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Abstract

In this thesis we study cotorsion pairs (A, B) generated by classes of R-
modules of projective dimension at most one. We are interested in when
these cotorsion pairs provide covers or envelopes over commutative rings.
More precisely, we investigate Enochs’ Conjecture in this setting. That is, for
a class A contained in the class of modules of projective dimension at most
one, denoted P;(R), we investigate the question of whether A is covering
necessarily implies that A is closed under direct limits. Additionally, under
certain restrictions we characterise the rings which satisfy this property. To
this end, there were two cases to consider: when the cotorsion pair is of
finite type and when it is not of finite type.

For the case that the cotorsion pair (P;(R),P1(R)") is not (necessarily)
of finite type, we show that over a semihereditary ring R, if P;(R) is covering
it must be closed under direct limits. This gives an example of a cotorsion
pair not of finite type which satisfies Enochs’ Conjecture.

The next part of the thesis is dedicated toward cotorsion pairs of finite
type, specifically the 1-tilting cotorsion pairs over commutative rings. We
rely heavily on work of Hrbek who characterises these cotorsion pairs over
commutative rings, as well as work of Positselski and Bazzoni-Positselski in
their work on contramodules.

We consider the case of a 1-tilting cotorsion pair (A, 7) over a commuta-
tive ring with an associated Gabriel topology G, and begin by investigating
when 7 is an enveloping class. We find that if 7 is enveloping, then the
associated Gabriel topology must arise from a perfect localisation. That is,
G must arise from a flat ring epimorphism denoted R — Rg. Furthermore,
if G arises from a perfect localisation, T is enveloping in Mod-R if and only
if p.dim Rg < 1 and R/J is a perfect ring for every ideal J € G if and only if
p.dim Rg < 1 and the topological ring End(Rg/R) is pro-perfect. Next, we
consider the case that A is a covering class, and we prove that A is covering
in Mod-R if and only if p.dim Rg < 1 and both the localisation Rg is a
perfect ring and R/J is a perfect ring for every J € G.

Additionally, we study general cotorsion pairs, as well as conditions for
an approximation to be a minimal approximation. Moreover, we consider a
hereditary cotorsion pair and show that if it provides covers it must provide
envelopes.
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Riassunto

In questa tesi studiamo le coppie di cotorsione (A, B) generate da classi di
R-moduli di dimensione proiettiva al pitt uno. Siamo interessati nel caso in
cui queste coppie di cotorsione ammettano ricoprimenti o inviluppi su anelli
commutativi. Piu precisamente, indaghiamo la congettura di Enochs per A.
Cioe, per A contenuta nella classe P;(R), che denota la classe di R-moduli
di dimensione proiettiva al piti uno, cerchiamo di capire se per A una classe
ricoprente allora necessariamente implica che A ¢ chiusa per limiti diretti.
In pit, con certe restrizioni, descriviamo gli anelli che soddisfano questa
proprieta. Ci sono due casi da considerare: il caso di coppia di cotorsione
di tipo finito e il caso non di tipo finito.

Quando la coppia di cotorsione non ¢ (necessariamente) di tipo finito,
dimostriamo che per un anello commutativo semiereditario R, se P;(R) ¢
una classe ricoprente, deve essere chiusa per limiti diretti. Questo ci da un
esempio di una coppia di cotorsione che non ¢ di tipo finito che soddisfa la
congettura di Enochs.

Successivamente, analizziamo le coppie di cotorsione di tipo finito. Speci-
ficamente, le coppie di cotorsione 1-tilting su anelli commutativi. A questo
scopo sono indispensabili il lavoro di Hrbek, che caratterizza tali coppie di co-
torsione su anelli commutativi, e il lavoro di Positselski e Bazzoni-Positselski
nel loro lavoro sui contramoduli.

Consideriamo il caso di una coppia di cotorsione 1-tilting (A, 7) su un
anello commutativo con una topologia di Gabriel associata G, e studiamo
quando (A, 7) ammette inviluppi. Troviamo che se 7 ammette inviluppi, G
¢ una topologia di Gabriel perfetta. Cioe, G viene da un epimorfismo piatto
di anelli R — Rg dove Rg & la localizzazione di R rispetto a G. Inoltre,
se G & una topologia di Gabriel perfetta, 7 ammette inviluppi se e solo se
p.dimRg < 1 e R/J & un anello perfetto per tutti gli ideali J € G se e
solo se p.dim Rg < 1 e l'anello topologico End(Rg/R) ¢ pro-perfetto. Poi
consideriamo il caso in cui A & ricoprente. Dimostriamo che A ¢ ricoprente
in Mod-R se e solo se p.dimRg < 1 e Rg ¢ un anello perfetto e R/J &
perfetto per ogni J € G.

In aggiunta, studiamo coppie di cotorsione in generale e studiamo con-
dizioni sufficienti affinché una approssimazione sia minimale. Inoltre, con-
sideriamo una coppia di cotorsione ereditaria e dimostriamo che se ammette
ricoprimenti deve ammettere inviluppi.
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Introduction

The classification problem for classes of modules over arbitrary rings is in
general very difficult, perhaps even hopeless. Nonetheless, approximation
theory was developed as a tool to approximate arbitrary modules by mod-
ules in classes where the classification is more manageable. Left and right
approximations by an arbitrary class were studied in the case of modules
over finite dimensional modules by work of Auslander, Reiten, and Smalg
and independently by Enochs and Xu for modules over arbitrary rings using
the terminology of preenvelopes and precovers.

An important problem in approximation theory is when minimal ap-
proximations, that is covers or envelopes, over certain classes exist. In other
words, for a certain class C, the aim is to characterise the rings over which
every module has a minimal approximation provided by C and furthermore
to characterise the class C itself. The most famous positive result of when
minimal approximations exist is the construction of an injective envelope for
every module [20]. Instead, Bass proved in [8] that projective covers rarely
exist. In his paper, Bass introduced and characterised the class of perfect
rings which are exactly the rings over which every module admits a projec-
tive cover. These results motivated the the study of minimal approximations
for an arbitrary class C.

Among the many characterisations of perfect rings, the most important
from the homological point of view is the closure under direct limits of the
class of projective modules. In fact, a famous theorem of Enochs says that for
a well-behaved class C in Mod-R (that is C is closed under direct summands
and isomorphisms), if C is closed under direct limits, then any module that
has a C-precover has a C-cover [22]. The converse problem, that is if C is a
covering class then it is closed under direct limits, is still an open problem
which is known as Enochs’ Conjecture.

Interestingly, one has a similar conclusion under slightly stronger as-
sumptions for the dual notion of C-envelopes. That is, if C is a class in
Mod-R that is closed under direct limits and extensions, then if a module
M has a C+'-preenvelope which is a monomorphism with cokernel in C, then
M has a C'-envelope. A class C of modules is called covering, respectively

vii



viii Introduction

enveloping, if every module admits a C-cover, respectively a C-envelope.

Approximations and minimal approximations are strongly linked with
another notion in homological algebra: cotorsion pairs. Cotorsion pairs
were introduced by Salce in the 1970s as an analogue to the notion of a
torsion pair [37]. That is, cotorsion pairs are pairs of classes in the category
of R-modules which are mutually Ext},-orthogonal. A cotorsion pair (A, B)
provides a natural way to look at a well behaved type of approximation:
a special B-preenvelope, which is a monomorphism with cokernel in A in
addition to being a B-preenvelope, or dually a special A-precover, which is
an epimorphism with kernel in B in addition to being an A-precover. Note
that the stronger assumptions on the class C in the previous paragraph turn
out to be that the C-preenvelope is a special C-preenvelope.

In a cotorsion pair (A, B), Salce demonstrated that there is a symme-
try between special A-precovers and special B-preenvelopes. More precisely,
a cotorsion pair (A, B) provides special A-precovers if and only if it pro-
vides special B-preenvelopes. This observation lead to the notion of com-
plete cotorsion pairs, that is cotorsion pairs which provide approximations.
Moreover, by a theorem of Eklof and Trlifaj, complete cotorsion pairs are
abundant. More precisely, in [21] Eklof and Trlifaj proved that that any co-
torsion pair generated by a set is complete, that is for a set S of R-modules,
the cotorsion pair (+1(S+1),S*1) is complete. Thus many well-known co-
torsion pairs were shown to be complete by demonstrating that they can be
generated by a set.

A particularly important accomplishment of Eklof and Trlifaj’s result is
the role it played in the famous flat cover conjecture, which was asserted
by Enochs in 1981 and states that every R-module has a flat cover. This
conjecture could be seen to be influenced by the positive result for the ex-
istence of an injective envelope for every R-module. Finally, the Flat cover
Conjecture was resolved in 2001 by Bican-El Bashir-Enochs [18] who proved
that the flat cotorsion pair (F,C) is generated by a set and thus is complete,
and therefore F is covering since F is closed under direct limits.

Another important type of cotorsion pair is a hereditary cotorsion pair,
which is a cotorsion pair (A, B) where A is resolving, that is closed under
kernels of epimorphisms, or equivalently B is coresolving, that is closed under
cokernels of monomorphisms. Most of the cotorsion pairs we work with in
this thesis are hereditary, to name a few (P,(R),P,(R)") where P, (R) is
the class of modules of projective dimension less than or equal to n, the
injective cotorsion pair (Mod-R,Z) and the flat cotorsion pair (F,C).

As mentioned before, by results of Bass Enochs’ Conjecture holds for
the class of projective modules. Morover, Bass gives both a ring-theoretic
characterisation of the rings for which the class Py(R) is closed under direct
limits, as well as homological characterisations in the category of R-modules.
In this thesis we are interested in developing a similar characterisation for the
class of modules of projective dimension less than or equal to one, denoted
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P1(R). Before we discuss the subject of this thesis in more detail, it is
important to take into consideration some significant advancements made
towards Enochs’ Conjecture in recent years.

In 2017, Angeleri Hiigel-Saroch-Trlifaj in [5] proved that Enochs’ Con-
jecture holds for a large class of cotorsion pairs. Explicity, they proved that
for a cotorsion pair (A, B) such that B is closed under direct limits, A is
covering if and only if it is closed under direct limits. To prove this, An-
geleri Hiigel-Saroch-Trlifaj used methods developed in Saroch’s paper [41],
which uses sophisticated set-theoretical methods in homological algebra. In
particular, this result tells us that Enochs’ Conjecture holds for a large col-
lection of cotorsion pairs (which are not necessarily hereditary) and include
the 1-tilting cotorsion pairs, which we will introduce below.

In this thesis we will avoid using the results of Angeleri Hiigel-Saroch-
Trlifaj discussed in the previous paragraph, rather, we choose to take an
algebraic approach. We will show that one can come to the same conclusion
under our assumptions without needing to use these deep results. With this
in mind, we introduce the main topic of this thesis.

The original goal of our research was to investigate Enochs’ Conjecture
in the specific case of the class of modules of projective dimension less than
or equal to one in Mod-R (denoted P;(R)), and to investigate the properties
of the (commutative) rings which satisfy these conditions. To be precise, we
wanted to investigate the following question over a ring R.

Question 0.0.1. Let R be an associative ring. If P1(R) is a covering class,
is P1(R) necessarily closed under direct limits?

Question [0.0.1]in general is very difficult, so we restrict our investigation
to when R is a commutative ring. To this end, there were two natural di-
rections of research in consideration of some practical issues when working
with certain cotorsion pairs, which we will outline after introducing 1-tilting
cotorsion pairs.

In this thesis we are interested in infinitely generated 1-tilting modules,
where a module T in Mod-R is 1-tilting if and only if Gen(T') = T, where
Gen(T) is the class of epimorphic images of direct sums of 7" [19]. Moreover,
we consider the cotorsion pairs generated by 1-tilting modules, known as 1-
tilting cotorsion pairs and the 1-tilting class 7 = T. These cotorsion
pairs are not only complete and hereditary, but also have another important
property. First recall that a class C is of finite type if there exists a set S
of modules each with a projective resolution of finitely generated modules
(i.e. S C mod-R) such that C = S*+~. We say a cotorsion pair (A, B) is
of finite type if B is of finite type. Even though the 1-tilting modules are
not finitely generated, they are well behaved in this sense. That is, in [10]
Bazzoni-Herbera proved that 1-tilting classes are of finite type.
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In the context of Question the cotorsion pair (P1(R),P1(R)™) is
of finite type if and only if it is a 1-tilting cotorsion pair [I1]. Furthermore,
in the study of cotorsion pairs where the right hand class is closed under
direct sums (as in the case of 1-tilting cotorsion pairs), one can use a sort
of T-nilpotency result of Enochs-Xu which turns out to be a powerful tool
when working with minimal approximations.

We briefly clarify this concept of T-nilpotency. Recall that if the ring R
is perfect, the Jacobson radical J(R) of R must be T-nilpotent. A theorem of
Enochs-Xu states that if (A, B) has the property that B is closed under direct
sums, a direct sum of minimal approximations remains a minimal approxi-
mation. Moreover, if one has a countable direct sum of minimal approxima-
tions with homomorphisms ( f1, fa,..., fi,...) where f;: X; — X;4+1 between
each term of the minimal approximations that satisfy some hypothesis, then
for each x € X, there exists an integer n such that f,fn,—1--- fi(z) = 0,
see Theorem Hence, this can be considered a type of T-nilpotency
which is a sort of generalisation of the notion of a T-nilpotent ideal of the
Jacobson radical when the ring R is perfect.

Thus, in the investigation of the cotorsion pair (Py(R),P1(R)%), we
begin by studying the case when this cotorsion pair is not of finite type,
and in particular to study Enochs’ Conjecture in this context. Up until
now, there are no examples of a positive answer to Question for when
(P1(R),P1(R)1) is not of finite type (as far as we are aware). Moreover,
this investigation opens other questions about the class lim P;(R). The
second direction of research was to investigate cotorsion pairs (A, B) where
A is contained in P;(R) and (A, B) is of finite type, and in particular a
1-tilting cotorsion pair and investigate the rings over which these cotorsion
pairs admit minimal approximations. Thus, this second direction of research
opened natural questions about when 1-tilting classes are enveloping.

For the first direction when (P;(R),P;(R)") is not of finite type, we
show that over a semihereditary commutative ring, if P; (R) is covering then
Pi(R) is closed under direct limits, hence R is hereditary (Theorem [3.2.18).
This provides an example of when the cotorsion pair (P1(R), P1(R)") is not
of finite type and Enochs’ Conjecture holds.

In the investigation of when Py (R) is covering, the class lim Py (R) plays
an important role, even though it is not always well understood. Unlike the
case of the projective modules where @PO(R) = Fo(R), it is not necessar-
ily true that the direct limit closure liﬂPl(R) coincides with the modules
of weak dimension less than or equal to one, Fi(R), though one inclusion
always holds. For certain nice rings, such as commutative domains, the two
classes lim Py (R) and F1(R) coincide. This motivated us to give a charac-
terisation of the class ligpl(R) when R has a classical ring of quotients,
which is an extension of a result from [I1]. We prove that lim Py (R) is ex-

actly the intersection of Fj(R) and the left Torf*-orthogonal of the minimal
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cotilting class of @-Mod, C(Q) := P1(mod-Q)T (see Proposition 3.1.8]) where
P1(mod-Q) denotes the finitely presented Q-modules of projective dimen-
sion less than or equal to one.

In our study of 1-tilting cotorsion pairs over commutative rings, that
is, in the second direction of our research, we used extensively the bijective
correspondence between 1-tilting cotorsion pairs and faithful finitely gen-
erated Gabriel topologies as demonstrated by Hrbek in [30]. Classically it
is known more generally that right Gabriel topologies on a ring R are in
bijective correspondence with hereditary torsion pairs in Mod-R. In [30],
over commutative rings Hrbek extended this bijective correspondence be-
tween faithful finitely generated Gabriel topologies (and faithful hereditary
torsion pairs of finite type) to 1-tilting cotorsion pairs, amongst others. In
this characterisation he associates to a 1-tilting class 7 the collection of
ideals which “divide” T, that is {J | JT =T,VT € T}, and in the converse
direction he associates to a faithful finitely generated Gabriel topology G the
1-tilting class of G-divisible modules. This was extended to a correspondence
between silting classes and finitely generated Gabriel topologies in [6].

Classically, it is known that with a Gabriel topology of right ideals of a
ring R one can describe a ring of quotients of R with respect to G, denoted
Rg, which has the property that for any J € G, a homomorphism J — Rg
can be extended uniquely to map R — Rg. This can be considered a sort
of generalisation of a localisation of a commutative ring with respect to a
multiplicative subset, where the Gabriel topology is made up of the principal
ideals {sR | s € S}. In fact, in the case of a localisation of a ring with respect
to a multiplicative subset, there are many other nice properties of the ring
of quotients map, in particular that it is a flat ring epimorphism and Rg is
G-divisible.

There are many advantageous properties of perfect localisations. There-
fore, when we work with a faithful finitely generated Gabriel topology over
a commutative ring, or equivalently a 1-tilting cotorsion pair and assume
that this cotorsion pair admits covers or envelopes, the first thing we do is
to deduce that G arises from a perfect localisation and that p.dim Rg < 1 as
in Proposition [6.1.6|and Lemma [7.1.3] This is because when G arises from a
perfect localisation and p.dim Rg < 1, we find that the 1-tilting class arises
from the flat injective ring epimorphism R — Rg, so by work of Angeleri
Hiigel-Sénchez in [4], Rg @ Rg/R is a 1-tilting module associated to (A, Dg).
When we work in this setting, we have a much larger range of theories to
use, in particular the work of Bazzoni-Positselski and Positselski, some of
which we outline now.

There are already some classification results of cotorsion pairs which
satisfy Enochs’ Conjecture for a particularly well behaved type of 1-tilting
cotorsion pair—those which arise from an injective homological ring epimor-
phism u: R — U in the sense of [4]. Explicitly, in [I4] Bazzoni-Positselski
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showed the following that in a case that includes all commutative rings (we
will state it here for commutative rings). Consider an injective homological
ring epimorphism u: R — U of commutative rings with p.dim U < 1 where
K :=U/R, T = Gen(U) = K, and the topological ring R := Endg(K).
First in [14) Proposition 13.3], Add(K) is closed under direct limits if and
only if the discrete quotient rings of R are perfect rings. We prove that it fol-
lows that the 1-tilting class T is enveloping in Theorem We also prove
that a 1-tilting class T is enveloping if and only if the discrete quotient rings
of R are perfect and additionally p.dimU < 1 in Theorem In Theo-
rem we start from a more general setting with respect to [14]. That
is, we begin with a general 1-tilting class and show that it must arise from
a flat injective ring epimorphism and thus the above results hold. Moreover
we use Gabriel topologies to state these results.

Furthermore for the covering side, in [14, Theorem 13.5] Bazzoni-Positselski
proved that Add(U @ K) is closed under direct limits if and only if both the
ring U and the discrete quotient rings are perfect if and only if the left hand
class of the 1-tilting cotorsion pair (A, Gen(U)) is covering. In this thesis we
start from a slightly more general starting point of a 1-tilting cotorsion pair
(A, T) with associated Gabriel topology G and show that A4 is covering if
and only if p.dim Rg < 1, Rg and the R/J are perfect rings for each J € G
in Theorem A consequence of this result is that G must arise from a
perfect localisation. Our point of difference is that in [14] Bazzoni-Positselski
use deep results like the tilting-cotilting correspondence and the notion of a
contramodule over a topological ring, whereas in our case we state and prove
results using simpler algebraic methods which are significantly inspired by
the original proofs.

We briefly summarise some of the results mentioned in the previous
two paragraphs as well as some implications. Consider the situation of 1-
tilting cotorsion pair (A, 7T) over a commutative ring. Then the ring R is
characterised as follows.

p.dimRg <1
T is enveloping < { R/J is a perfect ring for each J € G
G is a perfect Gabriel topology

p.dimRg <1
A is covering < { Rg is a perfect ring
R/J is a perfect ring for each J € G

It is important to note that if p.dim Rg < 1 and Rg is a perfect ring, then
it follows that G is a perfect Gabriel topology. Thus, the characterisation
of the ring implies that A is covering if and only if 7 is enveloping and the
ring of quotients Rg is a perfect ring. Moreover, in both if 7 is enveloping
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or A is covering Rg ® Rg/R is a 1-tilting module associated to the cotorsion
pair (A, T).

In [I5, Theorem 1.2], Bazzoni and Positselski state that for a (not nec-
essarily injective) ring epimorphism u: R — U such that Torf(U,U) = 0
and K := U/u(R), there is an equivalence of additive categories between
the wu-h-divisible u-comodules and the wu-torsion-free u-contramodules via
the adjoint functors ((— ®p K),Homp(K, —)). In fact, when u: R — U is
a flat injective ring epimorphism of commutative rings as in our case, this
becomes an equivalence between the u-h-divisible G-torsion modules and the
G-torsion-free u-contramodules.

The advantage of this Matlis category equivalence is that in particular
when p.dim U < 1, the category of u-contramodules is an abelian category
with a projective generator. This Matlis category equivalence is crucial for
the reverse direction of the characterisation of the rings for which the 1-
tilting cotorsion pair (A, 7) admits covers or envelopes, that is in particular
for the result in Proposition More explicitly, the Matlis category
equivalence is required when we begin with the assumption that all the G-
torsion factor rings of R (that is the R/J for J € G) are perfect rings to
show that K is X-pure-split, or equivalently Add(K) is closed under direct
limits, see Proposition

For obvious reasons, another focus of my thesis is cotorsion pairs in a
more general setting, specifically hereditary cotorsion pairs and cotorsion
pairs which admit covers or envelopes.

In the study of injective envelopes, to show that a homomorphism from
a module M to an injective module E is an injective envelope, it is suffi-
cient to show that it is a monomorphism and additionally the image of M
is essential in F, which in some sense is an intrinsic property of the module
E. Analogously, to show that a homomorphism from a projective module P
to a module M is a projective cover, it is sufficient to show that the homo-
morphism is an epimorphism and additionally its kernel is superfluous in P.
Thus the property of being essential or superfluous is a sufficient condition
for the existence of an injective envelope or projective cover, respectively.

In this thesis we include a generalisation of essential and superfluous sub-
modules to general cotorsion pairs (A, B) in Proposition and Propo-
sition [2.2.5] Unfortunately, these do not provide a sufficient condition for
the existence of an envelope or cover unless B is closed under epimorphic
images. Although this does not include all the cases that we would like, we
found it interesting to include. However, if a minimal approximation does
exist, then Proposition and Proposition [2.2.5| provide some sufficient
conditions to show that an approximation is a minimal approximation.

If a cotorsion pair (A,B) admits both covers and envelopes, then it
is called perfect. Examples of perfect cotorsion pairs include the cotorsion
pairs such that A is closed under direct limits by the work of Enochs and Xu,
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Theorems[1.2.5]and [1.2.12] Furthermore, assuming that Enochs’ Conjecture
holds and (A, B) is a cotorsion pair which provides covers, then B must be
enveloping as A is closed under direct limits. Additionally by the work
of Angeleri Hiigel-Saroch-Trlifaj, [5] if A is covering and B is closed under
direct limits then B is enveloping. Therefore there are many examples of
cotorsion pairs for which providing covers is a sufficient condition to be a
perfect cotorsion pair.

However, the converse does not hold, and there are many examples of
cotorsion pairs which admit envelopes and not covers: for example the pro-
jective cotorsion pair (Py(R), Mod-R) when R is not a right perfect ring.
Thus we became interested in the implication that any cotorsion pair that
provides covers must provide envelopes. We found this to be true using
simple algebraic methods for the case of a hereditary cotorsion pair.

Specifically we found that if A is covering, every module in A must
have a B-envelope in Proposition [2.3.1} This proposition holds for all cotor-
sion pairs, and moreover demonstrates that one can extract the B-envelope
of A € A from the injective envelope of A. The next step requires the
assumption that the cotorsion pair is hereditary. We show that for a hered-
itary cotorsion pair (A, B) if every module in A has a B-envelope, then B
is enveloping in Lemma This lemma was taken from the dual result
presented in [14, Lemma 8.3].

We will now outline the structure of this thesis as it will be presented.

In Chapter [I] we begin with some preliminaries and basic definitions. In
particular we cover some basics about minimal approximations and cotorsion
pairs, characterisations of perfect rings and some sufficient conditions for a
ring to be perfect. Next we introduce ring epimorphisms, 1-tilting and 1-
cotilting modules, silting classes, torsion theories and linear topologies. In
particular we present what we will need for Gabriel topologies, and Hrbek’s
characterisation of 1-tilting classes over commutative rings. The work on
Gabriel topologies will be extended in Chapter

Next in Chapter [2| for a cotorsion pair (A, B) we introduce .A-essential
and B-essential submodules, and dually A-superfluous and B-superfluous
submodules. We give some sufficient theorems using these notions for an
approximation to be a minimal approximation. Finally in Section we
show that if a hereditary cotorsion pair admits covers, it admits envelopes
in Theorem Moreover, for any cotorsion pair, if a module A € A has
a B-envelope, this envelope can be extracted from the injective envelope of
A by Proposition [2.3.1

Our first results in the investigation of Question [0.0.1] are in Chapter
where we state our results relating to when the cotorsion pair (P (R), P1(R)"')
is not of finite type. In Section we prove that if an associative ring R has
a classical ring of quotients @), then we can describe the direct limit closure
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of Pi(R) as thl(R) = Fi(R) N TC(Q) where TC(Q) represents the left
Torf-orthogonal of C(Q) in Mod-R, as stated in Proposition Next in

Section [3.2] we show that if R is a commutative semihereditary ring, then if
P1(R) is covering, then P; (R) is closed under direct limits in Theorem (3.2.18

Next we prepare for the results for cotorsion pairs of finite type, in
particular the 1-tilting cotorsion pairs over a commutative ring. In Chapter [4]
and Chapter [b| we introduce the necessary background results for the results
in the final Chapter [6] and Chapter

Chapter [4, Section [4.]is dedicated to Gabriel topologies, and in partic-
ular when the Gabriel topology is faithful with a basis of finitely generated
ideals. Additionally we needed to generalise some standard results true for
localisations of rings with respect to a multiplicative subset to perfect locali-
sations with respect to Gabriel topologies. Next in Section [£.2] we introduce
‘H-h-local rings for a linear topology H over a commutative ring, which is
a generalisation of results in [I3]. The #H-h-local rings provide a way to
describe the H-discrete modules as direct sums of their localisations as seen
in Proposition [£:2.6]

Chapter [9]is divided into five sections. In Section we introduce topo-
logical rings as well as completions Ay (M) for a module M. In Section[5.2]we
provide a theorem for when the H-topology and the projective limit topology
coincide on the completion Ay (M) in Theorem which is our gener-
alisation of [34) Theorem 2.3]. In Section we discuss u-contramodules
where u: R — U is a flat injective ring epimorphism of commutative rings.
We cover the case when there is the additional condition that p.dimU <1
in Subsection In Section we continue with a flat injective ring
epimorphism of commutative rings u: R — U (with no assumptions of the
projective dimension of U) and state the category equivalence between G-
torsion u-h-divisible modules and G-torsion-free u-contramodules as in [15].
Finally in Section[5.5] as before we let u: R — U be a flat injective ring epi-
morphism of commutative rings and show that the G-torsion-free modules
satisfy the equivalent conditions of Theorem

In Chapter [6] we look at when 7 was an enveloping class in the 1-tilting
cotorsion pair (A,7) over a commutative ring. We find that if 7 is en-
veloping, then the associated Gabriel topology must arise from a perfect
localisation in Proposition [6.1.6] Furthermore, if G arises from a perfect
localisation u: R — U, T is enveloping in Mod-R if and only if p.dimU < 1
and R/J is perfect for every ideal J in the associated Gabriel topology of
T if and only if p.dimU < 1 and the topological ring EndK is pro-perfect
where K := Rg/R. We also consider the generalisation to the case that a
silting class is enveloping in Theorem[6.4.3] This chapter is the main content
of the paper [12].

