that V = T+e.

Proof. (a) implies (b): first U<* C AT = P<“. Let g5 : Us — S denote
a U<“-precover of a simple module S € simpR. By Corollary 1.9, we can
w.l.o.g. assume that gg is a U<“—cover. By a version of Lemma 1.12 in mod—R,
Ker(gs) € (U<¥)t = V. So gs is a U—cover of S.

Let n = max{projdimUg | S € simp R}. Since simp R is a finite set, we
have n < oo, and S CUNmod-R C Ps¥. SoU C P,, and Lemma 5.6 provides
an n-tilting module 7" such that V = (T")‘>~. Moreover, T’ is equivalent to
the tilting module T' = €, _,, Ti, where Ty is any special V-preenvelope of R,
Ty, any special V-preenvelope of Ty /R etc.

Since each finitely generated module X has a special U—precover gx : Ux —
X such that Ux is finitely {Ug | S € simp R}iltered, each finitely generated
module X has a special V-preenvelope fx : X — Vx with Vx € mod—R.

It follows that all T; (i < n), and hence T, can be taken finitely generated.

(b) implies (a): by (the proof of) Lemma 5.17, for any module ¥ € mod-R
there is an exact sequence 0 — V — U — Y — 0 such that V € V<% and U
has a finite add(T")—coresolution. Hence U € U<¥, and U<¥ is contravariantly
finite. =

Now we can characterize the artin algebras with P<¢ contravariantly finite:
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Theorem 5.19. Let R be an artin algebra. The following assertions are equiv-
alent:

(a) P<Y¥ is contravariantly finite.

b) There is a finitely generated tilting module Ty such that By = T3
f f f

Proof. Since P<¥ = Ay Nmod-R. So the assertion follows from Lemma
518 for S=P<¥. =u

The following lemma is crucial:

Lemma 5.20. Let R be a ring, T a tilting module, and (A, B) the tilting cotor-
ston pair induced by T'. Then the following conditions (a) and (b) are equivalent:

(a) Add(T) is closed under cokernels of monomorphisms.
(b) A="P.

These conditions imply Findim R < co. If T € mod—R, then these conditions
also tmply

(c) A=Ay

If T € mod—R is Y—pure—injective, then condition (c) implies (a), so all the
three conditions are equivalent. In this case findim R = Findim R < oco.

Proof. Assume (a). On the one hand, by Lemma 3.8 (b), A C P, C P,
where n is the projective dimension of T

On the other hand, if M € P, then the completeness of (A, B) yields an
exact sequence 0 - M — B — A — 0 with B € B and A € A. Clearly B € P.
Let m = projdim B. By Lemma 3.8 (d), there is a long exact sequence

0—-M,, —»-—>My—B—0

with M; € Add(T) for all i < m. Using the assumption, and induction, we
obtain that B € Add(T) C A. Since A is resolving, we get M € A. This proves
that P C A, and hence P = A.

Assume (b). Then AddT =P N B by Lemma 3.8 (¢). So Add T is closed under
cokernels of monomorphisms, since P and B share this property.

Moreover, (b) implies that P is closed under direct sums, hence there is n < w
with P = P, so Findim R < co. Assume T € mod-R. We will show that (b)
implies (c): indeed, we have Ay C A =P = P,,. By assumption, T' € Ay, so
AC Ay

Now assume that 7' € mod—R is ¥—pure—injective. We will prove that (c) implies
(a):

First we show that every monomorphism in add(T") splits. Indeed, let 0 —
AL B = ¢ = 0be a short exact sequence with A and B in add(T). By
assumption, add(7") = mod-R N Add(T) C By N P<¥. Since P<¥ is closed
under cokernels of monomorphisms, we have A € By and C € P<¥ C A;. Thus
Exth(C, A) = 0 and f splits.
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Now let A C B and A, B € Add(T). By assumption, each element of Add(T")
is isomorphic to a direct sum of finitely generated direct summands of T'. Let
> jes iy = a; (i € I) be a finite system of R-linear equations with a; € A
(¢ € I) which is solvable in B, by x; = b; (j € J). There is a finitely generated
direct summand A’ C A such that a; € A’ for all i € I, and a finitely generated
direct summand B’ C B such that A’ C B’ and b; € B’ for all j € J. By the
previous paragraph, the embedding A’ C B’ is pure (even split), so the finite
system is also solvable by some z; = a}; € A" (j € J).

This proves that any monomorphism in Add(7") is pure. Since T is ¥—pure—
injective, each monomorphism in Add(T") splits, and (a) holds.

Finally, (b) and (c) give Ay = P, so each module of finite projective dimen-
sion is a direct summand of a P<“—filtered module. It follows that fin dimR =
FindimR. =

Now we can prove the main result of this section:

Theorem 5.21. Assume that R is an artin algebra such that P<“ is con-
travariantly finite. Then every module of finite projective dimension is a direct
summand of a P<¥—filtered module, and Findim R = findim R < co.

Proof. By Theorem 5.19, there is a finitely generated tilting module T’y such
that By = T7+=. Clearly Ty is Y-pure-injective and condition (c) of Lemma
5.20 holds for T = Ty. Condition (b) then gives A; = P, and the final claim
follows again by Lemma 5.20. =
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