Finally in Chapter 7, we consider the 1-tilting cotorsion pair (A, T) such
that A is a covering class. Although it is already known in this case that if



A is covering then T is enveloping by Theorem we prove directly that
the rings R/J are perfect for every J in the associated Gabriel topology of
T. Specifically, we prove that if A is covering then the associated Gabriel
topology must arise from a perfect localisation. Also, A is covering in Mod-R
if and only if p.dimpr Rg < 1 and both the localisation Rg is a perfect ring
and R/J is a perfect ring for each ideal J in the associated Gabriel topology
G of T. Rings with the latter two properties, that is both the localisation
Rg is a perfect ring and R/J is a perfect ring for each ideal J € G, will be
called G-almost perfect rings.
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Chapter 1

Preliminaries

1.1 Preliminaries

In this section we will recall some definitions and some notation.

All rings will be associative with a unit, Mod-R (R-Mod) the category
of right (left) R-modules over the ring R, and mod-R the full subcategory
of Mod-R which is composed of all the modules which have a projective
resolution consisting of only finitely generated projective modules.

For a commutative ring R, we let Spec R denote the collection of all
the prime ideals of R and mSpec R denote the collection of all the maximal
ideals of R.

For a right R-module M and a right ideal I of R, we let M[I] denote
the submodule of M of elements which are annihilated by the ideal I. That
is, M[I] :={x € M | I = 0}.

Let C be a class of right R-modules. The right Ext}%—orthogonal and
right Ext%-orthogonal classes of C are defined as follows.

Ct = {M € Mod-R | Exth(C, M) =0 for all C € C}

Ct ={M € Mod-R | Ext%(C,M) =0 for all C € C, for all i > 1}

The left Ext-orthogonal classes ~1C and 1C are defined symmetrically. We
note that this notation changes depending on the exposition, for example in
[29] which we cite extensively, - and +> are used where instead here we use
L1 and * respectively.

For C a class in Mod-R, the right Tor{z—orthogonal and right Torfo—
orthogonal classes are classes in R-Mod defined as follows.

C™t = {M € R-Mod | Tor®(C, M) =0, for all C € C},

3
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CT = {M € R-Mod | Tor®(C,M) =0 for all C € C, for all i > 1}

The left Torf-orthogonal and left TorZ -orthogonal classes are classes in
Mod-R which are defined symmetrically for a class C in R-Mod.

If the class C has only one element, say C = { X}, we write X1 instead
of {X}*1, and similarly for the other Ext-orthogonal and Tor-orthogonal
classes.

We denote by P,(R) (Fn(R), Zn(R)) the class of right R-modules of
projective (flat, injective) dimension at most n, or simply P,, (F,, Z,) when
the ring is clear from the context. We let P,,(mod-R) denote the intersection
of mod-R and P,. The projective dimension (weak or flat dimension, injec-
tive dimension) of a right R-module M is denoted p.dim Mg (w.dim Mg,
inj. dim MRg).

Given a ring R, the right big finitistic dimension, F. dim R, is the supre-
mum of the projective dimension of right R-modules with finite projective
dimension. The big weak finitistic dimension, F.w.dim R is the supremum
of the flat dimension of right R-modules with finite flat dimension, or equiv-
alently the supremum of the flat dimension of left R-modules with finite flat
dimension.

The right little finitistic dimension, f.dim R, is the supremum of the
projective dimension of right R-modules in mod-R with finite projective di-
mension.

For an R-module C, we let Add(C') denote the class of R-modules which
are direct summands of direct sums of copies of C, and Gen(C') the class
of R-modules which are homomorphic images of direct sums of copies of
C'. Dually, we let Prod(C) denote the class of R-modules which are direct
summands of a direct product of copies of C, and Cogen(C') the class of
R-modules which are submodules of direct products of copies of C.

Consider the following short exact sequence (of right R-modules) where
A will be considered a submodule of B.

0—+A—B—B/A—0 (1.1)

Recall that A is a pure submodule of B, or A C, B, if for each finitely
presented module F', the functor Homp(F, —) is exact when applied to .
Equivalently, for every left R-module M, (—®p M) is exact when applied to
. The embedding A < B is called a pure embedding, the epimorphism
B — B/A a pure epimorphism and the short exact sequence a pure
exact sequence.

Modules that are injective with respect to pure embeddings are called
pure-injective. That is, a module M is pure-injective if it has the property
that Hompg(—, M) is exact when applied to a pure exact sequence.
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Example 1.1.1. Let (M;, fji | 4,5 € I) be a direct system of modules and
consider the direct limit hﬂ[ M;. The following canonical presentation of
% I M; is an example of a pure exact sequence by [29] Corollary 2.9].

0—>K—>@Mi—>ligMi—>O
iel I

A module X is called X-pure-split if every pure embedding A C, B with
B € Add(X) splits.

For an R-module M, let the following be a projective resolution of M.
"’_>]Di+1 fi—thi&Pi_lﬁ'”gP()&M%O

Then for ¢ > 0, the i-th syzygy of M is the module Im f; = Ker f;_;. The
class Q;(M) denotes the class of all the i-th syzygies of M.

Next we do the same thing for an injective resolution of M to construct a
dual class of objects. Let the following be an injective resolution of M.

0-MRBOA 5 Pt B p IR

Then for i > 0, the i-th cosyzygy of M is the module Im g; = Coker g;_;.
The class Q¢(M) denotes the class of all the i-th cosyzygies of M.

For a class C of modules, we denote by €;(C) the union (J,;ce €(M), and
analogously by 2*(C) the union J,,c, Q' (M) for all i > 0.

1.1.1 Homological formulae

The following facts will be useful. Let F'r be a right R-module zpGg be an
R-S-bimodule such that Torf*(F,G) = 0. Then, for every right S-module
Mg there is the following injective map of abelian groups.

Extp(F, Homg(G, M)) < Exts(F ®r G, M)) (1.2)
To see this, apply (— ®g G) to the following projective presentation of F.
0-L—->P—F—=0

0—>LRrG—-PRRrG—-F®rG—0

Then we apply Homp(—, Homg(G, M)) to the above short exact sequence
to find the top row of . The bottom row with the two left-hand iso-
morphisms of follow by the tensor-Hom adjunction, and these induce
a homomorphism « such that the diagram commutes.

Hompg(P,Homg(G, M)) — Hompg(L, Homg(G, M)) —

- ;

Homg (P ®r G, M) Homg(L @5 G, M) 2

(1.3)
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— BExthL(F, Homg(G, M)) 0
ia
2. Exti(F ©r G, M)

By the four-lemma, « is the desired monomorphism as the rightmost vertical
homomorphism is a monomorphism and the two left-most homomorphisms
are isomorphisms.

Let s: R — S be a ring homomorphism. Suppose Torl*(M,S) = 0 for
M € Mod-R for all 1 <i <n and Ng is a right S-module (and also a right
R-module via the restriction of scalars functor). Then the following holds
for all ¢ such that 1 <i <n (see for example [36, Lemma 4.2].

Ext (Mg, Ng) & Exts(Mg @ S, Ng) (1.4)

Moreover, if M is as above and N is a left S-module, then the following
holds.
Tor{ (Mg, N) = Tor] (Mg ©g S,s N) (1.5)

1.2 Envelopes and covers

For this section, C will be a class of right R-modules closed under isomor-
phisms and direct summands. We will begin by defining envelopes as well
as giving some properties of envelopes and enveloping classes before moving
onto the dual notion of covers.

Many of the results in this section are taken from Xu’s book [42], which
generalises work based on Enochs’ paper [22] where he works mainly in the
setting where C is the class of injective modules or flat modules. For this
reason, many results are attributed to Enochs-Xu rather than just Enochs.

Definition 1.2.1. A C-preenvelope of M is a homomorphism ¢: M — C
where C' € C with the property that for every homomorphism ¢g: M — C’
with C” € C, there exists ¢: C — C’ such that ¢’ = g.

M—==C
X Jﬂ v
Cl
A C-envelope of M is a C-preenvelope with the property that for every
g: C — C such that ge = ¢, ¢ is an isomorphism.

M—=sC

ok

C

Coker d
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A C-preenvelope pu: M — C of M is called a special C-preenvelope if
is a monomorphism and Coker i € 11C. We point out that for any module
M, any sequence of the following form with C' € C and Coker u € 11C is a
special C-preenvelope.

0—>Mﬂ>C—>C0kerM%0

The existence of a C-envelope or a (special) C-preenvelope of a module
depends on the class C, the module M, and the ring R. When every R-
module has a C-envelope (C-preenvelope, special C-preenvelope), the class C
is called enveloping (respectively, preenveloping, special preenveloping). If
M does have a C-envelope, one can describe the relationship between the
C-preenvelopes and C-envelopes of a module M which was shown by Xu as
follows.

Proposition 1.2.2. [/2, Proposition 1.2.2] Let C be a class of modules
and assume that a module N admits a C-envelope. If u: N — C' is a C-
preenvelope of N, then C = C' ® H for some submodules C' and H such
that the composition N — C — C" is a C-envelope of N.

Corollary 1.2.3. [/Z, Corollary 1.2.3] Suppose M has a C-envelope. Let
w: M — C be a C-preenvelope. Then p is an envelope if and only if there is
no direct sum decomposition C = C1 @ K with K # 0 and Im p < C1.

We will often consider C-envelopes where C is a class closed under direct
sums and therefore we will make use of the following result. In fact, the
theorem is strongly connected with the notion of T-nilpotency of an ideal of

a ring (see Section [L.4).

Theorem 1.2.4. [/2, Theorem 1.4.4, Theorem 1.4.6]

(i) Let C be a class closed under countable direct sums. Assume that for
every n > 1, pn: My, — Cy are C-envelopes of M, and that @, M,
admits a C-envelope. Then @ pn: @, M, — @,, Cn is a C-envelope
of @,, M.

(1t) Assume that @ pn: @, My, — @,, Cy is a C-envelope of @,, M, with
M, < C, and let fn,: C, — Cpy1 be a family of homomorphisms such
that fn(My) = 0. Then, for each x € Cy there is an integer m such
that fofm—1-..fi(x) =0.

The following is an important result originally from which gives a suffi-
cient condition for a class C to be enveloping. The crucial steps are found
in the paper [22], and the theorem is generally attributed to Enochs and Xu
or sometimes just Enochs.
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Theorem 1.2.5. [/2, Theorem 2.2.6/[29, Theorem 5.27] Assume that C is
a class of modules closed under direct limits and extensions. If a module
M admits a special Ct-preenvelope with cokernel in C, then M admits a
C11-envelope.

Theorem [1.2.5] plays an important part in this thesis as one of our main
questions is when certain classes are enveloping.

If the class C contains the injective modules, then it follows that every
C-preenvelope must be a monomorphism as every module can be embedded
in an injective module. Moreover, if C = Zy, then every Zy-preenvelope is
special, because the cokernel is trivially in +Zg = Mod-R. We can say even
more about injective envelopes, which coincide with the classical notion of an
injective hull. Injective hulls were first introduced by Eckmann and Schopf
in 1953 and were one of the motivating examples for the study of minimal
approximations.

Before stating their theorem, we first recall the notion of an essential
submodule. Let N be a submodule of M. Then N is essential in M, denoted
N C. M, if for a submodule H of M, NN H = 0 implies that H = 0.
Moreover, M is called an essential extension of IN.

Proposition 1.2.6. [20/[23, Theorem 3.1.14] Every R-module has an in-
jective hull, that is an essential extenston to an injective module.

Therefore by the following well-known lemma and Proposition [1.2.6] one
can deduce that every module has an injective envelope. In other words,
the following lemma states that the notion of an injective envelope and an
injective hull coincide.

Lemma 1.2.7. [J2, Theorem 1.2.11] An Zy-preenvelope ¢: M — E is an
To-envelope if and only if M is essential in E.

We now will discuss the dual concepts of C-precovers and C-covers.

Definition 1.2.8. A C-precover of M is a homomorphism ¢: C' — M where
C € C with the property that for every homomorphism f: C' — M where
C’ € C, there exists f': C" — C such that ¢of" = f.

C/

N

- M
C¢

A C-cover of M is a C-precover with the additional property that for
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every homomorphism f: C' — C such that ¢ f = ¢, f is an isomorphism.

B

A C-precover ¢: C' — M of M is called a special C-precover if ¢ is an
epimorphism and Ker ¢ € Ct. We point out that for any module M, any
sequence of the following form with C' € C and Ker¢ € C' is a special
C-precover.

0—>Ker¢—>C’f>M—>0

Moreover, if the class C contains R, any C-precover must be surjective.

If every R-module has a C-cover (C-precover, special C-precover), the
class C is called covering (respectively, precovering, special precovering).
Like in the case of envelopes and preenvelopes, the existence of covers and
precovers depends on the module M, the class C, and the ring R. If a
cover does exist, we can describe the relationship between a C-cover and a
C-precover of M, which is analagous to Proposition [1.2.2

Theorem 1.2.9. [}/2, Theorem 1.2.7] Suppose C is a class of modules and
M admits a C-cover and ¢: C — M is a C-precover. Then C = C' & K for
submodules C', K such that the restriction b1, gives rise to a C-cover of M
and K C Ker ¢.

The following is dual to Corollary

Corollary 1.2.10. [/2, Corollary 1.2.8] Suppose M admits a C-cover. Then
a C-precover ¢: C — M is a C-cover if and only if there is no non-zero direct
summand K of C contained in Ker ¢.

The following two theorems are dual to Theorem[I.2.4and Theorem[I.2.5]
Theorem 1.2.11. [/2, Theorem 1.4.7, Theorem 1.4.1]

(i) Suppose for each integer n > 1, ¢p: C,, — My, is a C-cover. Then if
D, on: B, Cn — @,, My is a C-precover, then it is also a C-cover.

(it) Assume that @ pn: @, Cn — @,, My is a C-cover of @, My, and
let fn: Cp — Chy1 be a family of homomorphisms such that Im f, C
Ker¢ni1. Then, for each © € Cy there is an integer m such that

fmfm—l . fl(l') = 0.

As before, the crucial steps of the following theorem are due to Enochs
in [22].
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Theorem 1.2.12. [/2, Theorem 2.2.8] [29, Theorem 5.31] Assume that C
is a class of modules closed under direct limits. If a module M admits a
C-precover, then M admits a C-cover.

Furthermore, analogously to the case of injective envelopes and essential
submodules, we can describe projective covers more explicitly. Recall that
a module N is superfluous in M (or N < M) if for H< M, N+ H =M
implies that H = M.

Lemma 1.2.13. [/2, Theorem 1.2.12]A projective precover ¢: P — M is a
Po-cover if and only if Ker ¢ is superfluous in P.

Unlike in the case of injective envelopes, projective covers do not nec-
essarily exist for every module, though projective precovers do. Thus it is
then natural to ask over what rings does every module have a projective
cover. These rings are called perfect rings and were characterised by Bass
in [§], which will be discussed more in Section

In 1981, Enochs conjectured that every R-module has a flat cover in [22].
This was proven to be true by Bican-El Bashir-Enochs in [I§] in 2001 follow-
ing work of Trlifaj and Eklof. More explicitly, the Flat Cover Conjecture was
shown to be true by showing that Fy is precovering, so by Theorem
it follows that Fq is covering.

By Theorem [1.2.12] if C is a precovering class that is closed under direct
limits, it is also a covering class. The converse implication is a major point
of interest in approximation theory and is known as Enochs’ Conjecture.

Conjecture 1.2.14 (Enochs’ Conjecture). If C is a covering class then C
s closed under direct limits.

A well-known positive result of the above conjecture (and perhaps even
a motivating factor for its statement) is the case of projective modules as
given by Bass’s Theorem P (see Theorem . That is, Enochs’ Conjec-
ture holds for the class Py of projective modules, or to be explicit, Py is
covering if and only if Py is closed under direct limits. We will discuss some
more recent positive results in the next section.

1.3 Cotorsion pairs

In this thesis, we consider precovers and preenvelopes for particular classes
of modules, that is classes which form a cotorsion pair. Cotorsion pairs were
introduced by Salce in [37].

Definition 1.3.1. A pair of classes of modules (A, B) is a cotorsion pair
provided that A =18 and B = A1
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Examples of cotorsion pairs include (Py, Mod-R), (Mod-R, Zy) and (Fo,C)
where C := ]:8‘1. For any class C, (**(C**),C*) is a cotorsion pair and is
said to be the cotorsion pair generated by C and (lIC, (Llc)h) is a co-
torsion pair and is said to be cogenerated by C. For a fixed ring R, the
cotorsion pairs of right (or left) R-modules have a partial ordering, where
(A,B) < (A", B) if AC A or equivalently B C B. The lattice of cotorsion
pairs has a minimal element (Py, Mod-R) and maximal element (Mod-R, Z).
For example, we have the following for any ring R.

(Po, Mod-R) < (Fp,C) < (Mod-R, Ty)

The following is known as the Wakamatsu Lemma which we will state using
cotorsion pairs instead of in its full generality. In the case of cotorsion pairs
which provide envelopes (covers), it allows us to work always with special
preenvelopes (special precovers).

Lemma 1.3.2 (Wakamatsu Lemma). [29, Lemma 5.13] Let (A,B) be a
cotorsion pair and M a module. Then the following hold.

(i) If M has a B-envelope, then it is special.
(ii) If M has an A-cover, then it is special.

Moreover, there is a symmetry between preenvelopes and precovers with
respect to a cotorsion pair.

Lemma 1.3.3 (Salce Lemma). [29, Lemma 5.20][37] Let (A,B) be a co-
torsion pair. Then B is special preenveloping if and only if A is special
precovering.

Therefore, one calls a cotorsion pair complete if either B is special preen-
veloping or A is special precovering. The following important result due to
Trlifaj and Eklof shows that complete cotorsion pairs are abundant.

Theorem 1.3.4. [29, Theorem 6.11] Suppose S is a set of modules. Then
the cotorsion pair generated by S, (ll(SLl),Sll), is complete.

There is a sort of dual for cotorsion pairs cogenerated by a particular
class which we will mention shortly in Theorem [1.3.5

In analogy with the terminology introduced by Bass, a cotorsion pair
(A, B) is perfect if every R-module M admits an A-cover and a B-envelope.
This terminology was motivated by perfect rings in the sense of Bass. More
precisely, by Theorem the cotorsion pair (Py(R), Mod-R) is perfect
if and only if the ring is right perfect. In addition, by Theorem [1.2.5] and
Theorem a if (A, B) is a complete cotorsion pair such that A is closed
under direct limits, then (A, B) is perfect. Another class of examples of
perfect cotorsion pairs is given in the following theorem.
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Theorem 1.3.5. [29, Theorem 6.19] Suppose (A,B) is a cotorsion pair
cogenerated by a class C which is contained in the class of pure-injective
modules. Then (A, B) is a complete cotorsion pair and A = hﬂfl, therefore
(A, B) is perfect.

We note that there is an asymmetry with respect to the existence of
B-envelopes and A-covers. That is, given a complete cotorsion pair (A, B)
the existence of B-envelopes doesn’t imply the existence of A-covers. An
easy example of this is (Py, Mod-R) for a non-right perfect ring.

Another example is the complete cotorsion pair generated by the quotient
field @ of a commutative domain R, and denoted (SF,WC), that is WC =
Q1 and SF =1 WC. A module M € SF is called strongly flat and
a module M € WC is called weakly cotorsion. In fact, WC coincides with
(Mod-Q)=1, hence it is special preenveloping and by Theorem every R-
module admits a WC-envelope (see [29, Corollary 7.42]). On the other hand,
SF-covers don’t necessarily exist. In the case of commutative domains, SF-
covers were shown to exist for every module if and only if every flat module
is strongly flat in [16], i.e., if SF is closed under direct limits.

For the converse problem, we note that if there exists a complete cotor-
sion pair such that A is covering and B is not enveloping, this cotorsion pair
would be a counterexample of Enoch’s Conjecture, because A is covering
and not closed under direct limits. In fact, we show in Theorem that
for a particular type of cotorsion pair, a hereditary cotorsion pair (A, B) (see
Lemma , if A is covering, then B is enveloping, that is the cotorsion
pair is perfect.

There have been some important advancements made toward Enochs’
Conjecture in recent years. The following theorem states that Enochs’ Con-
jecture holds for a large class of cotorsion pairs.

Theorem 1.3.6. [5, Corollary 5.5] Let (A, B) be a cotorsion pair such that
B is closed under direct limits. Then A is closed under direct limits if and
only if A is covering.

We note that if (A, B) is a cotorsion pair such that B is closed under
direct limits, then by [41, Theorem 6.1], (A, B) is complete. Moreover, in
this paper Saroch gives some examples of non-hereditary cotorsion pairs that
satisfy this condition.

A class C is called syzygy closed if Q;(C) C C for all i > 0, and dually a
class C is called cosyzygy closed if Q(C) C C for all i > 0.
A class C is a resolving class if it is closed under extensions, kernels of epi-
morphisms and contains the projective modules. In particular, all resolving
classes are syzygy closed. Dually, a class C is coresolving if it is closed under
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extensions, cokernels of monomorphisms and contains the injective modules.
Additionally, coresolving classes are cosyzygy closed.

Resolving classes and coresolving classes are related to another type of
cotorsion pair.

Lemma 1.3.7. [29, Lemma 5.24] Let (A, B) be a cotorsion pair. Then the
following are equivalent.

(i) A is resolving.
(ii) B is coresolving.
(i4i) Extn(A,B) =0 for every A€ A, B€ B and i > 0.

If the above conditions hold, then the cotorsion pair (A,B) is called heredi-
tary.

Thus if a cotorsion pair (A, B) is hereditary, then A = +B and B = A,
thus there is no need to differentiate between 11 and L.

For the most part, in this thesis all the cotorsion pairs we are interested
in will be hereditary, in particular (P;(R), P1(R)").

Theorem 1.3.8. [29, Theorem 8.10] Let R be a ring. Then the pair
(P1(R), P1(R)1) is a complete hereditary cotorsion pair. In fact, if (A, B)
is a cotorsion pairs such that A C P1(R), then (A, B) is hereditary.

A hereditary cotorsion pair (A, B) is of finite type if there is a set S
of modules in mod-R such that St = B (recall mod-R denotes the class
of modules admitting a projective resolution consisting of finitely generated
projective modules). In other words, (A, B) is of finite type if and only if
B = (ANmod-R)*. Dually, a class C is of cofinite type is there is a set S of
modules in P, (mod-R) for some n > 0 such that C = ST.

Almost all of the cotorsion pairs we work with in this thesis will be
hereditary and moreover often the right-hand class will be closed under
direct sums.

1.4 Projective covers and perfect rings

Given Eckmann and Schopf’s result on injective envelopes (Proposition,
it is natural to ask over what rings does every module have a projective

cover. These rings were characterised by Bass in the classical Theorem P

(Theorem , both in terms of homological properties of Mod-R and ring

theoretic properties of R, and are called perfect rings. In this section we de-

fine perfect rings and discuss some of their nice properties, as well as giving

some sufficient conditions for a ring to be perfect.
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Before giving the characterisation of perfect rings, we must introduce a
particular type of ideal. One can generalise the notion of a nilpotent ideals,
to a T-nilpotent ideal where the T stands for “transfinite.” An ideal I of R is
said to be right T-nilpotent if for every sequence of elements a1, as, ..., a;, ...
in I, there exists an n > 0 such that a,a,_1---a1 = 0. For left T-nilpotence,
one must have ajas---a, = 0.

The property of T-nilpotence of an ideal has interesting consequences.

Lemma 1.4.1. [1, Lemma 28.3] Let I be a right ideal in a ring R. Then
the following are equivalent.

(i) I is right T-nilpotent.

(ii) MI # M for every non-zero right R-module M.
(iii) M1 < M for every non-zero right R-module M.
(iv) RNT < RM,

We now define and characterise the right perfect rings as follows. We let
J(R) denote the Jacobson radical of the ring R.

Theorem 1.4.2 (Theorem P, [8]). For a ring R, the following conditions
are equivalent.

(i) R is right perfect (that is, every right R-module has a projective cover).
(i) Every flat right R-module is projective.
(iii) J(R) is right T-nilpotent and R/J(R) is semisimple.

(iv) The class of projective right R-modules Py is closed under direct limits
(lim Py = Po)).

(v) Every decreasing chain of left principal ideals terminates. That is, for
the sequence of principal ideals

Ray 2 Rag 2 -+~ 2 Ra; 2 ---

where a; € R, there exists an n € N such that Ra, = Ran, for all
m > n.

Moreover, all idempotents can be lifted modulo J(R).

We also recall that a semi-perfect ring is a ring such that all finitely

generated modules have a projective cover. Examples of right perfect rings
include left artinian rings.
In the case R is a commutative ring, there is the following characterisation
of R. First recall that a ring R is semilocal if R/J(R) is semisimple. If R has
finitely many maximal ideals, then R is semisimple, and if R is commutative
the converse also holds. A ring R is semiartinian if every non-zero factor of
R contains a simple R-module.
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Proposition 1.4.3. Suppose R is a commutative ring. The following state-
ments are equivalent for R.

(i) R is perfect (that is, every R-module has a projective cover).
(ii) F.dim R = 0.

(iii) R is a finite product of local rings, each one with a T-nilpotent maximal
ideal.

(iv) R is semilocal and semiartinian, i.e., R has only finitely many mazximal
ideals and every non-zero factor of R contains a simple R-module.

Additionally, if R is perfect then every element of R is either a unit or a
zero-divisor.

Proof. The equivalence of (i), (ii), and (iii) follows from the introduction in
[8], where the equivalence of (ii) and (iii) is a famous result of Kaplansky.
We will show the equivalence of (ii) and (iv) to (i) explicitly using theorems
from Bass’ paper [§].

(i) & (ii). By [8 Theorem 6.3], for any ring R, F.dim R = 0 if and
only if both R is perfect and every finitely generated proper ideal of R has
a non-zero annihilator. Therefore, (ii) implies (i) always holds.

For the converse, suppose R is a perfect commutative ring and take a
finitely generated proper ideal I of R. Then by [8, Lemma 2.4], either I is
contained in J(R) or I contains a direct summand of R, that is it contains
a non-zero non-unit idempotent e.

In the first case, suppose I C J(R). We know that J(R) is T-nilpotent,

so as [ is finitely generated, it must also be nilpotent. Therefore there exists
a minimal n such that I™ = 0. Take as the annihilator /"', which is non-
zero as n is minimal, so I has a non-zero annihilator.
Instead, if I contains a non-zero nilpotent element e, we have that I =
el (1 —e)l = eR® (1 —e)l. That is, we have the following diagram
where Pr/; — R/I is the extracted projective cover of R/I from the natural
quotient homomorphism R — R/I.

0—>L®eR——> Pgj; ®eR R/I 0

0 I R—™' S R/I 0

Thus, from the above diagram, one can see that L = (1 —e)I. Thus (1 —e)I
must be contained in the Jacobson radical as (1 — e)l is superfluous in
(1 —e)R so also (1 —e)I is superfluous in R. Therefore, (1 —e)l has a non-
zero annihilator of the form (1—e)I™~! and clearly this ideal also annihilates
elR.
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(i) < (iii). This is [32, Theorem 23.24].

(i) = (iv). We use ideas in [I, Theorem 28.4, Remark 28.5]. Assume
that R is a perfect commutative ring. Then by Theorem R/J(R) is
semisimple, which happens if and only if R is semilocal. We now show that
when R is commutative, R is semiartinian when R is perfect. Fix an ideal I
of R and suppose that R/I does not contain a simple module. Then there
exists a € R such that R/I 2 a(R/I) = (aR+ I)/I # 0, as otherwise I
would be maximal. As (aR+ I)/I is a submodule of R/I, by assumption it
also does not contain a simple module. Thus one can construct an infinite
chain of principal ideals, which contradicts (v) of Theorem therefore
every non-zero factor of R contains a simple module.

(iv) = (i). We now show the converse. Assume that (iv) holds. We
will show the ring is perfect by showing that R satisfies Theorem M(iii).
It remains to show that J(R) is T-nilpotent. Take a sequence of elements
ai,ag, ... in J(R) and suppose that ajas - - - a,, # 0 for every n > 0. Consider
the poset of ideals ® where I € ® if ajay---a, ¢ I for every n. The set
® is non-empty as it contains the zero ideal and it is straightforward to see
that every chain in ® has an upper bound in ®. Then by Zorn’s Lemma,
there exists a maximal ideal I with respect to this property, and R/I # 0.
By assumption, each factor module contains a simple submodule denoted
K/I < R/I, where I C K. By maximality of I, there exists an n for
which ajay---a, € K\ I, and also ajas---ap+1 € K\ I. Again as K/I is
simple, ajas - --an4+1 has an inverse element, that is there exists an r such
that ajas---an(1l — apy1r) € I. However as apy1 € J(R), 1 — ap417 is an
invertible element in R, thus ajas---a, € I, a contradiction. Therefore,
J(R) is T-nilpotent.

To prove the last statement, take a non-zero divisor r of R. Then R/rR
is of projective dimension one so is projective by (ii). Therefore rR is a direct
summand of R and therefore is isomorphic to eR for some e idempotent. As
r is regular, e = 1, so r is a unit. ]

It was noticed by Bass in [§] that it is sufficient to look at the following
nice class of modules to find if the ring is perfect.
If Ris aring and {a1,as,...,an,...} is a sequence of elements of R, a Bass
right R-module is a flat module of the following form.

F=lm(R3RIRZ...).

That is, F' is the direct limit of the direct system obtained by considering the
left multiplications by the elements a; on R. The direct limit presentation of
F' is given by the following short exact sequence, where the homomorphism
can be represented by the matrix below.

0-PREPR—>F 0

neN neN
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1 0 0
—aq 1
0 —ao
= 1
—a,

By the above projective presentation, it is clear that all Bass R-modules
have projective dimension at most one. Thus the class of Bass R-modules
is contained in Fg N Py. The following result is implicitly proved in Bass’

paper [§].
Lemma 1.4.4. [35, Proposition 3.2, Lemma 4.1]

(i) If all flat right R-modules have projective covers, then all the flat right
R-modules are projective, so the ring is right perfect.

(ii) If all Bass right R-modules have projective covers then the ring R is
right perfect.

Recall that the socle of a module M, denoted soc(M) is the sum of its
simple submodules. The notion of a socle of a module is related to the Loewy
series of an R-module M, which is constructed by transfinite induction as
follows. Set My = socy := 0. For an ordinal «, socyy1(M) is defined
from soc, (M) by socat1(M)/soce (M) = soc(M/socy(M)). For 7 a limit
ordinal, let socg(M) := UJ,.g80ca(M). Thus for every ordinal «, there
is the following short exact sequence, where the last term is a semisimple
module.

0 — socq (M) — socat1(M) — soc(M/socq(M)) — 0

For every module M, there exists an ordinal « such that soc, (M) = socz(M)
for every 8 > «. In the case that there exists an « such that soc, (M) = M,
M is called a Loewy module. In other words, if M is a Loewy module,
the Loewy series is a continuous filtration of M by the semisimple modules
of Mod-R. The following gives a condition for when a module is a Loewy
module.

Lemma 1.4.5. [2], Lemma 2.58] A module M is a Loewy module if and
only if every non-zero homomorphic image of M has a non-zero socle.

Thus the following corollary follows from Lemma [1.4.5 and Proposi-
tion m (iv), as over a perfect commutative ring, every module has a
non-zero socle.
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Corollary 1.4.6. If R is a perfect commutative ring, then every module is
a Loewy module.

It will be useful to observe that the notion of projective covers can be
generalised from the category of R-modules to an abelian category. In Sec-
tion 3 of [35], it was pointed out that the notion of projective covers can be
extended to abelian categories.

Let A be an abelian category with enough projective objects (that is,
objects with a lifting property with respect to epimorphisms). Then, an
epimorphism h: P — C' with P a projective object is a projective cover of
the object C' if for any endomorphism e: P — P of P such that he = h
implies that e is an automorphism.

Similarly as in the case of R-modules, one can extend the notion of
superfluous submodule to a superfluous subobject. A subobject K of an
object Q is superfluous if for H < Q, H + K = () implies that H = Q.

Lemma 1.4.7. [353, Lemma 3.1] Let P € A be a projective object. Then an
epimorphism h: P — C in A is a projective cover if and only if its kernel
is superfluous in P.

To conclude this section, we return to the category of R-modules and
mention some more recent generalisations of perfect rings. Let R be a com-
mutative ring with a classical ring of quotients Q = Q(R) = R[Y™!] where X
denotes the regular elements of R. Then there is a generalisation of perfect
rings which was first defined for domains by Bazzoni-Salce, and then for
commutative rings by Fuchs-Salce.

Definition 1.4.8. [I6][26] A commutative ring R is almost perfect if @ is
a perfect ring and all the quotient rings R/sR for s € ¥ are perfect.

In [I3| Definition 7.6], Bazzoni-Positselski defined an S-almost perfect
ring for a multiplicative subset S of R, which is a ring R such that R[S™!]
is perfect and all the quotient rings R/sR for s € S are perfect. Thus a
Y-almost perfect ring in the sense of Bazzoni-Positselski is equivalent to an
almost perfect ring in the sense of Fuchs-Salce. These definitions will be
generalised further in Section

Moreover, the notion of an almost perfect ring is related to the direct
limit closure of P;(R), which will be discussed more in Chapter

1.5 1-tilting modules and 1-cotilting modules

We now introduce 1-tilting classes and modules, as well as some properties
that we will use. In this section we will also define 1-cotilting classes and
silting classes.
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1.5.1 1-tilting modules and classes

A right R-module T is 1-tilting if the following conditions hold (as defined
in [19]).

(T1) p.dimT < 1.
(T2) Ext%(T,T") = 0 for every cardinal x and every i > 0.

(T3) There exists an exact sequence of the following form where Tp, T} are
modules in Add(T).

O—-R—->Ty—T1T1—0

Equivalently, T is 1-tilting if and only if T+ = Gen(7"). The cotorsion pair
generated by T, (H(T1),Th), is called a 1-tilting cotorsion pair and the
torsion class T is called the 1-tilting class. Often we let 7 denote the
1-tilting class T+. Two 1-tilting modules T and T" are equivalent if they
define the same 1-tilting class, that is 7+ = 7"+ (equivalently, if Add(T) =
Add(T")). If T is a 1-tilting module which generates a 1-tilting class 7, then
we say that T is a 1-tilting module associated to T .

The kernel of the cotorsion pair (+7,7) is the class 7 N7, and the
1-tilting cotorsion pairs have the nice property that, 7 N7 coincides with
Add(T) (see [29, Lemma 13.10]). As the 1-tilting cotorsion pair is generated
by a set, by Theorem the tilting cotorsion pair is complete. Also, it is
hereditary as the right-hand class 7 = Gen(T) = T is clearly closed under
epimorphic images, so is a coresolving class. Moreover, by [10], the 1-tilting
cotorsion pair (+7,7) is of finite type.

The following proposition says that 1-tilting modules behave well with
respect to localisations of a commutative ring.

Proposition 1.5.1. [29, Proposition 13.50] Let R be a commutative ring
and T a 1-tilting module, and T = T the 1-tilting class. Then the following
hold.

(i) For S a multiplicative subset of R, T[S™!] is a 1-tilting module in
Mod-R[S™Y] with the corresponding tilting class Ts = T[S™'*+ =T N
Mod-R[S™1].

(i) Let M be an R-module. Then M € T if and only if My € Ty for every
mazximal ideal m of R.

The following proposition and theorem relate 1-tilting cotorsion pairs
to approximations and minimal approximations. The first gives a sufficient
condition for the left-hand side of cotorsion pair to be closed under direct
limits, and hence implies that the cotorsion pair be perfect. Recall from
Section that a module X is called X-pure-split if every pure embedding
A C, B with B € Add(X) splits.
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Proposition 1.5.2. [29, Proposition 13.55] Let T' be a tilting module with
(A, T) the associated tilting cotorsion pair. Then A is closed under direct
limits if and only if T is X-pure-split.

All 1-tilting classes are torsion classes (see Section for definitions),
and as mentioned above the 1-tilting cotorsion pair is complete so provides
special preenvelopes. In fact, there is a sort of converse.

Theorem 1.5.3. [29, Theorem 1/.4] Let R be a ring and T be a class of
modules. The following conditions are equivalent.

(i) T is a 1-tilting torsion class.
(i) T is a special preenveloping torsion class.
(iii) T is a pretorsion class such that R has a special T -preenvelope.

More specifically, by (T3) of the definition of a 1-tilting module we have
the following short exact sequence where Ty, 71 € Add(T).

(T3) 0= RS Ty—T,—0

In fact, this short exact sequence is a special T -preenvelope of R, and To® T}
is a 1-tilting module associated to 7 by [29, Theorem 13.18 and Remark
13.19].

1.5.2 Silting modules and classes

A 1-tilting class can be generalised in the following way. For a homomor-
phism ¢ : P_; — Py between projective modules in Mod-R, consider the
following class of modules.

D, :={X € Mod-R | Hompg(c, X) is surjective}
An R-module T is said to be silting if it admits a projective presentation
P15 P—T—0

such that Gen(T') = D,. The class Gen(T') is called the silting class. In the
case that ¢ is a monomorphism, Gen(7") is a 1-tilting class.

1.5.3 1-cotilting modules and classes

We now move on to the dual notion of tilting, a cotilting class. A right
module C is 1-cotilting if the following conditions hold.

(C1) inj.dimC < 1.
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(C2) Exth(C",C) = 0 for every cardinal x and every i > 0.

(C3) There exists an exact sequence of the following form where each C; is
in Prod(C) and W is an injective generator for Mod-R.

0—-Ci—>Co—>W—=0

Equivalently, C is 1-cotilting if and only if +C = Cogen(C), see [29, Lemma
15.21]. The cotorsion pair cogenerated by C, (+C,(+C)1), is called a 1-
cotilting cotorsion pair and the torsion-free class +C is called 1-cotilting
class. Two 1-cotilting modules C, C’ are equivalent if they define the same
I-cotilting class +C = +C’ (equivalently, if Prod(C) = Prod(C")).

Unlike the case of 1-tilting modules, 1-cotilting modules are not always
of cofinite type. In fact, there is an example of a 1-cotilting module not of
cofinite type due to Bazzoni, see [29, Example 15.33].

1.6 Ring epimorphisms

A ring epimorphism is a ring homomorphism R — U such that v is an epi-
morphism in the category of unital rings. That is, for ring maps v,w: U = V
where V is a ring, vu = wu implies that v = w. This is equivalent to the
natural map U ® g U — U induced by the multiplication in U being an
isomorphism, or equivalently that U ®pr (U/u(R)) = 0 (see [39, Chapter
XIL.1]).

We note that if R is commutative and u: R — U a ring epimorphism,
then also U is commutative by [38, Corollary 1.2]. Two ring epimorphisms

R%Uand R i; U’ are equivalent if there is a ring isomorphism o: U — U’
such that ou = u'.

A ring homomorphism u: R — U (not necessarily a ring epimorphism)
induces two adjoint functors. These are the extension of scalars functor
u*: Mod-R — Mod-U which maps a Mr € Mod-R to the right U-module
u*(M) = M ®pr U, and the restriction of scalars functor u,: Mod-U —
Mod-R which for a module M € Mod-U, u.(My) is the R-module M where
the action of R is defined by m - r :=m - u(r) for m € M.

The following proposition gives some well-known characterisations of ring
epimorphisms.

Proposition 1.6.1. [39, Proposition XI1.1.2] Let u: R — U be a ring ho-
momorphism. Then the following are equivalent.

(i) w is an epimorphism of rings.
(1)) U @gr (U/u(R)) = 0.

(ii) U @p U 2 U wvia the natural map uy @p ug — ujuz.
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(iv) The restriction functor u,: Mod-U — Mod-R is fully faithful. That
iS, HOIHR(]WU7 NU) = HOHlu(]\fU7 NU).

(v) u*uy, — idnod.u 18 @ natural equivalence of functors.

A ring epimorphism is homological if Tor®(Ug, rU) = 0 for all n > 0. A
ring epimorphism is called left (right) flat if u makes U into a flat left (right)
R-module. Clearly all left or right flat ring epimorphisms are homological.
We will denote the cokernel of u by K and sometimes by U/R or U/u(R).

In [4], Angeleri Hiigel-Sédnchez proved that there is a connection between
injective ring epimorphisms and 1-tilting classes as follows.

Theorem 1.6.2. [/, Theorem 2.5] Let u: R — U be an injective ring epi-
morphism with the additional property that Tor{z(U, U) = 0. Then the fol-
lowing are equivalent.

(i) p.dimUgr <1
(ii) (U/R)* = Gen(U)
(iii) U @ U/R is a 1-tilting module.

Theorem 1.6.3. [{, Theorem 2.10] Let R be a ring and T be a 1-tilting
module in Mod-R. The following statements are equivalent.

(i) There is an injective ring epimorphismu: R — U such that Tor?(U,U) =
0 and U ® U/R is a 1-tilting module equivalent to T'.

(ii) There is an exact sequence 0 — R S Ty — Ty — 0 such that Ty, Ty €
Add(T) and HomR(Tl, T()) =0.

Moreover, under these conditions e: R — Ty is a T*-envelope of R and
u: R — U s a homological ring epimorphism.

If a 1-tilting module T satisfies the equivalent properties of Theorem[1.6.3
then T or T is said to arise from an injective homological ring epimorphism.

1.7 Gabriel topologies

In this section we introduce torsion pairs and Gabriel topologies as well as
proving some results that will be useful to us later on. We will conclude
by discussing some advancements that relate Gabriel topologies to 1-tilting
classes and silting classes over commutative rings as done in [30] and [6].
The reference for this section, particularly for torsion pairs and Gabriel
topologies, is Stenstrém’s book [39, Chapters VI and IX].

We will start by giving definitions in the case of a general ring with unit
(not necessarily commutative). Everything will be done with reference to
right R-modules (and right Gabriel topologies), but everything can be done
for left R-modules.
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1.7.1 Torsion classes

A class C of R-modules is called a pretorsion class if it is closed under
direct sums and epimorphic images. A pretorsion class is called hereditary
if it is also closed under submodules. A class C of R-modules is called a
pretorsion-free class if it is closed under products and submodules. The
hereditary pretorsion classes are in bijective correspondence with left exact
preradicals, that is with subfunctors r of the identity functor on Mod-R
which are left exact ([39, Corollary VI.1.8]). In other words, a left exact
preradical is a left exact functor r: Mod-R — Mod-R such that »(C) C C
for every C € Mod-R, and for a map f: C' — D in Mod-R, there is an
induced map r(f): 7(C) — r(D) which is the restriction of f to r(C). We
note that by [39, Proposition VI.1.7] all left exact preradicals are idempotent,
that is r(r(C)) = r(C).

For a left exact preradical, the associated hereditary pretorsion class is
the class & = {C € Mod-R | r(C) = C}. Conversely, for a hereditary
pretorsion class C, the associated left exact preradical assigns to each R-
module M the sum of submodules of M which are contained in C.

A class C of modules is a torsion class if it is closed under extensions,
direct sums, and epimorphic images, that is it is a pretorsion class with the
additional condition of being closed under extensions. A hereditary torsion
class is a torsion class which is additionally closed under submodules. A
radical r is a preradical with the additional property that r(C/r(C)) =
0 for every R-module C. The hereditary torsion classes are in bijective
correspondence with left exact radicals, [39, Proposition VI.3.1], via the
same associations described for hereditary pretorsion classes and left exact
preradicals in the previous paragraph.

A torsion pair (€, F) in Mod-R is a pair of classes of modules in Mod-R
which are mutually orthogonal with respect to the Hom-functor and max-
imal with respect to this property. That is, &€ = {M | Homgr(M, F) =
0 for every F' € F} and F = {M | Hompg(X, M) = 0 for every X € £}
The class £ is called a torsion class and F a torsion-free class.

Every torsion class forms the left-hand class of a torsion pair in Mod-R,
and in this way the collection of torsion classes of R-modules is in bijective
correspondence with the collection of torsion pairs in Mod-R. Analogously
for the right-hand class, a class C is a torsion-free class if and only if it is
closed under extensions, products and submodules, and these classes are in
bijective correspondence with the collection of torsion classes.

A torsion pair (€, F) is called hereditary if £ is also closed under sub-
modules, which is equivalent to F being closed under injective envelopes.

A torsion pair (€, F) is generated by a class C if F consists of all the
modules F' such that Hompg(C, F) = 0 for every C € C. A torsion pair
(€, F) is of finite type if F is closed under direct limits.
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1.7.2 Linear topologies

Recall that for a right ideal I in R and an element ¢t € R, (I : t) :=={r € R |
tr € I'}. A right linear topology on R is a collection of ideals of R, denoted
‘H, which satisfy the following properties.

(Gl) If I e H and I C J, then J € H.
(G2) If I,J € H,then INJ € H.
(G3) If e Hand r € R then (I : 1) € H.

The first two conditions just say that H is a filter of right ideals of R. The
right linear topologies on R are in bijective correspondence with hereditary
pretorsion classes in R. This bijection associates to a hereditary pretorsion
class C in Mod-R the right linear topology {I | R/I € C}, and to each
right linear topology H the pretorsion class {M | Annx € H for all x € M},
called the class of H-discrete modules (see [39, Proposition VI.4.2]). For
example, for every J € H, R/J is H-discrete. Thus, there is the following
bijection.

. . . (] . .
{rlght linear topologles} — {heredltary pretorsmn}

on R T classes in Mod-R
O H {M | Annz € H,Vx € M}
{I'|R/I €C} 1C: U

A basis of a right linear topology H is a subset B of H such that every ideal
in H contains some ideal in B.

A (right) Gabriel topology on R is a right linear topology on R, denoted
G, such that the following additional condition holds.

(G4) If J is a right ideal of R and there exists a I € G such that (J:t) € G
for every t € I, then J € G.

This extra condition gives the associated hereditary pretorsion class the ex-
tra property that it is closed under extensions, and therefore is a hereditary
torsion class. As with right linear topologies, we have the following equiva-
lence.

{right Gabriel topologies} 2 {hereditary torsion}
on R v classes in Mod-R

®: G Eg={M | Annx € G,V € M}

{I<R|R/Icé&} 1T
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We denote the corresponding torsion pair by (€g, Fg), which is generated
by the cyclic modules R/J where J € G. The classes &g and Fg are referred
to as the G-torsion and G-torsion-free classes, respectively.

For a right R-module M let tg(M) denote the associated (left exact)
radical, also called the G-torsion submodule of M, or sometimes ¢(M) when
the Gabriel topology is clear from context. Thus for every module M, there
is the following unique decomposition.

0 — tg(M) — M — M/tg(M) — 0

1.7.3 Modules of quotients

A Gabriel topology allows us to generalise localisations of commutative rings
with respect to a multiplicative subset to non-commutative rings. In the spe-
cific case of localisation with respect to a multiplicative subset of a commu-
tative ring, the Gabriel topology would have as a basis collection of principal
ideals generated by the elements of the multiplicative subset. We will come
back to this example later, and will begin by defining the module of quo-
tients of a module with respect to a Gabriel topology G.
The following subsection uses results from [39, Chapter IX].

The module of quotients of the Gabriel topology G of a right R-module
M is the module Mg defined as follows.

Mg := lim Homp(J, M/tg(M))
Jeg

Furthermore, there is the following canonical homomorphism.
¢MI M = HOmR(R, M) — Mg

For each R-module M, the homomorphism 1y, is part of the following exact
sequence, where both the kernel and cokernel of the map s are G-torsion
R-modules.

0 — tg(M) — M ™Y Mg — Mg /(M) — 0 (1.6)

By substituting M = R, the assignment gives a ring homomorphism ¥p: R —
Rg and furthermore, for each R-module M the module Mg is both an R-
module and an Rg-module.

A right R-module is G-closed if the following natural homomorphisms
are all isomorphisms for each J € G.

M = Homp(R, M) — Homp(J, M) (1.7)

This amounts to saying that Homg(R/J, M) = 0 for every J € G (i.e. M
is G-torsion-free) and Exth(R/J, M) = 0 for every J € G (i.e. M is G-
injective). Moreover, if M is G-closed then M is isomorphic to its module
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of quotients Mg via ;. Conversely, every R-module of the form Mg is
G-closed. The G-closed modules form a full subcategory of both Mod-R
and Mod-Rg. The full subcategory of G-closed modules in Mod-R is de-
noted Mod-(R,G). In fact, we now show that every R-linear morphism of
G-closed modules is also a Rg-linear, thus the full subcategory of G-closed
modules considered as Rg-modules is equivalent to Mod-(R,G). Further-
more in Proposition [I.7.1] we see that the canonical homomorphism )/ is
well behaved with respect to the G-closed modules.

We recall briefly what it means for two elements to be equivalent for a
G-closed module. Consider two elements z,y of a G-closed module M and
let the map ©: R — M denote the homomorphism which maps 1 +— 2, and
similarly for y. Then, via the isomorphism in , if there exists an ideal

J € G such that the restriction of the maps R L Mand R % M to J
coincide.

Let M, N be G-closed and consider an R-linear map f: M — N, and
fix an element x € Rg which is represented by n: J — R. We must show
that f(mz) = f(m)z. For an element m € M, as before let the map
m: R — M denote the homomorphism which maps 1 — m. The element
max is represented by the map J X R ™ M. Then as M is G-closed,
Hompg(J, M) = Hompg(R, M), so each maps J — M extends uniquely to a
map R — M, and similarly for N. These extended morphisms of rn and
f(m)n are denoted 1, and f (m)n in the following diagram.

Therefore it is clear from the above diagram that fori, and f (m) , represent
the same element in N. Moreover, mx can be represented by the homomor-
phism 77, and similarly f(m)x can be represented by the morphism f (m)77
Thus we have shown that f(maz) = f(m)z as desired.

We have the following diagram of functors. We will use the notation of
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Stenstrom which is explained below.

q
. T
Mod-R v Mod-Rg
Pu
a J
Mod-(R, G)

(i) 1)y is the restriction of scalars functor which is exact and faithful.

)
(ii) ¢* := (—®@r Rg) is the extension of scalars functor Mr — Mr®gr Rg.
(iii) @ maps M +— Mg in Mod-R.
(iv) ¢ is the inclusion functor of the G-closed modules into Mod-R.
)

(v) j is the inclusion functor of the G-closed modules into Mod-Rg and is
full and faithful.

(vi) ¢ maps M +— Mg in Mod-Rg and is left exact.

In general, there is a natural transformation ©: ¢* — ¢ with ©p;: M ®p
Rg — Mg which is defined as m @ n — ¥pr(m) - n. That is, for every M
the following triangle commutes.

M MERUR N @R Rg (1.8)
m A
Mg

The Gabriel topologies for which © is a natural equivalence form an im-
portant class of Gabriel topologies, which we will discuss more in detail in

Subsection [[L7.4

Proposition 1.7.1. [39, Proposition IX.1.11] The functor a is left adjoint

toi. Therefore for a G-closed module N the canonical map Hompg(¢pr, N): Homp(Mg, N) —

Hompg(M, N) is an isomorphism.

A left R-module N is called G-divisible if JN = N for every J € G.
Equivalently, N is G-divisible if and only if R/J @ g N = 0 for each J € G.
We denote the class of G-divisible modules by Dg. It is straightforward to
see that Dg is a torsion class in R-Mod.

A right Gabriel topology is faithful if Hompg(R/J, R) = 0 for every J € G,
or equivalently if R is G-torsion-free, that is the natural map ¢¥r: R — Rg
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is injective. A right Gabriel topology is finitely generated if it has a basis
consisting of finitely generated right ideals. The torsion pairs associated to
the finitely generated Gabriel topologies have an additional property, which
we will state after recalling the following definition.

Consider a direct system of submodules of M, denoted {M;, f;; | M; —
M;,i < j}ijer such that the natural maps fj; are all inclusion maps. Then
liﬂM = >, M; is called a direct union of the {M;, f;; | M; — M;,i <
Jtijer. For example, every module M is a direct union of its finitely gener-
ated submodules.

Proposition 1.7.2. [39, Proposition XIII.1.2] The following properties of
a right Gabriel topology G are equivalent.

(i) G has a basis of finitely generated ideals.
(i) Every direct union of G-closed modules is G-closed.

(iii) The G-torsion radical preserves direct limits (that is there is a natural
isomorphism tg(ligi M;) = hglz(tg(Ml)))

(iv) The G-torsion-free modules are closed under direct limits (that is, the
associated torsion pair is of finite type).

Proof. The equivalence of (i), (ii), and (iii) are in [39, Proposition XIII.1.2].
The equivalence of these conditions with (iv) was noted by Hrbek in the
discussion before [30, Lemma 2.4]. We will prove the equivalence of (iv)
with (iii) here for completeness.

We will denote tg(M) by t(M). Assume (iii) holds, and take a direct
limit M = lim, M; of G-torsion-free modules M;. Then ¢(M) = t(lim, M;) =
lim, t(M;) = 0 as each of the M; is G-torsion-free, so we conclude that also
M is G-torsion-free. For the converse, suppose (iv) holds, and consider a
direct system of module {M;, fj; | M; — M;,i < j}ijer- Then the image of
restriction fj;) L) is contained in ¢(A;), thus there is an induced directed
system {t(M;), Tty : t(M;) — t(M;),i < j}tijer. As the G-torsion mod-
ules are closed under direct sums and homomorphic images, hﬂlt(M,) is
also G-torsion. Thus as the direct limit functor is exact, we have the follow-
ing commuting diagram, where « is the natural restriction of the inclusion
map.

5 |
0 —— ¢(lim, M;) — ling, M; —— ling, M; /t(ling, M;) —0
By the snake lemma, the cokernel of « is isomorphic to the kernel of 3. Addi-
tionally, the cokernel of « is G-torsion, and by assumption th(Ml/t(Ml)) is

G-torsion-free, so the kernel of 5 is G-torsion-free. Thus Coker o = Ker 5 =
0, so « is an isomorphism as required. O
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1.7.4 Perfect localisations

We will often be concerned with a particular type of Gabriel topology that
has many useful properties. The following theorem tells us that a flat ring
epimorphism gives rise to a Gabriel topology.

Theorem 1.7.3. [39, Theorem XI.2.1] Suppose u: R — U is a ring homo-
morphism. Then the following are equivalent.

(i) w is an epimorphism of rings which makes U into a flat left R-module.

(ii) The family G of right ideals J such that u(J)U = U is a Gabriel
topology, and the natural ring homomorphism ¢ : R — Rg s equivalent
tou: R — U. That is, there is a ring isomorphism o: U — Rg such
that ou: R — Rg is the canonical homomorphism ¢r: R — Rg.

This theorem allows us to give the following definition. A left flat ring
epimorphism R — U is called a perfect right localisation of R, and there is
the following associated right Gabriel topology.

Gu={J<R[u(J)U =U}

Note also that a right ideal J of Risin G, if and only if R/J®@rU = 0. Often
we will simply write G instead of G, for the associated Gabriel topology of a
ring epimorphism u. Moreover, when we find that a Gabriel topology arises
from a perfect localisation, we will often denote Rg by U and Rg/¢¥r(R) by
K, thus ¥Yr: R = Rg is denoted u: R — U.

We note that the adjective “perfect” for a Gabriel topology can be
slightly confusing as it is not related in any way to perfect rings. How-
ever, we will continue to use this nomenclature as it is already commonly
used in the literature.

In Stenstrom’s book the perfect right localisations are characterised in
the following way. Recall that ¢: Mod-R — Mod-Rg is the functor that
maps each module to its module of quotients M +— Mg.

Proposition 1.7.4. [39, Proposition XI1.3.4] Let G be a right Gabriel topol-
ogy. Then the following conditions are equivalent.

(i) Yr: R — Rg is a perfect right localisation and G = {J < R | Yr(J)Rg =
Rg}.

(i) Rg is G-divisible.
(iii) G has a basis of finitely generated ideals and q is exact.
(iv) Ker(M — M ®g Rg) is the G-torsion submodule of M.

(v) ©:Y* — q is a natural equivalence of functors.
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In particular, Proposition XI.3.4 in Stenstrém’s book states that the
right Gabriel topology G associated to a flat ring epimorphism R — U is
finitely generated and the G-torsion submodule tg(M) of a right R-module
M is the kernel of the canonical homomorphism M — M ®g U. Addition-
ally it is clear that K = U/u(R) is G-torsion, hence Hompg(K,U) = 0. If
moreover the flat ring epimorphism R — U is injective, then Tor{z(M ,K) =
tg(M) and G is faithful.

1.7.5 Gabriel topologies and 1-tilting classes

As mentioned before, much useful and important research has already been
done in this direction. Specifically, in [30], Hrbek showed that over commu-
tative rings the faithful finitely generated Gabriel topologies are in bijective
correspondence with 1-tilting classes, and that the latter are exactly the
classes of G-divisible modules for some faithful finitely generated Gabriel
topology G. Before we state this theorem, we recall briefly a definition and
a Lemma, which were used to prove Hrbek’s correspondence.

Suppose M is a finitely presented right R-module with projective pre-
sentation P; & Py — M — 0 where Py, Py are finitely generated projective
modules. Recall that the transpose of M, denoted Tr(M), is the cokernel of
the map p*: P§ — P; where (—)* := Hompg(—, R). Moreover, we have the
following relations from [3] Lemma 2.9] or [30, Lemma 3.3].

Lemma 1.7.5. Let R be a ring and M a non-zero finitely presented right
R-module such that Homgr(M, R) = 0. Then the following hold.

(i) p.dimp Tr M =1 and Tr M is a finitely presented left R-module.
(i) Hompg(M, —) and Torl*(—, Tr M) are isomorphic functors.

(iii) Exth(Tr M, —) and (M ®g —) are isomorphic functors.

We now state the following theorem that is an indispensable starting
point for Chapters [6] and [7] of this thesis.

Theorem 1.7.6. [30, Theorem 3.16] Let R be a commutative ring. There
are bijections between the following collections.

(i) 1-tilting classes T .
(ii) Faithful finitely generated Gabriel topologies G.
(#ii) Faithful hereditary torsion pairs (€, F) of finite type in Mod-R.

Moreover, the tilting class T is the class of G-divisible modules with respect
to the Gabriel topology G.
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That is, Hrbek shows that to a faithful finitely generated Gabriel topol-
ogy G, one considers the modules Tr(R/J) € Pi(mod-R) for each finitely
generated J € G, and associates the 1-tilting class T = (®JEQ;J fe. Tr(R/J))L.
For the reverse direction, he associates to each 1-tilting class 7 the Gabriel
topology G ={J < R|JT =T,¥T € T}.

When we refer to the Gabriel topology associated to a 1-tilting class T
we will always mean the Gabriel topology in the sense of the above theorem.
In addition we will often denote Dg to be the 1-tilting class associated to G
and A to be the left Ext-orthogonal class to Dg so (A, Dg) will denote the
1-tilting cotorsion pair associated to G.

Moreover, in the case of a Gabriel topology that arises from a perfect
localisation such that p. dim Rg < 1, we can describe the 1-tilting class more
explicitly. One can conclude that the 1-tilting class arises from the flat ring
epimorphism ¢¥r: R — Rg in the sense of Theorem [1.6.2] This observation
is crucial as the 1-tilting module Rg & Rg/R is much more convenient to
work with than the 1-tilting class Dg.

Proposition 1.7.7. [30, Proposition 5.4] Let R be a commutative ring, T
a 1-tilting module, and G the Gabriel topology associated to Dg = T in the
sense of Hrbek. Then the following are equivalent.

(i) G is a perfect Gabriel topology and p.dim Rg < 1.
(ii) Gen(Rg) = Dg

If the above equivalent conditions hold, T or the 1-tilting class Dg is said to
arise from a perfect localisation.

We note that there is yet more confusion with our terminology. That is
the 1-tilting class arises from a perfect localisation if and only if the Gabriel
topology arises from a perfect localisation and p.dim Rg < 1. Therefore we
often include the statement p.dim Rg < 1 for clarity.

In [6] the correspondence between faithful finitely generated Gabriel
topologies and 1-tilting classes over commutative rings was extended to
finitely generated Gabriel topologies which were shown to be in bijective
correspondence with silting classes. Thus in this case the class Dg of G-
divisible modules coincides with the class Gen(T') for some silting module
T. We state the result formally.

Theorem 1.7.8. [6, Theorem 4.7] Let R be a commutative ring. There is a
one-to-one correspondence between silting classes T in Mod-R and Gabriel
topologies with a basis of finitely generated ideals over R.

We conclude this section with a definition which extends S-almost perfect
rings.
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Definition 1.7.9. Let R be a ring with a right Gabriel topology G. Then
R is G-almost perfect if Rg is a perfect ring and the quotient rings R/J are
perfect for each J € G.



Chapter 2

Cotorsion pairs and minimal
approximations

In this chapter we study classes which form the left-hand and right-hand
classes of cotorsion pairs in relation to approximations. In Sections [2.1] and
we describe some results which extend the relationship between injective
envelopes and essential submodules of injective modules to a general cotor-
sion pair (A, B). That is we relate B-envelopes to the so called A-essential
submodules and B-essential submodules. Analogously, the relationship be-
tween projective covers and superfluous submodules of projective modules
is extended to a general cotorsion pair (A, B), that is to A-covers and the
so called A-superfluous submodules and B-superfluous submodules. In later
chapters we will often refer to Examples [2.1.9] and [2.2.10]

Next in Section we consider the relationship between A being cov-
ering and B being enveloping for a cotorison pair (A, B). As mentioned in
Section there are many examples and even simple examples of cotor-
sion pairs where B is enveloping and A is not covering. In this section, we
consider the converse: if A is covering, is B enveloping. There are already
some positive results. If A is closed under direct limits, then if A is covering
then B is enveloping by Theorem and Theorem Moreover, if
B is closed under direct limits and A is covering, then A is closed under
direct limits by Theorem [1.3.6] and so B is enveloping by Theorem [I.2.5
Cotorsion pairs with the assumption that B is closed under direct limits are
not necessarily hereditary cotorsion pairs.

In Section we give a purely algebraic proof that for any hereditary
cotorsion pair (A, B), if A is covering then B is enveloping in Theorem [2.3.6]
We note that if there existed a cotorsion pair (A, B) such that A is cov-
ering and B is not enveloping, this would be a counterexample to Enochs’
Conjecture as A would not be closed under direct limits.

The proof of Theorem is divided into two parts. First we show
that if A is covering then every module in A has a B-envelope. This holds

33
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for all cotorsion pairs, that is the hereditary condition is not required. Next
we use [I4] Lemma 8.3] of Bazzoni-Positselski (where the dual statement
was shown) to show that if (A4, B) hereditary and every module in 4 has a
B-envelope then B is enveloping.

2.1 C(C-essential submodules

For a complete cotorsion pair (A, B), we investigate the properties of B-
envelopes of arbitrary R-modules. First of all we state two lemmas.

Lemma 2.1.1. Let 0 — N ﬂ B 5 A — 0 be an ezxact sequence. Let f
be an endomorphism of B such that ¢ = f o ¢. Then f(B) 2 ¢(N) and
Ker fN¢(N) =0.

Lemma 2.1.2. Let0 — N g B 5 A — 0 be an exact sequence. For every
endomorphism f of B, the following are equivalent

(1) p=foo.
(ii) The restriction of f to ¢(N) is the identity of ¢(N).
(iii) There is a morphism g € Hompg(A, B) such that f =idp —go .

Proof. (i) = (ii). This is clear as f¢(n) = f(n) for every n € N.

(i) = (ili). As (idp —f)¢ = 0 and 7 is the cokernel of ¢, there exists a
unique map ¢ such that gm = idg — f, as required.

(ili) = (i). If such a g exists, then f¢ = ¢ — gnp = ¢. O

Recall that a submodule N of a module X is essential in X if for every
submodule H of X, H N X = 0 implies H = 0. We define a notion of
essential submodule with respect to classes in a cotorsion pair.

Definition 2.1.3. Let (A, B) be a cotorsion pair. Let B € B and let N be
a submodule of B.

(i) We say that N is A-essential in B if for every submodule K of B,
KNN=0and B/(N+ K) € Aimply K = 0.

(ii) We say that N is B-essential in B if for every submodule H of B
containing N, H € B implies H = B.

Remark 2.1.4. Consider the class Iy of injective right R-modules and the
complete cotorsion pair (Mod-R,Zy). Our definition of Mod-R-essential
submodule coincides with the classical definition of essential submodule. More-
over, if E is an injective envelope of a module M, and M C X C E where
X is also injective, then X = E so M is Tg-essential in the sense of the
above definition.
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The next proposition illustrates the relations between the notions of
envelopes and the restricted notions of essential submodules.

Proposition 2.1.5. Let (A, B) be a cotorsion pair. Assume that

05NASBES A0 (2.1)

is a special B-preenvelope of the R-module N and identify N with ¢(N).
Then the following hold.

(i) If is a B-envelope of N, then N is A-essential and B-essential
in B.

(ii) If N admits a B-envelope and N is B-essential in B, then is a

B-envelope.

(iii) If N admits a B-envelope and N is A-essential in B, then is a
B-envelope.

(iv) Assume that B is closed under epimorphic images. Then is a
B-envelope if and only if N is A-essential and B-essential in B.

Proof. (i) Assume that (2.1]) is a B-envelope of N. We first show that N is

B
A-essential in B. Let K < B be such that K "N =0 and ———— € A.
(N + K)
Let 0: B — B/K and v: (N + K)/K — B/K be the canonical projection
and inclusion, respectively. There is an isomorphism h: N — (N + K)/K

such that o o ¢ = v o h. Consider the following diagram.
0—=(N+K)/K*—~B/K—B/(N+K)—=0

oh~1 -
|,

A

B

P

The diagram can be completed by 1, since B/(N + K) € A. Consider
the endomorphism ¢ o o of B. We have that ¢ o (1) o 0) = ¢, hence, by
assumption v o o is an automorphism of B. In particular, Ker(i) o o) = 0,
so K =0.

Now we show that N is B-essential in B. Let N < H < B, H € B.
Then B/H is a quotient of B/N = A; hence there is a canonical projection
7: A— B/H.

Consider the following diagram.

0 H-Y-B_ % B/H 0
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where p, p are the inclusion and the projection maps. The diagram can
be completed by g, since Exth(A, H) = 0. Consider the morphism f =
tdp —gom. Then f is an endomorphism of B satisfying f o ¢ = ¢. By
assumption f is an isomorphism, hence f(B) = B.

We show f(B) < H, so that we must have H = B. In fact, po f =
p—pogom=p—7m=0. Hence f(B) C Kerp=H.

(ii) and (iii) By Xu’s result quoted in Proposition [1.2.2] it is enough to
show that if NV is A-essential or B-essential in B, then B doesn’t contain
any proper direct summand containing V.

Assume that B = Y @& B; with Y > N; then Y € B. So, if N is
B-essential in B we conclude that ¥ = B.

We also have BiNN =0 and A = Y/N @& By where Y/N = B/(N @ By).
Thus, B/(N + By) € A, since it is isomorphic to a summand of A. Hence,
if N is A-essential in B we conclude that By = 0.

(iv) The necessary part is proved in (i). We show sufficiency. Let f
be an endomorphism of B such that ¢ = f o ¢. We must prove that in
our assumption f is an automorphism of B. First we show that f is an
epimorphism. By Lemma f(B) 2 N and f(B) is an epimorphic
image of B, hence by assumption f(B) € B. Thus f(B) = B, since N is
B-essential in B. The morphism wo f: B — A is an epimorphim, since f
and 7 are surjective and Ker wo f is the preimage N under f. Since ¢ = fo¢
we have Ker(mo f) = Ker f + N and Ker f N N = 0. Thus, Ker f = 0, since
B/(Ker f + N) =2 A and N is A-essential in B. O

Remark 2.1.6. The condition that B is closed under epimorphic images
in (i) of Proposition is stronger than one would like. In fact, in the
case of the cotorsion pair (Mod-R,Zy), if a preenvelope 0 — M 2 E has the
condition that u(M) is Mod-R-essential in E, then p is an envelope, even
though Zy is not closed under epimorphic images.

Proposition 2.1.7. Let (A, B) be a cotorsion pair and assume that

05NABS A0

s a special B-preenvelope of N. The following are equivalent.
(i) ¢ is a B-envelope of N.
(ii) For every g € Hompg(A, B), idg — g o is an isomorphism of B.

(iii) Homp(A, B) is a left ideal of End(B) contained in the Jacobson rad-
ical of End(B).

Proof. (i) = (ii) Let ¢ € Hompg(A,B) and let f = idp —gom. fis an
endomorphism of B and f o ¢ = ¢, since m o ¢ = 0. By assumption f is an
isomorphism of B.
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(ii) = (iii) It is clear that Homp(A, B)m is a left ideal of End(B). Let g €
Homp(A, B). For every h € End(B), idg —hogom is an invertible element
of End(B), by (ii). Hence Hompg(A, B)7 is contained in the Jacobson radical
of End(B).

(iii) = (i) Let f € End(B) be such that fo¢ = ¢. By Lemmal[2.1.2] (iii),
there exists a morphism g € Hompg(A, B) such that idg — f = gom. By
assumption, —g o m belongs to the Jacobson radical of End(B), hence f =
idp + g o m is a unit of End(B).

O

The following was originally shown in [9]. We have modified the proof
slightly.

Proposition 2.1.8. Let (A,B) be a complete cotorsion pair over a ring
R. Assume that 0 — M % B is a B-envelope of the R-module M. Let o
be an automorphism of M and let 8 be any endomorphism of B such that
Bu = pa. Then B is an automorphism of B.

Proof. By the Wakamatsu Lemma (Lemma , p induces an exact se-
quence
0-MBBS A0

with A € A. Since « is an automorphism of M, it is immediate to see
Coker pae =2 A € A and fua = pa implies that f is an isomorphism, so the
following is a B-envelope of M.

0-M“ B A0

is a B-envelope of M. Let § be as assumed and consider an endomorphism
g of B such that gua = p. Then gB8u = p and thus g8 is an automorphism
of B, since u is a B-envelope. This implies that £ is a monomorphism.

To see that S is an epimorphism, note that Sgua = BgBu = Bu = pa,
so by the envelope property of pa, Bg is an automorphism, thus g is an
epimorphism as required. O

The following is an important application of Proposition [2.1.8| which we
will use often.

Example 2.1.9. Let R be a commutative ring and S a multiplicative subset,
and fix a cotorsion pair (A, B) in Mod-R. Consider the localisation of R at
the multiplicative subset S, denoted R[S~!], and let M be an R[S~ !]-module
with a B-envelope in Mod-R.

0-MBBsA-0 (2.2)

As M is an R[S™!]-module, multiplication by an element of S is an auto-
morphism of M. Therefore applying Proposition [2.1.8] multiplication by
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an element of S is also an automorphism of B and so B is an R[S™!]-
module. One concludes that the short exact sequence is a sequence
in Mod-R[S™1], as moreover R — R[S™!] is a ring epimorphism so the
embedding Mod-R[S~!] — Mod-R is fully faithful.

2.2 (C-superfluous submodules

We investigate the properties of A-covers when A is the left component of
a cotorsion pair. First of all we need two easy lemmas whose proofs are

similar to the proofs of Lemmas and

Lemma 2.2.1. Let0 - B — A %M - 0 be an exact sequence. Let f be
an endomorphism of A such that ¢ = ¢o f. Then f(A)+B = A, Ker f < B
and BN f(A) = f(B).

Lemma 2.2.2. Let0 — B <5 A g M — 0 be an exact sequence. For every
endomorphism f of A, the following are equivalent.

(i) ¢ =dof.

(i) The restriction of f to B is an endomorphism of B and the morphism
induced by f on M is the identity of M.

(iii) There is a morphism g € Hompg(A, B) such that f =idy —eog.

Proof. (i) < (ii) If ¢ = ¢o f, then f(B) C B, by Lemma so f induces
an endomorphism of B. Consider the following commutative diagram.

¢

0 B —5 A s M 0
ATt
0 B—1s A" M 0

Then it follows that if ¢ = ¢ o f, then h is the identity on M.

The converse follows again by the above commutative diagram.

(i) & (iii) ¢ o f = ¢ if and only if ¢ o (idg — f) = 0, that is if and
only if the image of id4 — f is contained in B, so id4 —f factors through ¢.
Equivalently, there is ¢ € Hompg(A, B) such that idq — f =€ og. O

Recall that a submodule N of a module X is superfluous in X, if for
every submodule H of X, N + H = X implies H = X.

We define a notion of superfluous submodule with respect to classes in
a cotorsion pair.

Definition 2.2.3. Let (A, B) be a cotorsion pair. Let B € B be a submodule
of a right R-module X.
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(i) We say that B is B-superfluous in X if for every submodule H of X,
H+B=Xand HNB € Bimply H = X.

(ii) We say that B is A-superfluous in X if for every submodule K of B,
X/K € A implies K = 0.

Remark 2.2.4. Let Py be the class of projective right R-modules and con-
sider the complete cotorsion pair (Py, Mod-R). QOur definition of Mod-R-
superfluous submodule coincides with the classical definition of superfluous
submodule.

The next proposition shows how our the notions of A-superfluous and
B-superfluous submodules are related to A-covers.

Proposition 2.2.5. Let (A, B) be a cotorsion pair. Assume that

0B AL M0 (2.3)

is a special A-precover of the R-module M. The following hold.

(i) If is an A-cover of M, then B is at the same time B-superfluous
and A-superfluous in A.

(ii) If M admits an A-cover and B is B-superfluous in A, then is an
A-cover.

(iwi) If M admits an A-cover and B is A-superfluous in A , then is
an A-cover.

(iv) Assume that B is closed under epimorphic images. Then s an
A-cover if and only if B is at the same time B-superfluous and A-
superfluous in A.

Proof. (i) Assume that (2.3) is an A-cover of M. We first show that B is
B-superfluous in A. Let H < A be such that H + B=A and HN B € B.
Consider the following diagram where ¢ is the restriction of ¢ to H.

0——=HNB H M 0

The diagram can be completed by 1, since Ext}%(A, HNB) = 0. Consider the
inclusion v of H into A; then by the above diagram it is clear that ¢ = ¢vip.
Since is an A-cover of M, we conclude that v is an automorphism of
A, hence H = A.
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Now we show that B is A-superfluous in A. Let K be a submodule of
B such that A/K € A. Consider the following diagram.

0 K—t-4 A/K 0

where p, ¢ are the inclusion maps. The diagram can be completed by g,
since Exth(A/K, B) = 0. Consider the inclusion ¢ of B into A. Then, by
Lemma f =ida — €0 g is an endomorphism of A satisfying ¢o f = ¢.
By assumption f is an isomorphism, hence Ker f = 0. Since g extends the
inclusion of K into B we infer that K C Ker f, hence K = 0.

(ii) and (iii) By Xu’s result quoted in Corollary it is enough to
show that if B is A-superfluous in A or if B is B-superfluous in A, then B
doesn’t contain any non-zero summand of A.

Assume that A = Y @ A; with Y < B; then A/Y € A. So, if B is
A-superfluous in A we conclude that Y = 0.

We have B+ A = Aand B=Y ®& (BN A;). BNA; € B, since it is a
summand of B. Hence, if B is B-superfluous in A we conclude that A = A.

(iv) By (i), we have only to prove that if B is B-superfluous and A-
superfluous in A, then (2.3)) is an A-cover of M. Let f be an endomorphism
of A such that ¢ = ¢ o f. We must prove that f is an automorphism of
A. First we show that f is an epimorphism. By Lemma Ker f < B,
f(B)=Bn f(A) and f(A) + B = A. Consider the sequence 0 — Ker f —

B f(B) — 0. By assumption f(B) € B, thus f(A) = A, since B is
B-superfluous in A. It remains to show that f is a monomorphism. Since f
is an epimorphism, we have A =2 A/ Ker f and Ker f C B. Hence Ker f = 0,
since B is A-superfluous in A. ]

Remark 2.2.6. Note that the condition of the closure of the class B un-
der epimorphic images in Proposition (w) is the same as in Proposi-
tion (z'v) and not a condition on the class A as one would expect.

Proposition 2.2.7. Let (A, B) be a cotorsion pair and assume that

OﬁBéAgM%O

is a special A-precover of M. The following are equivalent.
(i) ¢ is an A-cover of M.
(i) For every g € Hompg(A, B), idg — € o g is an automorphism of A

(iii) e Hompg(A, B) is a right ideal of End(A) contained in the Jacobson
radical of End(A).
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Proof. (i) = (ii). Let ¢ € Hompg(A, B) and let f = idga —eog. Then
pof=¢p—¢oecog= ¢, hence f is an isomorphism of A.

(ii) = (iii). It is clear that e Hompg(A, B) is a right ideal of End(A). Let
g € Homp(A, B). For every h € End(A), id4—eogoh is an invertible element
of End(A), by (ii). Hence e Hompg(A, B) is contained in the Jacobson radical
of End(A).

(iii) = (i). Let f € End(A) be such that ¢o f = ¢. By Lemmal[2.2.2)(iii),
idg — f = e o g for a morphism g € Homp(A, B) and by assumption, € o g
belongs to the Jacobson radical of End(A). Hence f =idy — e o g is a unit
of End(A).

O

Proposition 2.2.8. Let (A, B) be a cotorsion pair and assume that a module
M admits an A-cover, and consider the following special A-precover of M.

05BSAS M0 (2.4)

Then is an A-cover of M if and only if for every g € Hompg(A, B),
14 —€o0g ts a monomorphism.

Proof. The necessary condition follows by Proposition Assume that
14 — € 0 g is a monomorphism for every g € Hompg(A, B) and that 7 is not
a cover. By Theorem there is a direct summand 0 # X of A contained
in B. Let px: A — X be the projection map and i: X — B the inclusion
map. Then g = 70 px is a map in Hompg(A, B) and for every x € X we
have ¢ o g(x) = x. Hence Ker(14 — e o0 g) contains X and 14 —eo0g is not a
monomorphism. O

Another useful result is the following, which as in Proposition [2.1.§] is
due to [9] but with a slightly modified proof.

Proposition 2.2.9. Let (A, B) be a complete cotorsion pair over a ring R.

Assume that A % M — 0 is an A-cover of the R-module M. Let o be an
automorphism of M and let B be an endomorphism of A such that ¢ = ag.
Then (B is an automorphism of A.

Proof. By the Wakamatsu Lemma (Lemma [1.3.2)) ¢ gives rise to an exact
sequence

0—>Bﬁ>A£>M—>O

with B € B. Since « is an automorphism of M, it is immediate to see
that Kera¢ =2 B € B and a¢f = a¢ implies f is an isomorphism, so the
following is an A-cover of M.

O%BHA%MHO
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Let B be as assumed and consider an endomorphism g of A such that agg =
¢. Then ¢Bg = ¢ and thus S¢ is an automorphism of A, since ¢ is an A
cover of M. This implies that 8 is an epimorphism.

To see that § is a monomorphism, note that a¢pgB = ¢B8g8 = 8 = ap,
thus by the cover property of a¢, g8 is an automorphism, thus [ is an
automorphism as required. ]

An analogous example of Example holds.

Example 2.2.10. Let R be a commutative ring and S a multiplicative
subset, and fix a cotorsion pair (A, B) in Mod-R. Consider the localisation
of R at the multiplicative subset S, denoted R[S™!], and let M be an R[S™1]-
module with a A-cover in Mod-R.

05B—AS M0 (2.5)

As M is an R[S~!]-module, multiplication by element of S is an auto-
morphism of M. Therefore applying Proposition multiplication by
an element of S is also an automorphism of A and so A is an R[S™!]-
module. One concludes that the short exact sequence is a sequence
in Mod-R[S™1], as moreover R — R[S™!] is a ring epimorphism so the
embedding Mod-R[S~!] — Mod-R is fully faithful.

2.3 Covering implies enveloping for hereditary co-
torsion pairs

We want to show that for a cotorsion pair (A, B) if A is covering then B is
enveloping. We begin by showing the following.

Proposition 2.3.1. If (A, B) is a cotorsion pair such that A is covering,
then every A € A has a B-envelope.

Proof part 1. Let e: A — E(A) be the injective envelope of A and take
v: A" — E(A)/A to be an A-cover of E(A)/A, and consider the following
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pullback of E(A) 5 E(A)/A & A

0 0 (2.6)
0—=A—>FA) —"~FEA)JA——=0
1,
0 At sz 2 0
B 5
B B
0 0

Then A’ € A by construction and Z € B as B is closed under extensions,
thus p is a special B-preenvelope of A. Moreover, Z is also in A as A is closed
under extensions. We claim that u is a B-envelope of A. Take f: Z — Z
such that fu = p. We will show that this f is an isomorphism which will
be proved in the following three lemmas. O

We begin by proving a lemma which allows us to use that a module is
an essential submodule of its injective envelope.

Lemma 2.3.2. Consider the following commuting diagram of short exact
sequences such that (' (A) is essential in M'.

0 Aty PN 0
b
0 A ML N 0

Then for every submodule H of M such that H N u(A) =0, H is contained
in the kernel of f.

Proof. Take H < M such that H N u(A) = 0, so u(A) + H = p(A) @ H.
Then we have the following induced diagram, where po: A — u(A) @ H is
p with the codomain restricted to u(A) @ H € M, and f; k; are the
obvious restriction maps.

p(A)YSH’

0—=A—2 Ao H—LpAGH/uA= H—>0

flpagn ik (A H)/pA

/

0 A—" i N’ 0

We will show that f(H) = 0. First we claim that f(H) N u/(A) = 0. Take
x € f(H)yNp'(A). Then x = f(y) = p/(a) fora € Aand y € H. So kp(y) =
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o' fly) = p'u'(a) =0, so p(y) € Kerk. However, the snake lemma induces
an isomorphism pp oo | Ker(fr o im) = Ker(Rr i) uea)s thus
y € Ker f, so x = f(y) = 0. By assumption, p/(A) is essential in M’ so
f(H)N ' (A) =0 implies f(H) = 0. O

Lemma 2.3.3. Let (A, B) be a cotorsion pair such that A is covering. Take
f:Z — Z such that fu = p using the notation of Diagram (@) Then f
is @ monomorphism.

Proof. By Lemma as u(A) N Ker f = 0 it follows that a(Ker f) = 0
so Ker f C Ker a. Therefore, the maps f: Z — Z and a: Z — E(A) both
factor through p: Z — Z/Ker f so that f = fp and o = ap where f, @ are
as in (2.7). Using that E(A) is an injective module we find that a factors

through f as follows.

0——Z/Ker f1 7 (2.7)

| A

E(A)

That is, there exists a g: Z — E(A) such that gf = gfp = ap = a. Let
k and [ be the unique induced maps that make the following short exact
sequences commute as follows (where the columns are not exact).

0 At sz P 0 (2.8)
r
0 At sz 2 N 0

Using also the commutativity of , we have that yp = ra =ngf =lpf =
lkp. As p is an epimorphism, we conclude that [k = ~.

We now claim that k is a monomorphism by using the A-cover property
of ~.

Consider the map I: A” — E(A)/A. By the A-precover property of 7,
there exists an h: A" — A’ such that | = yh. Thus as vhk = Ik = v, hk is
an automorphism, thus k is a monomorphism and therefore also f, which
is seen by an application of the snake lemma to the upper two short exact
sequences of to find that Ker f = Ker k. O

Lemma 2.3.4. Let (A, B) be a cotorsion pair such that A is covering. Take
f:Z — Z such that fuu=p as in (@ Then f is an isomorphism.
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Proof. By Lemma we have that f is a monomorphism. We now use
the fact that Z € AN B, thus f composed with the canonical epimorphism
Z — Z/f(Z) is an A-precover of Z/f(Z). We extract the following .A-cover
of Z/f(Z) where v = (coker f), ,.

0 7 Lg% gz —=0
o o
0 z- 1.z Z/f(Z) ——0

We want to show that Z’ = 0 which implies that Z/f(Z) = 0 and this proves
our claim. In fact, we will see that if Z’ is non-zero, there exists a non-zero
direct summand of A’ which is contained in Ker~, which contradicts the
A-cover property of v: A" — E(A)/A by Corollary

Firstly, by the snake lemma applied to the top row of diagram ,
p: Z — A’ induces an isomorphism p: Z/f(Z) = A’ /k(A’) = Coker k. Thus
by the precover property of v, the map p~!cokerk: A’ — Z/f(Z) must
factor through v, as in the bottom row of the following diagram , ie.
there exists a j: A’ — Z’ such that vj = p~!cokerk. The top square of
commutes by the construction of v, that is (coker k)(p;,,) = pv.

Zl’ —Z/f(Z) (2.9)
T S
Zf — 2/ f(2)

By the A-cover property of v, jp;_, is an isomorphism, so p;_, is a monomor-
phism, and moreover p(Z') is a direct summand in A’. Tt follows that
Z' N p(A) = 0 since p(A) = Ker p from (2.6). Therefore by Lemma [2.3.2]
Z' C Kera, and as the restriction map p. . : Kera = Kervy is an iso-
morphism by the snake lemma, p(Z’) C Ker~. Thus we have shown that
p(Z') is a direct summand of A’ which is contained in Ker~, thus p(Z') =0
by the cover property of v and by Corollary Therefore also Z' = 0
as py,, is a monomorphism. We conclude that Z/f(Z) = 0, so f is an
isomorphism. O

Next we would like to prove the following lemma, whose dual result was
proved by Bazzoni-Positselski in [I4, Lemma 8.3]. Here we will present the
dual result. For this proof, one must assume that the cotorsion pair (A, B)
is hereditary.
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Lemma 2.3.5. [14, Dual of Lemma 8.3] Let (A, B) be a hereditary complete
cotorsion pair in Mod-R. Suppose every module in A has a B-envelope.
Then B is enveloping, that is every module has a B-envelope.

Proof. Fix an R-module M and take 0 — B = A 5 M — 0 to be a special
A-precover of M. Additionally, by assumption A has a B-envelope which is

denoted 0 — A 5 B’ % A’ = 0. Thus we take the pushout of the maps
B' <& AL M as follows.

0 0 (2.10)
0 B—SsA—TsM 0
) }
0 B ) Py 0
5 p
'
0 0

As B is a coresolving class, Z € B by the middle row as B, B’ € B. Therefore,
the right vertical column is a B-preenvelope of M. Moreover, B’ € A from
the middle vertical short exact sequence as A is closed under extensions.
Fix an automorphism f of Z such that fu = u. We will show that this
f is an isomorphism to conclude that p is in fact a B-envelope. Take the

pullback of Z i> Z ﬁ B’, and denote it by W as follows. Moreover, consider
the maps B’ &£ A% 7, which make the following diagram commute. Thus
there exists a homomorphism A such that gh = 1.

(2.11)
Thus we have the following commuting diagram.
0 B—sA-"sM 0 (2.12)
b
o’ B’
0 B w Z 0
b
0—=B—2-p .7 .9



2.3. COVERING IMPLIES ENVELOPING 47

The composition of right column fu is g by assumption and the centre
column is v as previously shown. Moreover, W € B as both B, Z € B.
We will now use the envelope property of v. As W € B, there exists a map
k: B" — W such that kv = h as follows in the top left square. The lower-left
square follows from Diagram [2.11

0 Ao p Al 0

o

0 Al w Coker h —= 0

lg

0 A" p A 0

Therefore as v is an envelope and v = gkv, gk is an automorphism of
B’. This means that there exists a map k': B’ — B’ such that gkk’ =
k'gk = idp/. First note that v = k'gky = k'y. Moreover kk'a = kk'ye =
kve = he = o/. Therefore there exists an [ such that the following diagram

commutes.
B

0 B—=->p Z 0 (2.13)
e,
0—=B-w- Loz .9
o, )
« / /8
0 B B Z 0

Moreover, the centre column composed is idpgs, therefore fi8 = Sgkk’ =
B, and we conclude that fl =idy as (8 is surjective.
Finally, we have the following equalities.

lum = Bkk'y = B'ky = f'h = pr

Therefore I = p. By the above proof, we can conclude that also ! is an
epimorphism, therefore f must be a monomorphism, so is an automorphism
as required. O

We now state the main result of this section.

Theorem 2.3.6. Let (A, B) be a hereditary cotorsion pair. If A is covering
then B is enveloping.

Proof. Suppose (A, B) is a hereditary cotorsion pair such that 4 is cover-
ing. Then by Proposition [2.3.1, every module in 4 has a B-envelope, and
since (A, B) is hereditary from Lemma this is sufficient for B to be

enveloping. O



Chapter 3

The class P;(R)

In this chapter we study the class P;(R) over rings which have a classical
ring of quotients, with the aim to study Enochs’ Conjecture in this setting,
that is the question of when P;(R) is covering implies that P;(R) is closed
under direct limits. We were mainly interested in finding an example of a
positive result when the cotorsion pair (P;(R), P1(R)") is not of finite type,
since a consequence of Theorem is that Enochs’ Conjecture holds for
the cotorsion pairs (P1(R),P1(R)1) of finite type.

In the investigation of when P;(R) is covering, the class @7% (R) plays
an important role, although it is not always well understood. Unlike the
case of the projective modules where thO(R) = Fo(R), it is not neces-
sarily true that the direct limit closure lim P;(R) coincides with the mod-
ules of weak dimension less than or equal to 1, F1(R). However the inclu-
sion @Pl(R) C F1(R) always holds, although an example of rings where
lim Py (R) & F1(R) can be found in [29, Example 9.12]. For certain nice
rings, such as commutative domains, the two classes lim P, (R) and Fi(R)
coincide ([29, Theorem 9.10]).

The aim of Section [3.1]is to give a characterisation of the class lim 7 (R)
when R has a classical ring of quotients, as a generalisation of a result from
[11] without the assumption that f.dim¢ = 0. The main result of this
section is in Proposition which states that lig’Pl (R) is exactly the
intersection of Fi(R) with the left Torf*-orthogonal of the minimal cotilting
class of @-Mod, C(Q) := P1(mod-Q)T.

Next, Section is divided into three parts, where the main aim is to
show that if P;(R) is covering, P;1(R) must be closed under direct limits
for all commutative semihereditary rings. This provides us with an exam-
ple of a class of rings for which P;(R) satisfies Enochs’ Conjecture and
(P1(R),P1(R)") is not (necessarily) of finite type.

We begin in Section [3.2] by looking at some consequences of P;(R) being
covering on the classical ring of quotients of R in Subsection Next

48
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we collect some equivalent characterisations of certain commutative rings,
specifically semihereditary rings, hereditary rings, and the larger class of
rings of weak global dimension less than or equal to one. Additionally we
provide some theorems and lemmas which will be required in the final sub-
section. Finally the aforementioned main result is Theorem in Sub-
section B.2.3

In this chapter, R will always be a ring such that the regular elements
3. satisfy both the left and right Ore conditions. Then the classical ring of
quotients of R, denoted Q = Q(R) is the ring R[X7!] =[S~} R which is flat
both as a right and left R-module. Additionally, we recall that an ideal I of
R is called regular if I contains a regular element of R, that is I N X # 0.

Recall that P;(R) denotes the class of right R-modules with projective
dimension less than or equal to one. We denote by B(R) the right orthogonal
class P1(R)*.

For a ring R, we will denote by C(R) the minimal 1-cotilting class of
cofinite type, so C(R) = P1(mod-R)T = P;(mod-R)T. To see that this is in
fact minimal, recall that a 1-cotilting class C is of cofinite type if there exists
a set & C Pi(mod-R) such that ST = C, thus the 1-cotilting class C(R) is
contained in every other 1-cotilting class C as ST D P;(mod-R)T.

When it is not clear in which module category we are taking the Tor-
orthogonal, for clarity we will denote the Tor{%—orthogonal class in Mod-R
as 7.

3.1 The direct limit closure of P;(R)

The purpose of this section is to describe the class liﬂpl(R). It is a gen-
eralisation of [I1, Theorem 6.7 (vi)] which states that when f.dim @ = 0,
@Pl(R) = F1(R)NTQ-Mod.

We begin by recalling the following Corollary, which states that one can
consider only the finitely presented modules in P;(R) to find its direct limit
closure.

Theorem 3.1.1. [29, Corollary 9.8] Let R be a ring. Then liﬂpl(R) =
hﬂpl(mod-R) = T(P1(mod-R)T) = TC(R) and P1(mod-R)T = (liﬂpl(R))T

We now state some results from [I1]. Following the nomenclature of [11],
in this chapter D will denote the class of right R-modules {D | ExtL(R/rR, D) =
0,7 € ¥} which are called the divisible modules in Mod-R. Similarly, 7F
will denote the class of left R-modules {N | Tor®(R/rR,N) = 0,r € X}
which are called the torsion-free modules in R-Mod. The analogous state-
ments hold for the divisible modules in R-Mod (D = {D | Extk(R/Rr, D) =
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0,7 € ¥}) and the torsion-free modules in Mod-R (7 F = {N | Tor®¥(N, R/Rr) =
0,r € £}).

Remark 3.1.2. The transpose of each of R/rR and R/Rr is the other.
Explicitly, Tr R/rR = R/Rr and Tr R/Rr = R/rR for r € ¥ (up to stable
equivalence). So by Lemma m Exth(R/rR, M) = ExtL(Tr R/Rr, M) =
M ®p R/Rr, and Torf(R/rR, N) = Torl(Tr R/Rr, N) = Homg(R/Rr, N),
so the definition of D and T F coincide with the 3-divisible and ¥-torsion-
free classes defined in Section [I.7] with respect to the left Gabriel topology
generated by principal ideals of the form Rr where r € 3.

We will first quote three useful lemmas from [I1]. The first one is a well-
known fact about Ore localisations which we paraphrase for our convenience.
It allows us to state that the torsion-free class defined above coincides with
the torsion-free class that arises from the perfect localisation R — Q). From
another point of view, it is straightforward to conclude from Remark [3.1.2]

Lemma 3.1.3. [T1, Lemma 5.3] Let R be a ring with classical ring of quo-
tients Q. Then for every torsion-free left R-module gN, Tor®(Q/R,N) = 0.
Analogously, for every torsion-free right R-module Ng, Torl'(N,Q/R) = 0.

The following lemma establishes a relationship between P;(R) and P1(Q).

Lemma 3.1.4. [11, Lemma 6.2] Let R be a ring with classical ring of quo-
tients Q. Then a right Q-module V' is in P1(Q) if and only if there exists
Mg € Pi1(R) such that V. = M ®r Q.

Finally we have a lemma about projective presentations of finitely pre-
sented modules.

Lemma 3.1.5. [11, Lemma 6.4] Let R be a ring and C' a module in Py (mod-R).
Then there is a finitely generated projective module P and a short exact se-
quence of the following form.

0O—-—R"—R"-Co®P—0

We now apply these lemmas to the minimal 1-cotilting class of cofinite
type, C(R) = P1(mod-R)T.

The following lemma is a sort of analogue to Lemma using the
results of Lemma for the finitely presented case.

Lemma 3.1.6. Let R be a ring with classical ring of quotients Q. Then the
following hold.

(i) If M € Py(mod-R), then M ®p Q € P1(mod-Q).

(it) If Cq € Pi1(mod-Q), then there exists a Py € Po(mod-Q) and Ng €
Pi(mod-R) such that Cog & Pg = N ®r Q.
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Proof. (i) is straightforward as @ is both left and right flat.
(ii) Take Cg € Pi(mod-Q). Then by Lemma there exists a Py €
Po(mod-Q) such that there is the following short exact sequence.

0-Qm" B Qr —ComPy—0

Arguing as in the proof of Lemma it follows that there exists a finitely
presented Np in P;(R) of the desired form. We will rewrite the proof here
for this special case. Fix a basis (e1,...,ey) and (fi,..., fr) of @™ and Q™
in Mod-@ respectively. Let A the n x m matrix with entries in () which
represents right multiplication of the monomorphism g on each of the basis
entries (e1,...,ep,). As A is a finite matrix (specifically, a finite column
matrix), one can take the multiple of the denominators of all the entries in
the ith column of A. As this multiple is a unit in @ (and is a regular element
of R) one can adjust the corresponding basis elements of Q™ accordingly.
Explicitly, if [a1 ---ap]T is the ith column of A and d; € ¥ is such that
di[ay -+ - ap]T is a column in R™, then one takes (e1di,...,emndy) as a basis
of Q™. Therefore p can be represented by a matrix B with entries in R. The
matrix B represents a morphism ¢ of right free R-modules R™ — R", and
€ is moreover a monomorphism as R™ C Q™ and the matrix B commutes
with this inclusion map. Therefore ¢ ®p idg = p so Cokere € Pi(mod-R)
is the desired N. O

Lemma 3.1.7. Let R be a ring with classical ring of quotients Q). Then the
following hold.

(i) C(R) N Q-Mod = C(Q).
(ii) If Z € C(R), then Q ®p Z € C(Q).

Proof. (i) For modules M € Mod-R and N € Q-Mod, there is the following
isomorphism as @ is flat from Equation |1.5

Torf* (M, N) = Tor?(M ®rQ,N) (3.1)

Suppose M € Pi(mod-R). Then N € C(R) N @-Mod if and only if the
left-hand side of vanishes. On the other hand, N € C(Q) if and only if
N € P1(Q)T which in view of Lemma amounts to the right-hand side
of vanishing. Therefore N € C(R) N Q-Mod if and only if N € C(Q),
which proves C(R) N Q-Mod = C(Q).

For (ii), we first note that C(R) is closed under direct limits as Tor
commutes with direct limits so a Tor-orthogonal must always be closed under
direct limits.

As (@ is both left and right flat, one can write Q as a direct limit of
finitely generated free right R-modules liga R". Fix a Z € C(R). Then
Q ®pr Z = lim 7" which must be in C(R) as C(R) is closed under direct
limits. Moreover, Q ®r Z € Q-Mod, thus since C(R) N Q-Mod = C(Q) from

(i), Q®r Z € C(Q). O
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Proposition 3.1.8. Let R be a ring with classical ring of quotients Q. Then
the direct limit closure of P1(R) can be written as follows.

ligPﬂR) = F1(R) NTEC(Q)
In particular, if f.dim Q = 0, hﬂPl(R) = F1(R) N TQ-Mod.

Proof. We will simply write TC(Q) for the left Torf-orthogonal of C(Q) in
Mod-R instead of TRC(Q).

First we suppose that M € lim P;(R) and show that M € F1(R)NTC(Q).
The inclusion lim P1(R) C ]-"1(% always holds so it remains to show that
M € 7C(Q). By Theorem if M € hgn'PﬂR), then M € TC(R). As
C(Q) € C(R) by Lemma i), it follows that TC(R) C TC(Q), so M €
TC(Q) as required.

For the converse, fix M € F1(R)NTC(Q). We will show M € lim Py (R) =
TC(R).

As{R/sR|s € ¥} C Pi(mod-R), the class C(R) is contained in {R/sR |
s € ¥}T, so is torsion-free. Hence by Lemma Tor®(Q/R,N) = 0 for
every N € C(R).

Therefore for every N € C(R) we have the following short exact sequence
in R-Mod.

0—>N—->Q®rN —>Q/RrN —0 (3.2)

We apply (M ®g —) to the short exact sequence (3.2]) to get the following
short exact sequence (3.3]).

0 = Torf(M,Q/R ®r N) — Torl{(M,N) — Tor(M,Q ®zr N) =0 (3.3)

The first term vanishes as M € Fi(R) and the last term vanishes as M €
TC(Q) and N € C(R) implies Q®@p N € C(Q) by Lemma [3.1.7(ii). Therefore
the centre term vanishes for every N € C(R) so we have shown that M €
TC(R).

The final statement follows as if f. dim @ = 0, P; (mod-Q) = Py(mod-Q).
Therefore C(Q) = Py(mod-Q)T = @Q-Mod. O

We now state some consequences that were already known for the class

P1(R) when f.dim @ = 0.

Proposition 3.1.9. [T1, Corollary 6.8] Let R be a commutative ring such
that f.dim Q = 0. The following are equivalent

(i) lim P1(R) = Fi(R).
(i) F.w.dim@Q =0

Proof. First note that for every M € R-Mod and Z € @-Mod we have
TOT{%(Ma Z) = TOT({?(M ®r Q, Z) by Equation



3.1. THE DIRECT LIMIT CLOSURE OF Pi(R) 53

(i) = (ii) We show that F1(Q) = Fo(Q). Since @ is a flat R-module,
every flat @Q-module is flat as an R-module. Let X € F;(Q), then view-
ing X as an R-module, X € Fj(R). Thus, by combining the assump-
tion lim P1(R) = F1(R) and Proposition F1 C TQ-Mod, therefore
X € Fo(Q).

(ii)=(i) Let M € Fi(R). If F.w.dim@ = 0, then M ®p Q is a flat Q-
module, hence, 71 CT Q-Mod and thus, lim P = F3, by Proposition

Proposition 3.1.10. Let R be a commutative ring such that Q is a perfect
ring. The following are equivalent.

(i) Py is closed under direct limits.
(i) P1 = Fi.
(iii) R is an almost perfect ring.

Proof. The equivalence (i) < (ii) follows by Proposition
The equivalence (ii) <> (iii) is proved in [26] or [I3, Proposition 8.5]. [

We note some consequences for certain almost perfect rings. Our results
in the next section regard semihereditary rings and valuation domains, in

particular in Subsection

Corollary 3.1.11. Let R be a commutative ring. Then the following hold.
(i) If R is an almost perfect semihereditary ring, then R is hereditary.

(ii) If R is an almost perfect valuation domain, it is a discrete valuation
domain.

Proof. (i) This follows by the equivalence of (i) and (iii) in Proposition
and Lemma [3.2.6

(ii) This follows by [16, Theorem 4.4 and Proposition 4.5], as a noetherian
valuation domain is a discrete valuation domain. O

We note that there exist commutative (hereditary) rings with non-perfect
total quotient ring, therefore it is necessary to impose the condition that the
classical ring of quotients is perfect.

Example 3.1.12. In [I7, 5.1] it is shown that there is a totally disconnected
topological space X whose ring of continuous functions K is Von Neumann
regular and hereditary. Moreover, every regular element of K is invertible.
Hence K coincides with its own quotient ring and P; = Fy = Mod-K, but
K is not perfect, since it is not semisimple.



54 CHAPTER 3. THE CLASS Pi(R)

3.2 When P;(R) is covering

The purpose of this section is to show that if R is a semihereditary com-
mutative ring, P;(R) is covering if and only if P;(R) is closed under direct
limits. This section will be divided into three subsections. First in Subsec-
tion we collect some facts about when P;(R) is a covering class, and
in particular state consequences for Mod-(@) where @ is the ring of quotients
of R. Next we discuss semihereditary rings and state some useful theorems
in Subsection [3.2.2] In the final Subsection [3.2.3] we assume that R is semi-
hereditary and P;(R) is covering, and we will show that R is hereditary,
thus P1(R) is closed under direct limits.

3.2.1 Classical rings of quotients when P;(R) is covering

We restate the following theorem in a way which will be more convenient to
us.

Theorem 3.2.1. [11, Theorem 7.2] Let R be a ring with an No-noetherian
classical ring of quotients Q such that f.dim@ = 0. Then F.dimQ = 0 if
and only if (P1(R),B) is of finite type.

Moreover, in this case B = D, the class of divisible modules.

Remark 3.2.2. When R is a commutative domain, the classical ring of quo-
tients () is a field, so the conditions of Theorem |3.2.1|are satisfied. Therefore
B = D, the class of divisible modules and thus is closed under direct limits
and the cotorsion pair (P;(R),B) is of finite type. Furthermore by The-
orem P1(R) is covering if and only if Pi(R) is closed under direct
limits.

However, the result that P;(R) is closed under direct limits when P;(R)
is covering for when R is a commutative domain can be proved easily without
referring to Theorem For commutative domains, the proof is even
easier using classical Matlis equivalence and some theorems about strongly
flat covers. We do not include an explicit proof here, as it will follow for
arbitrary commutative rings from Theorem and from the properties
of almost perfect domains, see Proposition |3.1.10

Lemma 3.2.3. Let R be a commutative ring. Then B(R) N Mod-Q =
P1Q)"

Proof. Fix some P € Pi(R) and B € Mod-@Q. Then there is the following
natural bijection.

Exty(P, B) = Extf,(P ®r Q, B)

If B € B(R), then the left-hand side vanishes, thus B € P1(Q)*, as every
module in Py (Q) is of the form P®gQ for some P € P;(R) by Lemmal[3.1.4]
Conversely, if B € P;(Q)*, then the right-hand side vanishes, so we conclude
that B € B(R) via the isomorphism. O
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We now find some consequences of when P;(R) is covering.

Lemma 3.2.4. Let R be a commutative ring and let S be a multiplicative
subset of R. Then the following hold.

(i) If R[S has a Pi(R)-cover, then p.dimp R[S™!] < 1.

(ii) If M € P1(R) and M®gR[S™] admits a P1(R)-cover, then p.dimp(M®g
R[S71]) < 1.

(iii) Suppose P1(R) is covering. Let S, T be multiplicative systems of R
R[S~'|@r R[T']
<1.
R[T1] -
Proof. (i) Let the following be a P;(R)-cover of R[S™!].
0—-Y —>A— R[S0 (3.4)

By Example both A and Y are R[S™!]-modules as well. Thus
is an exact sequence of R[S~!]-modules, hence it splits. We conclude that
R[S71] is a direct summand of A as an R-module, hence p.dim R[S~!] < 1.

(ii)Suppose M € P;1(R) and let the following be a Py (R)-cover of M ®p
R[S71].

with S C X. Then p.dimp

0=-Y —>A—M®arR[S =0 (3.5)
As in (i), we conclude by Example @ that the sequence is in
Mod-R[S™"]. Thus, Extpg1)(M ®p R[S™'],Y) = Extj(M,Y) = 0 since
Y € Pi(R)* and M € Pi(R). Therefore M @ R[S™!] is a summand of A,
hence it has projective dimension at most one.
(iii)Suppose P (R) is covering in Mod-R. By (i) p.dimp R[S7!]/R < 1
as S C X, hence (iii) follows by (ii).

O]

Lemma 3.2.5. Let R be a commutative ring and suppose Py (R) is covering
in Mod-R. Then the following hold.

(i) P1(R) N Mod-Q = P1(Q)
(ii) P1(Q) is covering in Mod-Q.

Proof. (i) The inclusion P;(R) N Mod-@Q C P;(Q) is clear. For the converse,
take M € P1(Q) and consider the following P;(R)-cover of M.

0>B—>A%M—0 (3.6)

Then by Example [2.2.10, A, B € Mod-@Q. From Lemma B e P1(Q)*h,
so ¢ splits, so M must be in P;(R).

(ii) Fix a Q-module M and let its P;(R)-cover be as in (3.6). Then
again by Example is a short exact sequence in Mod-@, and by
(i) and Lemma A € P1(Q) and B € P1(Q)* so ¢ must be a P1(Q)-
precover. To see that is a cover, any endomorphism f of A in Mod-Q is also
a homomorphism in Mod-R, therefore ¢ is also a P1(Q)-cover. O
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3.2.2 Properties of semihereditary rings

The following lemma holds symmetrically for the case of a left semihereditary
ring.

Lemma 3.2.6. Suppose R is a right semihereditary ring. Then P1(R) is
closed under direct limits if and only if R is right hereditary.

Proof. Recall that R is right hereditary if and only if P;(R) coincides with
the category of R-modules Mod-R.

Every R-module can be written as a direct limit of finitely presented
modules, and as by assumption R is semihereditary, the finitely presented
modules are contained in P;(R). Thus, every module M is a direct limit
of (finitely presented) modules in P;(R), so Mod-R C ligpl(R). There-
fore for a commutative semihereditary ring we have the inclusions P;(R) C
ligpl(R) = Mod-R.

If R is hereditary, then Pi(R) = li%mPl(R) as P1(R) = Mod-R. Con-
versely, if P1(R) = lim Py (R) then P1(R) = Mod-R, so the conclusion fol-
lows.

O]

We now state some equivalent characterisations of commutative semi-
hereditary rings. We found it interesting to include the rings of weak global
dimension one as the semihereditary rings form a subclass of these rings.
We first recall some definitions.

A valutation domain is a commutative domain R such that for every
r € Q(R), the quotient field of R, z € R or z~! € R. Equivalently, all the
ideals of R are totally ordered by inclusion.

A discrete valuation domain is a local principal ideal domain which is
not a field. A discrete valuation has exactly two prime ideals: the zero ideal
and its unique maximal ideal. Moreover, a discrete valuation domain is a
valuation domain.

Theorem 3.2.7. [28, Corollary 4.2.6] Let R be a commutative ring. Then
w.gl.dim R <1 if and only if R, is a valuation domain for all prime ideals

p of R.

Proposition 3.2.8. [28, Corollary 4.2.19] The following are equivalent for
a commutative ring R where Q(R) denotes the classical ring of quotients of
R.

1. R is semihereditary.

2. Q(R) is Von Neumann regular and for every prime ideal p, Ry is a
valuation domain.
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Moreover, R is a reduced ring (that is it does not contain any nilpotent
elements) and w.gl.dim R < 1.

We will use the following characterisation of hereditary rings.

Theorem 3.2.9. [28, Corollary 4.2.20],[40, Theorem 1.2] Let R be a com-
mutative ring. Then R is hereditary if and only if Q(R) is hereditary and
any ideal of R that is not contained in any minimal prime ideal of R s
projective.

We also have the following proposition from a paper of Vasconcelos.

Proposition 3.2.10. [0, Proposition 1.1] Let R be a commutative ring
with a projective ideal I. If I is not contained in any minimal prime ideal
it is finitely generated.

The following proposition in modelled on Cohen’s Theorem which states
that if all prime ideals are finitely generated, then all ideals are finitely
generated, providing a sufficient condition for a ring to be noetherian, for
example see [31, Theorem 8]. In the following we consider only the regular
ideals.

Proposition 3.2.11. If every regular prime ideal is finitely generated, then
every reqular ideal is finitely generated.

Proof. Let © be the collection of regular ideals which are not finitely gen-
erated, {J,} with a partial ordering by inclusion and assume that © is not
empty. Let ® be a totally ordered subset of ©@. We first claim that ® has an
upper bound in ©, which implies that the set © has a maximal element by
Zorn’s Lemma. Set I := UJQE(I, Jo to be an upper bound of ®. Clearly I con-
tains a regular element, so it remains to show that I is not finitely generated.
Suppose for contradiction that I has a finite set of generators {aq,...,a,}.
Then there exists a J, € ® such that I =< aq,...,a, >C J, C I, therefore
Jq is finitely generated which is a contradiction.

Thus we can apply Zorn’s Lemma, so we fix a maximal element L of ©.
We will show that such a maximal element must be prime, so that © must
be empty. Fix a maximal element L of ©, and suppose it is not prime, that
is there exist two elements a,b € R\ L such that ab € L. Then both L+ aR
and L+bR strictly contain L, so they are both finitely generated. Therefore,
there exist x1,...,2, € L and y1,...,yn € R so that the following forms a
generating set of L + aR.

{z1 4+ ay1,...,zn + ayn}

Consider the ideal H := (L : a) = {r | ra € L}. Then L C L +bR C H,
therefore also H is finitely generated, and so also aH is finitely generated.
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We now will show that L =< x1,...,x, > +aH so L is finitely generated.
Take an element r € L C L+ aR which can be written in the following form.

r=s1(21+ay1) + - + sp(Tn + ayn) = Lisizi + Q(Eisiyi)

In fact, ¥;s;y; € H as a(Eisiyi) = r — ;s;x; € L. Therefore r €<
Tly..., Ty > +aH,so L C< x1,...,x, > +aH. The converse inclusion is
clear, so L =< x1, ...,y > +aH which implies that L is finitely generated
as H is, a contradiction. Therefore L is prime, and so by the assumption
that every prime ideal is finitely generated, ® must be empty. O

The following lemma is due to Glaz.

Lemma 3.2.12. Let R be a semihereditary commutative ring and I an ideal
of R. Then I is contained in a minimal prime ideal of R if and only if I is
not reqular.

Proof. First suppose that I C p where p is a minimal prime ideal of R. By
assumption R is semihereditary, therefore Ry is a domain. Therefore p, = 0
as the prime ideals of R, are in bijective correspondence with the prime
ideals of R contained in p. Therefore also I, = 0, so for each a € I, there
exists a s ¢ p such that as = 0. Therefore for every a € I, a ¢ ¥, that is I
is not regular.

For the converse, suppose that I is not regular. This proof follows a
technique of Kaplansky, see [31, Theorem 1]. Take an ideal L such that
ICL, LNY =0 and L is maximal with respect to this property. Then we
claim that L is prime, which we will show by contradiction.

Suppose that there exist a,b ¢ L such that ab € L. Then L + aR and
L + bR strictly contain L, and so by the maximality of L with respect to
LNY =0, there exist s1 € L + aR and sy € L + bR. Rewrite sy as l1 + ary
and s as s + bry and consider the following.

s1s2 = (I3 + ary)(la + bro)

Clearly the right-hand side is contained in L as ly,lo € L and ab € L.
Therefore s1s9 € L NY, a contradiction.

It remains to show that L is minimal. Suppose there exists a prime p
such that p C L. Then pQ C LQ C @, where the last strict inclusion follows
as L is not regular. However, as R is semihereditary, () is Von Neumann
regular by Proposition [3.2.8] and therefore has Krull dimension zero. As
pQ C L@ are both primes of ) by the bijective correspondence between
the non-regular primes of R and the primes of QQ, p = L, so L must be
minimal. O
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3.2.3 When P, (R) is covering and semihereditary rings

We are now ready to show that if R is a semihereditary commutative ring
such that Pi(R) is covering, then R is hereditary or equivalently P;(R) is
closed under direct limits.

We first show that if P;(R) is covering for a Von Neumann regular com-
mutative ring R, then P;(R) is closed under direct limits.

Proposition 3.2.13. Let R be a Von Neumann regular commutative ring.
Then P1(R) is covering if and only if R is a hereditary ring.

Proof. R is semi-hereditary, so it remains to show that every infinitely gen-
erated ideal I of R is projective. Let the following be a P;(R)-cover of
R/I.

0—-B—A—R/I—0 (3.7)

The ideal I is the sum of its finitely generated ideals which are all of the
form Re, for some idempotent element e € R. For every idempotent element
e € I, we have Ae C B, hence by Corollary Ae = 0. We conclude
that Al = 0. On the other hand, A = B + xR for some element x € A such
that tRN B = xI. Thus BN xR = 0, since AI = 0 and we infer that the
the sequence splits, thus p.dim R/I <1 and [ is projective. O

Note that if R is a Von Neumann regular commutative ring such that
P1(R) is closed under direct limits, the ring R is hereditary as Fo(R) C
P1(R).

By Proposition if R is semihereditary then R, is a commutative
valuation ring for each p € Spec R. Thus R, is semihereditary (every finitely
generated ideal is principal so is free). Statement (i) clearly holds for all
localisations at a multiplicative subset.

Lemma 3.2.14. Let R be a commutative semihereditary ring and p a prime
ideal of R. Then the following statements hold.

(i) For every M € Pi(R), M ®g Ry € P1(Ry)
(it) For every N € B(R), N ®r Ry € B(Ry).
(1it) If P1(R) is covering then Pi(Ry) is covering.

Proof. (i) Clear as R, is flat.

(ii) As R, is a commutative domain, the cotorsion pair (P1(Rp), B(Rp)) is of
finite type, and B(R,) coincides with the divisible modules by Theorem[3.2.1]
Thus it is sufficient to show that for every N € B(R), Ext}zp (Ry/aRy, N ®R
R,) = 0 for each a € R,. Without loss of generality, we can assume that
a € R,sinceifa =x/y withy € p, Ry/aR, = Ry /v R,. As R is commutative
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and R/aR € Pi(mod-R) since R is semihereditary, there is the following
isomorphism.

Extp(R/aR, N)y = Extp, (Rp/aRy, Ny)

As R/aR € P1(R), the left-hand side vanishes as required.
(iii) Consider the following P;(R)-cover of M € Mod-R,.

0B AS M0 (3.8)

Then A, B € Mod-R,, by Example and by (i) and (ii), A € Pi(Ry)
and B € B(Ry). Therefore, is also a P1(Ry)-precover of M in Mod-R,.
Moreover, it follows that any R,-module homomorphism is also an R-module
homomorphism, thus is a Py (R)-cover of M.

0

Lemma 3.2.15. Let R be a commutative semihereditary ring such that
Pi1(R) is covering. Then for each prime p, the ring Ry is a discrete valuation
domain (or a field) and so is an almost perfect hereditary ring. Therefore,
Mod-R, C P1(R).

As a consequence, every mazimal ideal m in R is projective.

Proof. First note that as R, is a valuation domain, it is also semiheredi-
tary. By Lemma [3.2.14|(iii), P1(R,) is covering. Therefore by Remark
Pi1(Ry) is closed under direct limits, so by Proposition Ry is almost
perfect. Thus by Corollary R, is a discrete valuation domain.

To see that Mod-R, C Pi1(R), consider an Ry-module M with the fol-
lowing P (R)-cover.

0B A% M0 (3.9)

By Example [2.2.10} the short exact sequence (3.9) is also a P;(Rp)-cover of
M in Mod-R, by Lemma [3.2.14 We have just shown that R, is hereditary,

so M € P1(Rp), so the sequence must split. We conclude that as A € Py (R),
also M € Pi(R) for any Ry-module M.

For the second statement, let m be a maximal ideal of R. Once one ob-
serves that R/m is a Ryp-module, it follows that m is projective as Mod-Ry, C
P1(R) by the first part of this lemma. O

Lemma 3.2.16. Let R be a commutative semihereditary ring such that
P1(R) is covering. Then every reqular prime ideal is maximal.

Proof. Take p to be a regular prime ideal of R. Then by Lemma [3.2.12
p cannot be minimal. Fix a maximal ideal m such that p € m. Then by
Lemma [3.2.15|in the localisation Ry, there are exactly two prime ideals, as
Ry, is a discrete valuation domain by Lemma [3.2.15| and m is not minimal
by assumption. These are the prime ideals 0 and my,, which are in bijective
correspondence with the prime ideals of R contained in m. As p cannot be
minimal, one concludes that p = m, therefore p is maximal. O
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The following corollary follows easily. It states that all primes not con-
tained in a minimal prime ideal are finitely generated.

Corollary 3.2.17. Let R be a commutative semihereditary ring such that
P1(R) is covering. Then every reqular prime (hence maximal) ideal is finitely
generated.

Proof. Let R be as in the statement of the corollary. From Lemma [3.2.16
we know that all regular primes are maximal and therefore projective by
Lemma[3.2.15] By assumption R is semihereditary, so we can apply Lemma[3.2.12
to conclude that regular primes are not minimal. Thus by Proposition[3.2.10]
as the regular primes are not contained in any minimal prime ideals and are
projective, they are finitely generated. O

We now can state the main result of this section.

Theorem 3.2.18. Let R be a commutative semihereditary ring such that
P1(R) is covering. Then R is hereditary. Therefore Pi(R) is closed under
direct limits.

Proof. We use Theorem to show that R must be hereditary. First
we show that the the classical ring of quotients, @, is hereditary. From
Lemma and the assumption that P;(R) is covering, we know that
P1(Q) is covering. Additionally, as R is semihereditary, we know that @ is
Von Neumann regular by Proposition[3.2.8] Therefore,  must be hereditary
by Proposition [3.2.13
Now we show that any ideal not contained in a minimal prime ideal is
projective. By Lemma |3.2.12] it is enough to show that any regular ideal is
projective, which follows if any regular ideal is finitely generated as R is semi-
hereditary. By Proposition [3.2.11] it is sufficient to show that the regular
prime ideals are finitely generated, which follows from Corollary We
conclude that all ideals not contained in a minimal prime ideal are finitely
generated, and hence are projective as R is semihereditary.
O



Chapter 4

Gabriel topologies and
H-h-local rings

One of the main interests in this thesis are the enveloping and covering
properties of 1-tilting cotorsion pairs over commutative rings. As discussed
in Section these 1-tilting cotorsion pairs over commutative rings are in
bijective correspondence with faithful finitely generated Gabriel topologies.
Therefore, for Chapter [6] and Chapter [7] we will require some more prop-
erties of Gabriel topologies, in particular faithful finitely generated Gabriel
topologies, although often these properties are true in more generality. These
results are outlined in Section .11

In Section we study H-h-local rings with respect to a linear topology
‘H on a commutative ring R. The H-h-local rings are a generalisation of the
S-h-local rings with respect to a multiplicative subset S of R, which were
defined and studied in [I3] Section 4]. The results and proofs on S-h-local
rings can be extended in a straightforward way to a linear topology H. The
important property of H-h-local rings is that they can be characterised by
the properties of the H-discrete modules (or H-torsion when H is a Gabriel
topology), as seen in Propositionwhich is the main result of Section

Eventually, we will use these results for the case of a Gabriel topology
associated to a 1-tilting class, but we found it interesting to generalise to
the case of a linear topology. That is, we only require that the associated
hereditary pretorsion class (in this case the H-pretorsion class) is closed
under direct sums, submodules and quotients. In other words, the additional
property of closure under extensions as in the case of Gabriel topologies is
not required for Proposition [4.2.6

4.1 Some properties of Gabriel topologies

We note that in the following two lemmas, all statements hold in the non-
commutative case except for Lemma (iii). Otherwise, all the Gabriel
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topologies will be right Gabriel topologies, therefore the associated torsion
pair (&g, Fg) are right R-modules and the G-divisible modules are left R-
modules.

We will often refer to the following exact sequence where ¥ is the ring
of quotients homomorphism discussed in Section We often will denote
tg(M) simply by t(M) and when clear from the context, 1 instead of 1.

0= tg(R) = R Rg — Rg/vr(R) — 0 (4.1)

Lemma 4.1.1. Suppose G is a right Gabriel topology. Then the following
statements hold.

(i) If M is a G-torsion (right) R-module and D is a G-divisible module
then M ®r D = 0.

(ii) If N is a G-torsion-free module then the natural map
idy ®@rvr: N - N®gRg is a monomorphism and N — N®prR/t(R)
s an tsomorphism.

(iii) Suppose R is commutative. If D is both G-divisible and G-torsion-free,
then D is a Rg-module and D = D ®r Rg via the natural map
idp ®rYr: D®r R — D ®Rr Rg.

(i) If X is an R-R-bimodule and is G-torsion, then M @r X is G-torsion
for every M € Mod-R.

Proof. (i) This is from [39, Proposition VI.9.1]. Suppose M is a G-torsion
module and D is a G-divisible module. Then there is the following surjection.

P Rr/Ju - M0

a€A

As R/J ®r D = 0 for every J € G by definition, the conclusion follows by
applying (— ®g D) to the above sequence.

(ii) Consider the following commuting triangle where N is G-torsion-free in
Mod-R.

0
N idy ®rYR N®R Rg
dJNi on

Ng

Then ¥y is a monomorphism and since ¥y = Oy o (idy @r¥R), also
idy ®g1R is a monomorphism. Moreover, we know that idy ®gir factors

as follows.
N - N®pg R/t(R) - N ®r Rg
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Thus also N - N ®g R/t(R) is a monomorphism, and therefore is an iso-
morphism.

(iii) Consider the following commuting diagram where the horizontal se-
quence is exact by (i) as D is G-torsion-free.

0
0 Zl) idp ®rYR D
®r Rg D ®r Rg/Y(R) 0
Qle %
Dg

Additionally, D ®r Rg/v¥(R) = 0, since Rg/v¥(R) is G-torsion. Therefore

the following map is an isomorphism.

idp ®rvYr: D = D ®R Rg

(iv)Fix X a G-torsion R-R-bimodule and M € Mod-R. Take a free presen-
tation of M, R — M — 0. Apply (— ®g X) to find the following exact
sequence.

X 5 MorpX =0

As X9 is G-torsion and the G-torsion modules are closed under quotients,
also M ®p X is G-torsion. ]

Lemma 4.1.2. Suppose G is Gabriel topology of right ideals. Then the
following hold.

(i) If p.dim Mg < 1, then Torl{(M, Rg) = 0.

(i) If p.dim Mp <1 and M is G-torsion-free, then
Tory(M, Rg) = 0 = Tor{ (M, Rg /¥/(R)).

Proof. (i) By assumption p.dim My < 1, so there is the following projective
resolution of M, where Py, P; are projective right R-modules.

0P 5P —-M=0 (4.2)

We first note that from the following short exact sequence, Torf(M, R/t(R))
is G-torsion, as it is contained in the G-torsion module M ®p t(R) (see
Lemma [4.1.1[iv)) and is itself a right R-module as R/t(R) is an R-R-
bimodule.

0 — Torf'(M, R/t(R)) - M ®@rt(R) = M — M ®pg R/t(R) — 0
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Next, we note that from the following short exact sequence, Tor{%(M ,Rg) is
G-torsion-free as it is contained in the G-torsion-free module P ® Rg.

0 — Torf (M, Rg) — P, ®g Rg — Py ®r Rg — M ®r Rg — 0 (4.3)

Thus from the following short exact sequence, Torf (M, R/t(R)) is G-torsion-
free as by assumption Tork (M, Rg/¢(R)) = 0. Therefore we conclude that
Torf(M, R/t(R)) = 0 as it is both G-torsion and G-torsion-free.

0 — Torf(M, R/t(R)) — Tor®(M, Rg) — Tor®(M, Rg /1 (R))  (4.4)

Moreover, also Tor?(M, Rg/1(R)) is G-torsion by applying (—®g Rg /% (R))
to the short exact sequence (4.2). Therefore Torf(M, Rg) = 0 as it is both
G-torsion by and G-torsion-free.

(ii) Consider the following commuting triangle where idy; ®g¢r is a

monomorphism by Lemma [4.1.1{(ii).

0
0 M idy ®rYR M ®p Rg
¢]\/[i onr
Mg

By applying the functor (M ® g —) to the short exact sequence (4.1)), we have
the following exact sequence, as the connecting map Torf(M, Rg/1(R)) —
M ®gr R/t(R) is zero.

0 = Torf{(M, Rg) — Torf!(M, Rg/t(R)) — 0

By (i), Torf(M, Rg) = 0, and idy; ®gtbr is a monomorphism by thus also
Torf*(M, Rg/¢(R)) = 0 as these two modules are isomorphic from the above

short exact sequence.
O

Lemma 4.1.3. Consider a right Gabriel topology G. Let M be a G-torsion
module and N a G-closed module in Mod-R. Then Exth(M, N) = 0.

Proof. Let G be a Gabriel topology of right ideals and £ its associated hered-
itary torsion class in Mod-R which is generated by the cyclic modules R/.J
where J € G. Therefore, for M a G-torsion module, there exists a presenta-
tion of M as follows.

0—=H— @ R/Ja—>M—0 (4.5)
Ja€G
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The module H is G-torsion since £ is a hereditary torsion class. Take a
G-closed module N and apply the functor Hompg(—, N) to (4.5).

0 = Homp(H, N) = Exty(M, N) = Extp(ED R/Ja, N) =0 (4.6)

The first abelian group of the sequence vanishes since H is G-torsion
and the last abelian group vanishes since direct sums commute with Ext’(—, N)
and Exth(R/Ja, N) = 0 for every J, € G. Therefore Exth(M,N) = 0 as
desired. O

We note that in the case of a Gabriel topology with a basis of finitely
generated ideals, Lemma can be generalised slightly to include all mod-
ules of w.dim My < 1. This interests us as the Gabriel topologies associated
to silting classes and 1-tilting classes are finitely generated.

Lemma 4.1.4. Suppose G is a right Gabriel topology with a basis of finitely
generated ideals. Then the following hold.

(i) If p.dim M < 1, then Mr ®gr Rg is G-torsion-free.
(i3) If w.dim Mg < 1, then Tor®(M, Rg) = 0.

(iii) If w.dim Mr <1 and M is G-torsion-free, then
Tory(M, Rg) = 0 = Tor{'(M, Rg /¥/(R)).

Proof. For (i), first note that for any projective right R-module Pr, Pr ®g
Rg < R(ga). By the assumption that G is finitely generated, by Proposi-
@

tion [1.7.2], we have that arbitrary direct sums of copies of G-closed modules
are G-closed, thus we conclude that Pr ® g Rg is G-closed. Now consider the
presentation 0 — P, - Py — M — 0 of M with Py, P; projective. Then
0 = Pi®@rRg — Phy®rRg — M®pRg — 0 is exact as Torf (M, Rg) = 0 by
Lemma.1.2(i). As the middle term Py® g Rg is G-torsion-free and Py ®r Rg
is G-closed, it follows that M ®pg Rg is G-torsion-free.

For (ii), it is enough to show that for every flat right R-module F, F ®p
Rg is G-torsion-free, then by an identical argument to that in Lemma [4.1.2]
the conclusion follows. Explicitly, for (ii) one finds that Torf'(M, Rg) is
g-torsion-free and at the same time a submodule of the G-torsion module
Tor (M, Rg/v(R)), and similarly for (ii).

We now show that for every flat right R-module F, F ®r Rg is G-
torsion-free. By assumption, G has a basis of finitely generated ideals. By
Proposition the G-torsion-free modules are closed under direct limits.
As F can be seen as a direct limit of projective modules, and the tensor
product commutes with direct limits, F' ®r Rg is a direct limit of modules
P, ®pr Rg with P, projective. Each P, ®g Rg is G-torsion-free, thus F @ Rg
is a direct limit of G-torsion-free modules, thus is itself G-torsion-free by
Proposition [1.7.2 ]
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The following lemma is taken from [39, Exercise I1X.1.4], although we
state the lemma in a slightly more convenient way for us. We let E(M)
denote the injective envelope of M and E(M)/M the cokernel of the natural
inclusion map.

Lemma 4.1.5. Let G be a right Gabriel topology on R. Then the following
are equivalent.

(i) The functor q: Mod-R — Mod-Rg is exact.
(ii) The module E(M)/M is G-closed for every G-closed module M.
(iii) For every G-closed module M and each J € G, Ext%(R/J, M) = 0.

Proof. We will show (i) = (ii)<(iii) == (i) The equivalence of (ii) and (iii)
follows applying Hompg(R/J, —) to the injective envelope of M. Therefore
we have the following isomorphism for each J € G.

0 — BExth(R/J, E(M)/M) — Ext%(R/J, M) — 0

For the equivalence of (i) and (iii), we begin by assuming that ¢ is exact.
Fix a J € G and take a G-closed R-module M. Let 0 — M — E(M) —
E(M)/M — 0 be the injective envelope of M in Mod-R. Then since M
is essential in F(M), E(M) must be G-torsion-free and thus is G-closed.
Thus we have the following commuting diagram, where the exactness of the
bottom row follows by our assumption that q is exact.

0 M E(M)
%le %J/%z(m le(M)/M
0—— Mg ——E(M)g - (E(M)/M)g —0

E(M)/M ——=0

It follows by the snake lemma that E(M)/M is isomorphic to its module of
quotients so is G-closed. Therefore, by applying the functor Homp(R/J, —)
to the injective envelope of M, we find the following sequence is exact and
so the conclusion follows.

0 = Exth(R/J, E(M)/M) — Ext%(R/J, M) — Ext%(R/J, E(M)) =0

For the converse, assume that for every G-closed module M and every J €
G, Ext%(R/J,M) = 0. First note that by assumption that the G-closed
modules are closed under cokernels of monomorphisms, which follows easily
by applying Hompg(R/J, —). Now consider ¢ applied to the exact sequence

0— L i) M % N — 0. Recall that q is left exact, so it remains only
to show that the induced map gg is a surjection. We have the following
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commuting diagram where the top row is in Mod-R and the bottom row is
in Mod-Rg.

0 JAEANY Y S 0 (4.7)
liﬁL *Ld}M ‘Ld}N
fg 9g
0 Lg Mg Ng

As R — Rg is a ring homomorphism and the canonical homomorphisms
Yr, Y, YN are R-linear, the diagram can be considered an exact sequence
in Mod-R (and so also gg). Therefore it is sufficient to show that gg is a
surjection in Mod-R, and it will follow that it is a surjection in Mod-Rg.
Firstly, the canonical homomorphisms v and ), induce a map h: N —
Coker fg and k: Coker fg — Ng by the universal property of the cokernel
as in the following commuting diagram.

0 Ll 9 N 0 (4.8)

le iw J{h
Lg i % Coker fg —0
0 Lg Ng

Thus from khg = kmyy = gg¢M. Additionally from PYNg =
go¥ar, so by the surjectivity of g, kh = ¥n. We would like to show that
k: Coker fgNg is an epimorphism, forcing the bottom row of to be
exact as we want.

By assumption Coker fg is G-closed. Additionally from Proposition[I.7.Ijwe
have the isomorphism 9} : Hompg(Ng, X) 5 Homp (N, X) for any G-closed
module X. It follows that below we have the existence and uniqueness of A’
and k' such that /vy = h and kiy = Py

0

NN N NG
hl / wNJ, %
Coker fg Ng

Since k' is unique and both kh’ and idy, make the above-right triangle
commute, we conclude that kh' = idy,. Therefore k is surjective, so also gg
must be surjective, as required.

O

Lemma 4.1.6. Let G be a right Gabriel topology and vr: R — Rg the
natural ring homomorphism. Then g is a ring epimorphism if and only if
Rg ®r Rg is G-torsion-free.
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Proof. If 1R is a ring epimorphism, then Rg = Rg ®pr Rg, so Rg is clearly
G-torsion-free. For the converse, by Lemma (ii), the following is a short
exact sequence.

idp, ® RV
0= Rg """ Rg®pRg — Rg ®r Rg/(R) — 0

If Rg ®r Rg is G-torsion-free, then Rg ®r Rg/v(R) is G-torsion-free as
additionally Rg is G-closed. Thus Rg ®r Rg/¢¥(R) = 0 as it is both G-
torsion and G-torsion-free. O

More generally, if every Rg-module is G-torsion-free as an R-module,
then Rg is a right perfect localisation, see [39, Exercise XI.6].

Next we want to show that if the ring of quotients is flat, the localisation
map must be an epimorphism of rings. We note that this doesn’t necessarily
mean that the Gabriel topology arises from a perfect localisation, as in the
following example.

Example 4.1.7. Let R be a valuation domain which has a (non-principal)
idempotent maximal ideal m. Consider the Gabriel topology G = {m, R} on
R. We claim that R — Rg is a flat ring epimorphism but G is not a perfect
localisation.

We first compute Rg = lingomR(m, R). Fix a map f: m — R, and
let e: R — @ denote the inclusion of R in its field of fractions. Then there
exists a g: R — @ which makes the following diagram commute as @ is an

injective module.
mc : R
1|
? f
Q

We want to show that Im g C R, that is that g(1) € R. As R is a valuation
domain, for every z € Q, z € R or z~! € R. Thus we suppose that g(1) :=
r/s for r;s € R. If r/s € R, we are done. If s/r € R, then r/s = 1/t for
some t € R. We will show that this ¢ is necessarily a unit.

For every z € m, g(z) € R, so g(z) = =/t € R. Therefore, m C tR,
but as m is maximal not principal, tR = R. Therefore, ¢ is a unit, so
every map f extends uniquely to a map h: R — R. We conclude that
Hompg(m, R) = Hompg(R, R), so Rg = R. Therefore, the map ¢r: R — Rg
is an isomorphism, so is clearly a flat ring epimorphism. Instead, Rg is
clearly not G-divisible, as mR # R, so G is not a perfect Gabriel topology.
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Proposition 4.1.8. Let G be a finitely generated right Gabriel topology over
R. Suppose Rg is flat as a left R-module. Then the localisation map R — Rg
is an epimorphism of rings.

Proof. By Lemma [4.1.6] it is enough to show that Rg ® Rg is G-torsion-
free. As rRg is flat, it is a direct limit of free left R-modules Fi,. Thus as
the tensor product commutes with direct limits, we have that Rg ® p Rg =
li_n%(Rg ®r Fu). Each Rg ®g F, is G-torsion-free, thus by the assumption
that G is finitely generated, by Proposition also the direct limit of G-
torsion-free modules is G-torsion-free. Thus Rg ®r Rg is G-torsion-free. [

Similarly, by Lemma and Lemma [4.1.4(i), if G is a finitely gener-
ated Gabriel topology and p.dim(Rg)r < 1, then yg: R — Rg is a ring
epimorphism.

The following lemma will be useful when working with a faithful Gabriel
topology over a commutative ring that arises from a perfect localisation.

Lemma 4.1.9. Let R be a commutative ring, u: R — U a flat injective ring
epimorphism, and G the associated Gabriel topology. Then the annihilators
of the elements of U/R form a sub-basis for the Gabriel topology G. That
is, for every J € G there exist z1,23,...,2n, € U such that

ﬂ Anng(z; + R) C J.

0<i<n

Proof. Every ideal of the form Anng(z+ R) is an ideal in G since K = U/R
is G-torsion.

Fix an ideal J € G. Then, U = JU, so 1y = > (<<, @iz Where a; € J
and z; € U. We claim that o

ﬂ Anng(z; + R) C J.

0<i<n
Take b € (y<;<, Anng(z; + R). Then
b= > baz €J
0<i<n

since each bz; € R, hence ba;z; € J, and it follows that b € J. ]

4.2 ‘H-h-local rings

This section concerns a class of rings which includes the commutative local
rings and the h-local rings. We will be looking at H-h-local rings. The main
result of this section is that the H-h-local rings can be characterised by the
properties of the H-discrete modules, as will be shown in Proposition [4.2.6
which is the main result of this section.
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The following observations were made in [I3], Section 4] but in the case
of a multiplicative subset of R. All the proofs can be extended easily to the
case of a linear topology H on a commutative ring R.

Definition 4.2.1. A ring R is H-h-local if for every J € H, J is contained
only in finitely many maximal ideals of R and every prime ideal in H is
contained in only one maximal ideal.

We say that the ring R is ‘H-h-nil if every element J € H is contained
only in finitely many maximal ideals of R and every prime ideal of R in H
is maximal.

It is clear that every H-h-nil ring is H-h-local. We first give a sufficient
condition for a ring to be H-h-nil.

Lemma 4.2.2. Let H be a linear topology on R. If R/J is perfect for every
J € H, then R is H-h-nil.

Proof. By Proposition|[1.4.3] it follows that there are only finitely many max-
imal ideals of R/J thus each J € H is contained in finitely many maximal
ideals of R.

Take a prime p € H. Then R/p is a perfect domain, so is a field (by
the comment at the end of Proposition , so it follows that p must be
maximal. O

Before continuing with linear topologies, we will need a well-known fact
about localisations and a corollary.

Lemma 4.2.3. [7, Ezercise 3.3] Suppose S, T are multiplicative subsets of
a commutative ring R and T is the image of T in R[S™!], or in other words
the multiplicative subset {(t/s)~ € R[S™'] |t € T,s € S} of R[S7!]. Then
R[(ST)~'] = (R[S~'D[T].

Corollary 4.2.4. Let S be a multiplicative subset of a commutative ring R,
¢s: R — R[S™1] the localisation map and p,q where p = gb?q be primes of
R and R[S™Y] respectively, so p NS = (. Then the localisation of R[S™1]
with respect to q and the localisation of R with respect to the prime p are
isomorphic as rings and as R-modules.

Proof. First fix a prime q of R[S™!] and a prime p of R as above.

The image of R\ p can be considered as a multiplicative subset of R[S™!]
via the natural ring map ¢g. Also, as q = ¢s(p)(R[S™!]), ¢s(R\ p) is
contained in R[S\ q.

Moreover, every element of R[S™1]\ q can be written as a multiple of
¢s(R\p) and a unit of R[S™!], thus the localisations of R[S~!] with respect
to ¢s(R\p) and with respect to R[S~!]\ q are the same, so (R[S™!])[¢s(R\
p) 71 = (R[STY[(R[ST]\ q)7!]. Therefore, setting S to be S and T to be
R\ p in Lemma[4.2.3] we find ST = S(R\p)=R\p=TaspnNS=10. We
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conclude that there is the following isomorphisms of rings. As all the ring
maps are R-linear, it is also true for R-modules.

Ry = R[(ST)™'] = (R[ST')T™"] = R[S~
O
The following holds for any linear topology on R of a commutative ring.

Lemma 4.2.5. Let H be a linear topology on R such that every prime in H
is contained in only one maximal ideal. Then for m # n mazimal ideals of
R, the following hold.

(i) J(Rm ®g Ry) = R ®g Ry for each J € H.
(ii) For each H-discrete module N, N ® g Ry ®p Ry = 0.

Proof. Let ¢: R — Ry ®pr Ry denote the natural ring map. For (i), first fix
J € H. Take q a prime ideal in Ry, ®g R,. Then there is a unique prime
p of R such that p C mNn and q = p(Ry @ Ry). By assumption, p ¢ H
as it is a prime contained in two maximal ideals. Therefore, J € p so there
exists a € J such that a ¢ p and we conclude that JR, = R,.

Applying the exact functors (— ®pr Ry) and (— ®pg Ry) to the inclu-
sion 0 — J — R, we find the following inclusion where ey, = ¢ Qg
dg, @ridg, =€ ®RridR,@xR.-

0— J®Op Rn ®r Ry = J(R ®r Ry) ™ R ®r R

We will show &y, is an isomorphism of Ry, ® g Ry-modules by showing that
for every prime q of Ry ®p Ry, the localisation ey, is an isomorphism. Fix
a prime q of Ry ®p Ry. From Corollary [4.2.4] we know that localisation of
R with respect to p is the same as localisation of Ry ®p R, with respect
to q, that is Ry = (Rm ®g Run)q as R-modules. Moreover, as we know that
J(Rm®@pRy)QrRp = Rn®@rRa®@p Ry by the argument in the first paragraph,
we conclude the first statement of the lemma.

The statement (ii) follows easily as R/J ®r Rn ®r Ry = 0 for every
J € H, so as every H-discrete module NNV is an epimorphic image of modules
of the form @, R/J, with J, € H.

0:(@R/Ja)®RRm®RRu—>N®RRm®RRn—>O

O

The following two propositions are the main results of this section, which
generalise [13, Proposition 4.3 and Lemma 4.4].

Proposition 4.2.6. Suppose H is a linear topology over a commutative ring
R. The following are equivalent.
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1. R is H-h-local.

2. N2 @ Ny for every H-discrete module N.
memSpec R

8. N= @D N for every H-discrete module N.

meH
memSpec R

Moreover, the above conditions hold when R/J is perfect for every J € H.

Proof. (i) = (ii). We begin by showing that statement (ii) holds for the
cyclic modules R/J with J € ‘H. By assumption, J is contained in finitely
many maximal ideals so 1+ J is mapped to a non-zero element of Ry ®@pR/J
for only finitely many maximal ideals. Thus there is the following natural
monomorphism.

Vppy: RIS —— @ R/ < I (B/))m

memSpec R memSpec R

r+J— >  (r+JI)m
memSpec R

We will show that Wp/; is surjective by showing that Vg, ;(R/J) and

( R/J)m coincide for every localisation at a maximal ideal of R. To
memsSpec R

begin, if n ¢ #H is maximal, then for each J € G (R/J)y = 0 as there exists
an a € J\ n, and it also follows that (@D, cnspec r(R/J)m), = 0. For a
maximal ideal n € H, by Lemma (R/J)m ®r Ry = 0 for m # n. So
clearly (@meSpecR(R/J)m)n = (R/J)n = Vg, s(R/J)n, so we are done.

For N a general H-discrete module, consider a short exact sequence of
the following form where J, € ‘H and all the modules are H-discrete as the
class of H-discrete modules is closed under submodules and quotients (that
is, it is hereditary pretorsion).

0—>H—>@R/Ja—>N—>O (4.9)

Consider the following commuting diagram formed by taking the direct sum
of all @memspecR(Rm ®g —) applied to (4.9), and ¢ p, ¢y the natural maps
sending each element to its image in the localisations, which can be seen
to be well defined (that is, contained in the direct sum) considering the
isomorphism for each R/J.

0 H @D, R/ Ja N 0
YH =~ YN

0—> @ Hi—> D (BRJ)—>= D No—>0
memSpec R memSpec R« memSpec R

(4.10)
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Thus v is surjective by the snake lemma applied to . Additionally,
as also H is H-discrete, the same argument says that ¥ is surjective. Thus
1y must be an isomorphism again by the snake lemma applied to .
(ii) = (iii). We claim that if J € H, (R/J), = 0 for every n ¢ H
maximal, as there exists an element a € J, a ¢ n, so JRy, = R, as J
contains a unit of R,. Therefore, using that every H-discrete module N is
the image of cyclic H-discrete modules, N, = 0 for every maximal n ¢ H.
(iii) = (i). If R/J = Bnemspec Rimen (£2/J)m, this direct sum must be
finite as R/J is cyclic. Moreover, if (R/J)y = 0 for n maximal, JR, = Ry so
J must contain a unit of Ry, so J ¢ n. This shows J is contained in finitely
many maximal ideals. To see that every prime p of H must be contained
only in one maximal ideal, suppose p C m Nn where m # n are maximal
and consider R/p = D emspec Rimew (£2/P)m- Then applying (Ry, ®r —),
Ry/pRy = D nemspec Rimen (F/P)p as p S m, s0 R @g Ry = Ry. This is a
contradiction, as R,/pR, cannot contain two direct sum copies of itself, so
p is contained in exactly one maximal ideal. O

Proposition 4.2.7. Let R be a H-h-local ring. Let M(m), N(m) be two
collections of Ry-modules indexed by maximal ideals m of R. Suppose the
modules M (m) are H-discrete. Then any morphism @,, M (m) — P,, N(m)
is a direct sum of Ry-module homomorphisms M (m) — N(m).

Proof. We will show that Hompg(M (m), N(n)) = 0 for m # n maximal ideals.
As R — R, is a ring epimorphism, note that N(n) = Hompg, (R, N(n)) =
Hompg(Ry, N(n)). Thus using the tensor-Hom adjunction we have the fol-
lowing.

Homp (M (m), Hompg(Ra, N(n))) = Homp(M(m) @k Ra, N(n))

However, as M (m) is H-discrete and R/J @ R ®r Ry = 0 for every J € H
and m#n, M(m) g Ry = M(m) ®g Ry ®r Ry = 0, as required. d



Chapter 5

Topological rings and
contramodules

Along with Chapter [4] the purpose of this chapter is to introduce some con-
cepts that we will need for the final Chapter [6|and Chapter [7]] The material
covered in this chapter is a combination of ideas from [34], [I5], and [14],
and covers mostly methods using contramodules and topological rings.

In Section we begin by defining the completion of an R-module with
respect to the right linear topology H on R, as well as stating some prelimi-
naries. In particular, for when H is nice enough, we introduce the topological
ring Ay (R). Moreover when G is a faithful perfect Gabriel topology, there is
a ring R := Endg(K) where K = Rg/R. The two Ag(R) and fR, as well as
more generally the modules AgM and Hompg(K, M ®r K) for a G-torsion-
free R-module M will be particularily interesting for us later in Section
and moreover in Chapter [6] and Chapter

The main result of Section [5.2|is an extension of [34, Theorem 2.3] which
itself a generalisation of [33, Theorem 6.8]. In this theorem, Positselski
considered a commutative ring R and a multiplicative subset S of R and
considered the so called S-completion of a module M. He proceeded to give
a characterisation of the modules M such that the projective limit topology
and the S-topology coincide on the completion Ag(M) of M. We extend
this to to a right linear topology H. Furthermore, we give some equivalent
conditions for these topologies to coincide in Theorem which is an an
extension of [34, Theorem 2.3].

In Section [5.3|we discuss u-contramodules with respect to a ring epimor-
phism of commutative rings u : R — U and let K := U/u(R). We begin
with u a general ring homomorphism before specialising first to the case that
u is a flat injective ring epimorphism, and then furthermore with the addi-
tional assumption that p.dim U < 1 in Subsection Here we introduce
some modules, for example Homp(K, M @ K) and A, (M) := Exth(K, M),

75
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which in view of the category equivalence in Theorem will be very use-
ful. When we use these results in Chapter [6] and Chapter [7} we will be in
this setting of a flat injective ring epimorphism u: R — U of commutative
rings such that p.dimU < 1.

The brief Section [5.4| recalls the equivalence of two additive subcategories
of Mod-R with respect to a flat injective ring epimorphism of commutative
rings u: R — U with associated Gabriel topology G: the wu-h-divisible G-
torsion modules and the G-torsion-free u-contramodules. This is a special
case of [I5l Theorem 1.3], where the equivalence is proved for a general
ring epimorphism u: R — U such that Torf(U,U) = 0 (note that U is not
necessarily flat).

Finally in Section [5.5| we show that if u: R — U is a flat injective ring epi-
morphism of commutative rings, the equivalent conditions of Theorem [5.2.1
hold for G-torsion-free modules. This was proved in [34, Lemma 2.4] for the
S-topology which is a generalisation of [33] Lemma 6.9]. However, in our
more general case we need to use a different approach which is more involved
than that for the S-topology.

As mentioned above, for most of this chapter, u: R — U will always
denote a ring epimorphism of commutative rings, and for the most part
(outside the beginning of Section u will denote a flat injective ring epi-
morphism. Only in Subsection [5.3.2] will there also be the assumption that
p.-dimU < 1.

Even though Section [5.1] on topological rings covers only preliminary
material, we chose to include it in this chapter rather than in Chapter [1| to
make this chapter self-contained.

5.1 Topological rings

A ring R is a topological ring if it has a topology such that the ring operations
are continuous.

A topological ring R is right linearly topological if it has a topology with
a basis of neighbourhoods of zero consisting of right ideals of R. The ring
R with a right Gabriel topology is an example of a right linearly topological
ring.

If R is a right linearly topological ring, then the set of right ideals J
in a basis B of the topology form a directed set. The B-topology on a
right R-module M is the topology where the base of neighbourhoods of 0
are the submodules MJ for J € B. Furthermore, for every R-module M,
{M/MJ | J € B} is an inverse system. The completion of M with respect
to B is the module

Ap(M) := @ M/MJ.
JeB
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There is a canonical map Ay : M — Ag (M) which sends the element z € M
to (x + MJ)jew. Each element in Ag(M) is of the form (z; + MJ) jem
with the relation that for J C J', x; — xy € M.J'. The module M is called
‘H-separated if the homomorphism A, is injective, which is equivalent to
Njes MJ = 0. The module M is called H-complete if the map Aps is
surjective.

The projective limit topology on Ag (M) is the topology where a sub-
basis of neighbourhoods of zero is given by the the kernels of the pro-
jection maps Ay (M) — M/MJ. That is, it is the subspace topology of
[1;c03 M/MJ, where the topology on [] ;cqs M /M J is the product topology
of the discrete topologies on each of the M /M J. In this case, the R-module
Ay (M) is both separated and complete with this topology. We will simply
write A(M) when the basis 9B is clear from the context.

The assignment Ay is a functor from Mod-R to the full subcategory of
complete and separated right R-modules, and the assignment {\ys} pemod-r
forms a natural transformation idyeq.g — As. Thus if f: M — N is
a homomorphism of R-modules, A(f) maps (mj + MJ)jes to (f(my) +
NJ)jess, and there is the following commuting diagram.

M —2Y Ay (M)
fi il\%(f)
N — M A

N)
If the ideals in B are two-sided in R then the module Ag(R) is a ring.
Furthermore, it is a linearly topological ring with respect to the projective
limit topology.
Let H be a right linear topology with basis 2. Then it follows that the
module Jim Jen M /M J is isomorphic to Ag (M), thus we sometimes denote

A

the completion by Ay (M).

Remark 5.1.1. For each J € 93, let V; denote the kernel of the projection
py: Ag(M) — M/MJ. Then there is always the inclusion V; D Ag(M)J.

The following is [34, Proposition 2.2(a)].

Lemma 5.1.2. Let B be a basis for a right linear topology H on R and M
a right R-module. Then the completion Ay (M) is H-separated.

Proof. By Remark Ag(M)J C Vj for each J € B. Therefore
Nyes As(M)J € Njew Vs = 0, since Ap(M) is always separated with
respect to the projective limit topology. O

Let R be a linearly topological ring. A right R-module M is discrete
if for every € M, the annihilator ideal Anng(x) = {r € R | zr = 0} is
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open in the topology of R. So if H is a right linear topology on R, then
M is H-discrete if and only if M is in the associated pretorsion class of
H. The H-discrete modules are naturally Ag(R)-modules, where the action
of Ag(R) is defined as follows. Fix x € M and 7 := (rj + J)jep and let
I € %8 be an ideal of R such that I C Annz. Then the action is defined as
x - 7 := xry. Furthermore, in the case that the topology on R is a Gabriel
topology G on R, then a module is discrete if and only if it is G-torsion.

Definition 5.1.3. A linearly topological ring is pro-perfect ([14, 35]) if it is
separated, complete, and with a basis of neighbourhoods of zero formed by
two-sided ideals such that all of its discrete quotient rings are perfect.

5.1.1 Perfect Gabriel topologies and the ring AgR

In this subsection we consider the case where the linear topology is a faithful
perfect Gabriel topology over a commutative ring R. Therefore ¢r: R — Rg
is a flat injective ring epimorphism of commutative rings, which as usual we
will denote by u: R — U. Let R denote the endomorphism ring Endg(K)
where K = Rg/R = U/R. Take a finitely generated submodule F' of K,
and consider the ideal formed by the elements of ‘R which annihilate F'. The
ideals of this form form a base of neighbourhoods of zero in R. Note that
this is the same as considering Endg(K') with the subspace topology of the
product topology on KX where the topology on K is the discrete topology.
We will consider SR endowed with this topology, which we will call the finite
topology.

We will now state the above in terms of a Gabriel topology that arises
from a perfect localisation. Let G be the Gabriel topology associated to the
flat ring epimorphism w: R — U of commutative rings. As K @ U =0, K
is G-torsion, or equivalently a discrete module. Thus there is a natural well-
defined action of Ag(R) on K. As well as the natural map Ar: R — Ag(R),
there is also a natural map v: R — R where each element of R is mapped
to the endomorphism of K which is multiplication by that element.

5.2 The H-topology and the projective limit topol-
ogy

We now return to the more general case of a right linear topology H. We
would like to prove a theorem which is an analogue of [34, Theorem 2.3] with
a basically identical proof. Instead of considering localisations, we consider
right linear topologies on R which we will denote H, and B a basis for H.

The definition of an S-pure submodule given in [34] is extended to right
linear topologies in the following way. A submodule L of a right R-module
M is H-purein M, if MJNL = LJ for every J € H. We note that this is not



5.2. THE H-TOPOLOGY 79

the same definition given by Stenstrom in [39, Exercise 1X.23] for Gabriel
topologies, and coincides with his definition of a H-copure submodule.

We let [[ M denote [];cs M/M.J and V; the kernel of the natural
projection map py: Ag(M) — M/MJ.

Theorem 5.2.1. Let M be a right R-module and and B the basis for a right
linear topology H on R. Consider the following conditions.

(i) The R-module Ay (M) is (H-separated and) H-complete.
(ii) The H-topology and the projective limit topology on As(M) coincide.
(iii) For every J € B, the submodule V; C Ag(M) coincides with Ay (M)J.

(iv) For every J € B, A\y: M/MJ — Ag(M)/Ags(M)J is an isomor-
phism.

(v) For every H-separated and H-complete module D and every R-module
homomorphism f: M — D there exists a unique R-module homomor-
phism f': Ag(M) — D such that the following commutes.

MY A (M)

e

(vi) The R-module Coker Ay; equals (Coker App)J for every J € B.

~

D

(vii) A M is H-pure in [] ;e M/MJ (or ([]g M)J N An(M) = An(M)J
for every J € B ).

Then (i)-(v) are always equivalent, and we have the implications (vi) = (i)-
(v) = (vii). If moreover H has a basis of finitely generated ideals B, (i)-(v)
and (vii) are equivalent.

If B consists only of two-sided ideals, then (i)-(vi) are equivalent.

Thus, for the case that R is commutative and B is a basis of finitely
generated ideals, all the above conditions are equivalent, and Coker A\ys is an
‘H-divisible module.

Proof. We will often omit the 8B in Ay and M in Ay for clarity of exposition.
We first show the equivalence of (i), (ii), and (iii). Recall that the module
A(M) is always H-separated by Lemma
(ii) = (i). This is clear as the module A(M) is always complete with
respect to the projective limit topology. Similarly, (iii) = (ii) is clear as (iii)
implies that the bases of the H-topology and projective topology coincide
on A(M).
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(i) = (iii). Consider the following two morphisms.
Aaany, M)+ A(M) = A(A(M))

The morphism Ap(yp) is an isomorphism by assumption. Take z € A(M).
Then there exists a y € A(M) such that Ay (y) = A(Ay)(z). Denote
x and y by (zg + MJ)jen and (y; + MJ) jes respectively. Then we can
rewrite the elements as A(Aar)((zg + MJ)je) = Am(zy) + A(M)J) jen
and Ay (y) = (y + A(M)J)jes. Hence Ay(zy) —y € A(M)J for each
J € H, so looking at the J-th component, (z;—y;+MJ) = (z+ MJ)J for
some z € M, but (z+MJ)J=MJ. Soxy—yy € MJ and x =y in A(M).
Thus  — A(zy) € A(M)J for each J € B.

Thus, in particular, any element of A(M)J can be written in this form,
and this element is clearly mapped to 0 via the projection map py: A(M) —
M/MJ. So A(M)J C Vy, as required.

(iii) < (iv). Consider the following two natural maps, where X is induced
by A: M — A(M) and py is induced by py: A(M) — M/MJ.

M/MJI N AM)/AM)T S MM

The composition is the identity on M /M.J, so p; is a monomorphism if and
only if A is an epimorphism. Moreover, (iii) holds if and only if p; is a
monomorphism if and only if A is an epimorphism if and only if (iv) holds.

(v) = (iv). Note that for J € B, any R/J-module is H-discrete, so is
‘H-separated and H-complete. So, there exists a unique f such that the left
triangle below commutes. The map f induces f since A(M).J C Ker f, so
the right triangle below also commutes.

M —2 5 A(M) A(M) —Z= A(M)/A(M)J
pl / fl /
M/MJ M/MJ

Let A be the map induced by A as in the following commuting diagram. We
will show that f and A\ are mutually inverse.

M A AM)
P\L ] Trl
M/MJ —2 A(M)/AM)J

Then, we have that 7A = Ap, and so using the above commuting triangles
it follows that fAp = frA = fA = p. As p is surjective, fA = idps/pary. We
now show that Af = idy(ar)/a(ar)s- By assumption there exists a unique
map h which makes the following diagram commute.
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M A AM)

o

A(M)/A(M)J

By uniqueness, 7 is the unique map that fits into the triangle above, that is
mA = hA implies that h = m. So,

TA=Xp = A\ = Afr

Therefore m = \fr, and as 7 is surjective, A\f = id(ar)/a(ar)g as required.
(iv) = (v). Note that for J € B, any right R/J-module is H-separated and
‘H-complete. Therefore, for any right R-module D, one can extend any ho-
momorphism M — D/DJ uniquely to A(M) — D/DJ via the isomorphism
M/MJ = A(M)/A(M)J of our assumption. So A},;: Hompg(M,D/DJ) 5
Hompg(A(M),D/DJ).

Now let D a H-separated and H-complete module. Then we have the
following isomorphisms via the homomorphism Ap;.

Homp(M, D) = Jim Hompg(M,D/DJ)
JeB
= lim Hompg(A(M),D/DJ) (5.1)
JeB
=~ Homp(A(M), D)

We have shown that the statements (i) — (v) are equivalent. We now
show that (vi) = (v) and (iii) = (vi), showing the equivalence of (vi) with
(1)-(v)-

(vi) = (v). Take a H-complete H-separated module D and a homomor-
phism f: M — D. Then consider A(f) which makes the following diagram
commute. We must show that A(f) is unique.

M —2= A(M) —2> Coker A

Lf J{A(f)

D ——A(D)

It is enough to show that if hA = 0 for h: A(M) — D, then h = 0. Take
h such that hA = 0. By the universal property of the cokernel, there ex-
ists a unique map h’: Coker A — D such that A'p = h. By assumption
Coker A = (Coker \)J for each J € B, so h/(Coker \) = h/((Coker \)J) =
(h'(Coker X))J C DJ. Therefore, Imh' C ;e DJ = 0, as D is H-
separated.
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(i) = (vi). We must assume that B is a basis of two-sided ideals.
Suppose (iii) holds, and for some J € B, apply (— ®@gr R/J) to the following
exact sequence.

M 3 A(M) = Coker A — 0

As A = X\ ®p idg/; is an isomorphism by assumption, we conclude that
Coker A\ ®@pr R/J =0, so Coker A = (Coker \)J for each J € B.

(iii) = (vii), (vii) when B is finitely generated =>(iii). We will revert back
to the notation [[(M/MJ). We will show that for each ideal J € B, there
are the following inclusions, and that the second inclusion is an equality
when J is finitely generated.

AM)T C AM) N (J](M/MT))T SV, (5.2)

This is sufficient as (iii) holds if and only if all the all the modules in
coincide (as A(M)J = V), and (vii) holds if and only if the first inclusion
is an equality.

The first inclusion of is clear. For the second, take x € A(M)N
(IT(M/MJ))J. Then clearly xz; € M.J, so x € Vj.

Now we show A(M)N([[(M /M J))Jo = V;, when Jy is finitely generated.
Take z € Vj, and let it be represented by the element (x; + M.J)jem.
Then x5, € MJy, and for all J' C Jy in B, 0 — x5, € MJy, so also
xy € MJy. Set yj := x5, and let y = (y; + MJ)jews. Then y = x as
yr—xg=12xj5, —xj € MJ. Moreover, y; € M.Jy for each J € B as JJy C
Jo, soy € [[(M/MJ)Jy). As Jy is finitely generated, [[(M/MJ)Jy) =
[1(M/MJ)Jy, thus x =y € A(M) N ([[ M)Jo, as required. O

The following lemma states that one can extend the properties of the
basis elements as shown in Theorem [5.2.1] to all ideals in H.

Lemma 5.2.2. Suppose H is a right linear topology with a basis B, and
consider the completion A(M) of a module M such that \: M/M.J —
A(M)/A(M)J is an isomorphism for every basis element J € B. Then
A: M/MJ — A(M)/A(M)J is an isomorphism for every J € H.

Proof. AsH has a basis B, for every J € H, there exists an ideal Jy € B such
that Jy C J. First recall that for every J € H, there is a monomorphism
Aj: M/MJ — A(M)/A(M)J induced by the morphism \: M — A(M).
That is, if x € M is such that A(z + MJ) = A(z) + A(M)J, then clearly
x € MJ. Now consider the following diagram where the horizontal homo-
morphisms are the natural quotient morphisms, and by assumption Ay, is
an isomorphism.

M /M Jy M/MJ ——>0

S\JO\LE ,\Ji

A(M)/NM)Jg — A(M)/A(M) ] —=0
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The above diagram shows that A\; must be an epimorphism, so is an iso-
morphism. O

5.3 w-contramodules

We will begin by discussing a general commutative ring epimorphism u: R —
U before moving onto flat injective ring epimorphisms. We begin with some
definitions.

A module M is u-h-divisible if M is an epimorphic image of U(® for some
cardinal . An R-module M has a unique u-h-divisible submodule denoted
hy (M), which is the image of the map v*: Hompg(U, M) — Hompg(R, M) =
M . In nice situations, the u-h-divisible modules are related to the G-divisible
modules, which we will discuss later in Subsection [5.3.2]

Definition 5.3.1. Let u: R — U be a ring epimorphism. A u-contramodule
is an R-module M such that the following holds.

Homp(U, M) = 0 = Exth(U, M)

We let u-contra denote the full subcategory of u-contramodules in Mod-R.
Dually, a u-comodule is a module M such that the following holds.

M @pU =0 = Torf(M,U)

Lemma 5.3.2. [27, Proposition 1.1] The category of w-contramodules is
closed under kernels of morphisms, extensions, infinite products and projec-
tive limits in Mod-R.

The following two lemmas are proved in [34] for the case of the local-
isation of R at a multiplicative subset. For completeness of this work, we
include their proofs in our setting.

Lemma 5.3.3. [3], Lemma 1.2] Let u: R — U be a ring epimorphism of
commutative rings and let M be an R-module.

(i) If Homp (U, M) = 0, then Hompg(Z, M) = 0 for any u-h-divisible mod-
ule Z.

(ii) If M is a u-contramodule, then Exth(Z, M) = 0 = Hompg(Z, M) for
any U-module Z.

Proof. For (i), by the u-h-divisibility of Z there exists a map U(®) — Z — 0.
As Hompg (U@, M) = 0, it follows that Hompg(Z, M) = 0.

For (ii), let Z € Mod-U. Then there is U-projective presentation of Z,
0— H — U® - Z - 0 of U-modules in Mod-R. We apply Homp(—, M)
to this projective presentation. As u is a ring epimorphism, we have that
Exth(U®) M) = Ext} (U@ M) = 0, so Homg(H, M) = Exth(Z, M).
However, by (i) of this lemma, Homg(H, M) = 0, so also Exth(Z, M) =
0. O
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Lemma 5.3.4. [3], Lemma 1.2] Let u: R — U be a ring epimorphism of
commutative rings and let M be an R-module.

(i) If M @r U =0, then M @r Z = 0 for any u-h-divisible module Z.

(i) If M is a u-comodule, then Torf(M,Z) =0 = M Qg Z for any U-
module Z.

Proof. The proof is dual-analogous to that of Lemma [5.3.3 O

Lemma 5.3.5. [3], Lemma 1.10] Let b: A — B and c¢: A — C be two
R-module homomorphisms such that C is a u-contramodule and Ker(b) is
a u-h-divisible R-module and Coker(b) is a U-module. Then there ezists a
unique homomorphism f: B — C such that ¢ = fb.

Proof. First we show the existence of a homomorphism f: B — C such that
c = fb. Kerb is a u-h-divisible module, so the composition c o kerb = 0 by
Lemma[5.3.3) (i), hence the map c factors through ¢: A/ Kerb — C as in the
following diagram.

Kerb b + 4 b B —P Coker b (5.3)

N

A/ Kerbd

i&

By applying the functor Homp(—, C') to the right short exact sequence above
we get the following exact sequence.

Homp(B,C) — Homp(A/Kerb, C) — Exth(Cokerb, C)

By Lemma (ii), Extk(Coker b, C') = 0 as Coker b is a U-module. Thus
¢: A/Kerb — C factors through A/Kerb — B, and we conclude that c
factors through b.

Now we show the uniqueness of such a homomorphism. Suppose h = f—
g is such that hb = 0. Then there exists a homomorphism h: Cokerb — C
such that h o cokerb = h.

C

A b B —cokerd Coker b

N AT

C

By assumption, Cokerd is a U-module, and C' is a wu-contramodule, so
Homp(Coker b, C') = 0 by Lemma (ii). Thus h must be the zero ho-
momorphism, so f = g. O

From now on, u: R — U will always be a flat injective ring epimorphism
of commutative rings.
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5.3.1 Flat injective ring epimorphisms

Let 0 — R = U be a flat injective ring epimorphism of commutative rings
where U = Rg, K = Rg/R and G is the associated Gabriel topology {J <
R | JU =U}. We will often refer to the following short exact sequence.

0>RB5USK—0 (5.4)

In general we will use N to denote a G-torsion-free module, while M to
denote any R-module.

In our case, we already assume that U is flat, so 0 = Tor® (M, U) always
holds, and moreover, M @z U = 0 if and only if M is G-torsion, as seen by
the following exact sequence.

0— tg(M)=Tor'{(M,K) > M - M®rU - M@r K —0

Thus the u-comodules coincide with the G-torsion modules.

Every u-h-divisible module is G-divisible, but the converse doesn’t neces-
sarily hold. The converse holds exactly when Gen U = Dg, so the equivalent
conditions of Proposition hold, therefore exactly when p.dimU < 1.

We will cover what this condition means in more detail in Subsection [5.3.21

Hence for an R-module M, by applying the contravariant functor Hompg(—, M)
to the short exact sequence we have the following short exact sequences.

0 — Homp(K, M) — Homp(U, M) — hy(M) — 0 (5.5)
0— hy(M)— M — M/hy(M)—0 (5.6)
0 — M/hy(M) — Exth(K, M) — Exth(U, M) = 0 (5.7)

For an R-module M, we let A, (M) denote the module Exth (K, M) and
op: M — Ay(M) the natural connecting map from the exact sequences

(.6) and (5.7).
For each R-module M, let vj; be the unit of the adjunction ((— QR
K),Homp(K, —)) evaluated at M.

VM:M

HOHIR(K,M RRr K)

mi——s[m*: 2+ R = m ®g (2 + R)] zeU

In the next lemmas we want to show that for a G-torsion-free module N,
the modules Homp (K, N®r K) and A, (N) are isomorphic in a natural way.
More precisely, they are isomorphic via a natural connecting homomorphism
un (see ), and moreover 0y = uyvy. This will be useful when proving
Corollary

We will sometimes not include the subscript on the homomorphisms d,
pn and vy for clarity of exposition.
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Lemma 5.3.6. Let u: R — U be a flat injective ring epimorphism of com-
mutative rings. Then if N is a G-torsion-free R-module, un: Homp(K, N®pg

K) = Ay (N) where puy is a connecting homomorphism of the long exact
sequence in

Proof. We apply the covariant functor Hompg (K, —) to the short exact se-
quence in (5.8), which is exact since N is G-torsion-free.

0—>N—->NRRU—->NrprK—0 (5.8)

0 = Homp(K, N®gU) = Homg(K, N®rK) "8 Exth(K,N) —
(5.9)
— Exth(K,N®rU) =0
The first term vanishes as K is G-torsion and N ® g U is G-torsion-free. The
last term vanishes since by the flatness of the ring U, there is an isomor-
phism Exth(K, N @ U) = Ext;(K ®g U, N ®g U) = 0. Thus note that
Hompg(K, N ®g K) is isomorphic to Exth (K, N) = A, (N) via p.
Alternatively, one can use Lemma as K is G-torsion and N ®@pr U
is G-closed. O

Before continuing with the goal of proving that dy = uyvy, we state a
consequence of the Lemma[5.3.6] We note that in the reference provided, the
statement is more general thus requires a more sophisticated proof, whereas
here we choose to provide a simpler proof.

Lemma 5.3.7. [15, Lemma 2.5(a),(b)] Let u: R — U be a flat injective
ring epimorphism. Then the following hold.

(i) Homp (K, M) is a u-contramodule for every R-module M .
(ii) Ay(N) is a u-contramodule for every G-torsion-free R-module N .

Proof. (i)Now we will show that Hompg(K, M) is a u-contramodule. By the
tensor-Hom adjunction, we have the following isomorphism.

Homp(U, Homp(K, M)) = Homg(U ®r K,M) =0

Similarly, to see that Exth(U, Hompg (K, M)) = 0, we use the flatness of U so
Torf¥(U, K) = 0. Hence there is the following inclusion (see the homological
formulas in Section [L.1J).

0 — BExth(U,Hompg(K, M)) — Exth(U ®g K, M) =0
(i) This follows by Lemma and (i) of this lemma. O

The second statement in the above lemma can be extended with the
additional assumption that p.dim U < 1, which is stated in Lemma
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Lemma 5.3.8. Let u: R — U be a flat injective ring epimorphism of com-
mutative rings. Consider two short exact sequences (,(' such that B’ is
G-torsion-free and C' is G-torsion, and fix a morphism a: A — A’.

f g

¢: 0 A B C 0
| |
la I B | 3
/ Y / Y

¢ 0—ALop L0 ——0

If there exists a B: B — B’ which makes the above into a commuting dia-
gram, then (B is unique.

Proof. Suppose there exist 3, 8’ such that 8f = 8'f = f'a and B,5: C —
C’ are the induced homomorphisms by 3, 3’. Then it follows that Im(8 —
B') = Im(B — B'), which is a submodule of both B’ and C’, therefore both G-
torsion and G-torsion-free, and therefore is 0. Thus 8 = ', as required. [J

Lemma 5.3.9. Let u: R — U be a flat injective ring epimorphism of com-
mutative rings. For N a G-torsion-free module, the following diagram com-
mutes.

N W Exth(K,N)

i n
VN

Homp(K,N ®gr K)

Proof. As ®(vn) = idng,kx and @ is an isomorphism, it is enough to show
that ®(u~10n) = idyg K, that is that (u=1on)(2)(k) = n @g k for every
r€Nand k € K.

Fix m € N and k € K. Consider the map f,: 1g — = € Hompg(R, N).

Then dn(fz) is the map associated to the pushout of N £ R % U which
is shown in the top two rows of short exact sequences of Diagram As
1 is an isomorphism, for each extension (, of K by N, one can associate a
map g1 ((.) = g»: K — N ®p K such that the bottom two rows of short
exact sequences in commute and form part of a pullback diagram.

0 R U K 0 (5.10)
.
K 0

Co 0 N Zy

|k

0——N—>NRrU—NRrK——0

As the larger squares also commute, we apply Lemma to say that the
map U — Z, — N ®gr U is exactly the map z — x ®g 2z, as this map
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makes the larger left square commute. Thus g,: 2+ R+— z ®g (2 + R). It
is now straightforward to see that (= 'éx)(z)(k) = (1™ 1) () (k) = go(k) =
T ®pk. ]

The next corollary states that vy satisfies the assumptions of b: A — B
Lemma

Corollary 5.3.10. Let u: R — U be a flat injective ring epimorphism
of commutative rings and N a G-torsion-free module. Then the kernel of
vN: N — Homp(K, N®rK) is u-h-divisible and the cokernel is a U-module.

Proof. This follows from Lemma as uvy = Oy and p is an isomor-
phism, so Ker vy = Ker dy = hy(N), a u-h-divisible module and Coker vy =
Coker 6 = Exth(U, N), a U-module as required. O

The following two lemmas will be useful in Chapter [7}

Lemma 5.3.11. [3], Lemma 1.11] Let u: R — U be a flat injective ring
epimorphism with associated Gabriel topology G, and let M by any R-module.
Then M/MJ = A(M) ®g R/J is an isomorphism for every J € G.

Proof. Consider the combination of Equations (5.6) and (5.7]).

0 — hy(M) = M — M/hy(M) — 0 (5.6)
0 — M/hy(M) — Exth(K, M) — Exth(U, M) =0 (5.7)

Applying (—®r R/J) to we first find that M @ g R/J = M /h,(M)®r
R/J as hy (M) is G-divisible. Applying (—®rR/J) to we find M/h,(M)®p
R/J = Exth(K, M)®gR/J as Exth(U, M) is a U-module, so by Lemma
Torf(Exth(U, M), R/J) = 0 = Exth(U, M) @ R/J. O

Lemma 5.3.12. Let u: R — U be a flat injective ring epimorphism with
associated Gabriel topology G, and let N by a G-torsion-free R-module. Then
Torf (N, R/.J) = Tor®(AL(N), R/J) is an isomorphism for every J € G.

Proof. The R/J are u-comodules, so we apply Lemma [5.3.4{(ii). Otherwise,
note that Tor®(Z,R/J) = 0= Z @ R/J for any U-module Z and i > 0 as
U is flat, so Torl*(Z,R/J) = TorY (Z,U ®x R/J) = 0.

Consider the combination of Equations and .

0— hy(N)—= N — N/hy(N) =0 (15.6)
0 — N/hy(N) — Exth(K,N) = Exth(U,N) =0 (5.7)

A N is G-torsion-free, also h,(N) is G-torsion-free and G-divisible, so is a
U-module. Thus applying (— ®z R/J) to the above sequences, we use the
observation in the first lines of this proof, and find the following isomor-
phisms.

Torf (N, R/J) = Torf(N/hy(N), R/J) = Tor(A,(N), R/J)
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The following lemma and corollary link u-contramodules with comple-
tions of a module with respect to the G-topology.

Lemma 5.3.13. Pos Letu: R — U be a flat injective ring epimorphism with
associated Gabriel topology G. Then for every J € G, every R/J-module M
s a u-contramodule.

Proof. To see that Homg(U, M) = 0, take f: U — M. Then f(U) =
f(JU)=Jf(U)=0 as J annihilates M.

To see ExtL(U, M) = 0, as Tor’¥(R/J,U) = 0 and R — R/.J is a ring
epimorphism, one has the following isomorphism.

Extp(U, M) = Extp, ;(R/J ®r U, M) = 0
O

Corollary 5.3.14. Let u: R — U be a flat injective ring epimorphism of
commutative rings with associated Gabriel topology G. Then Ag(M) is a
u-contramodule.

Proof. This follows immediately by Lemma [5.3.13] and by the closure prop-
erties of u-contramodules in Lemma [5.3.21 O

5.3.2 When p.dimU <1

Let u: R — U be an flat injective ring epimorphism as before. The addi-
tional condition that p.dim U < 1 has many important consequences for the
category u-contra, and moreover these consequences will be crucial to the
future chapters.

Remark 5.3.15. Suppose u: R — U is a flat injective ring epimorphism
of commutative rings and let G be the associated Gabriel topology. Then
p.dimU < 1 if and only if the u-h-divisible modules and the G-divisible
modules coincide by Proposition [1.7.7]

Lemma 5.3.16. [15, Proposition 3.2] Let u: R — U be a flat injective ring
epimorphism such that p.dimU < 1. Then the category of u-contramodules
1s closed under cokernels, and so is an abelian category.

Lemma 5.3.17. [15, Lemma 2.5(c)] Let u: R — U be a flat injective ring
epimorphism such that p.dim U < 1. Then the following hold. Then A, (M)
s a u-contramodule for every R-module M.

Proof. Let the following short exact sequence denote the injective envelope
of M.

0—-M—EM)— EM)/M—0
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We apply Hompg (K, —) to the injective envelope of M, and find the exact

sequence in ((5.11)).
Homp(K, E(M)) — Homg (K, E(M)/M) — Exth(K,M) -0  (5.11)

Moreover, the first two modules in (5.11]) are u-contramodules by Lemmal5.3.7|(i).
Therefore, A, (M) := Ext},(K, M) is a cokernel of u-contramodule, therefore
by Proposition [5.3.18, A, (M) is also a u-contramodule. O

Lemma 5.3.18. [15, Proposition 3.2] Let u: R — U be a flat injective ring
epimorphism such that p.dimU < 1. Then the category of u-contramodules
is closed under cokernels, and so is an abelian category.

Proposition 5.3.19. [15, Proposition 3.2(b)] Let u: R — U be a flat injec-
tive ring epimorphism such that p.dimU < 1. Then ¢: u-contra — Mod-R
is an exact embedding and the functor A, = Ext}z(K, —) defines a left ad-
joint to this embedding. In particular, A,(R) is a projective generator of
u-contra.

Sketch of proof. To prove that A, is left adjoint to the inclusion, the crucial
observation is Lemma that is, any R-module homomorphism B — C'
where C is a u-contramodule extends uniquely to a homomorphism of u-
contramodules A, (B) — C.

Furthermore the inclusion ¢: u-contra — Mod-R is exact, A,(R) is a
projective object in u-contra and so is a generator since C' = Homp(R, C') =
Homu-contra(Au(R)a C) [

Lemma 5.3.20. Let u: R — U be a flat injective ring epimorphism of
commutative rings such that p.dimU < 1. The coproduct of A, (R) indexed
over a set X is Ay (RX)).

The projective modules in u-contra are the direct summands of the mod-
ules of the form A(RX)) for some set X.

Proof. By Proposition A,(—) is a left adjoint, and thus the lemma
follows as left adjoints preserve coproducts. The second statement then
follows by the fact that A, (R) is a projective generator of u-contra. That
is, for every C' € u-contra, there exists a u-contra-projective presentation
of the following form.

[TAau®R) —C =0 (5.12)
X

As [[y Au(R) = Ay (RX)), the sequence 1' splits.
O]

It is straightforward to see that a direct summand of a projective u-
contramodule is still a projective u-contramodule.
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5.4 The equivalence of categories

The following is a specific case of [I5, Theorem 1.2], which we will prove here
for completeness. We will associate the Gabriel topology G to the flat injec-
tive ring epimorphism u. We note that in [I5] for u a (not necessarily injec-
tive nor flat nor commutative) ring epimorphism such that Torf(U, U') = 0,
Bazzoni-Positselski show a more general equivalence.

The wu-torsion-free modules are modules which are contained in a U-
module, or equivalently a module N is u-torsion-free if the natural map
N — N ®g U is a monomorphism.

In [I5, Theorem 1.2], it is shown that ((— ®g K), Homp(K, —)) where
K = U/u(R) defines an equivalence between the wu-h-divisible right wu-
comodules and the u-torsion-free u-contramodules.

Recall from Subsection the G-torsion and u-comodules coincide
when u is a flat ring epimorphism. Additionally, as when U is flat, there
is an associated Gabriel topology and all the U-modules are G-torsion-free,
therefore the G-torsion-free modules and the u-torsion-free modules coincide.

Lemma 5.4.1. [15, Lemma 1.3] Let u: R — U be a flat injective ring
epimorphism of commutative rings. Then the following hold.

(i) For any R-module M, Hompg(K, M) is G-torsion-free u-contramodule.
(ii) For any R-module M, M ®pr K is u-h-divisible and G-torsion.

Proof. Fix an R-module M.
(i) To see that Homp (K, M) is G-torsion-free, note that by applying Hompg(—, M)
to u, we have the following inclusion.

0 — Hompg (K, M) — Homp(U, M)

As Homp (U, M) is a U-module, it is also G-torsion-free, thus so is Homp (K, M).
That Hompg(K, M) is a u-contramodule follows by Lemma [5.3.7]
(ii))M ®p K is G-divisible as K is, that is for each J € G, (M ®p K)J =
MJ®r K = M ®pr K. Furthermore U ®r (M @ K) 2 0®r M = 0, so
M ®pr K is G-torsion. OJ

Theorem 5.4.2. [15, Theorem 1.2] Let u: R — U be a flat injective ring
epimorphism of commutative rings. Then the restrictions of the adjoint
functors Hompg (K, —) and (— ®r K) are mutually inverse equivalences be-
tween the additive categories of u-h-divisible G-torsion modules and G-torsion-
free u-contramodules.
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(—®RrK)

TN

{ G-torsion-free } { u-h-divisible and }

u-contramodules G-torsion modules

\_/

HomR(K7_)

Proof. Let M be u-h-divisible and G-torsion. We would like to show that
Homp(K, M) ®r K — M is an isomorphism. We have the following exact
sequence as M is u-h-divisible so M = h, (M) = v*(Hompg(U, M)).

0 — Homp(K, M) — Homp(U, M) S M — 0

As M is G-torsion, we have that Homp (K, M)®@zrU = Homg(U, M) QrU =
Homp(U, M) since Homp(U, M) is a U-module. As Homp(K, M) is G-
torsion-free, we also have the following exact sequence.

0 — Homp(K, M) — Homp(K,M) ®r U — Homg(K, M) ®r K — 0
Thus we have the following commuting diagram.

0 — Homp(K, M) — Homp(K, M) ®p U — Homp(K, M) @z K — 0

| |

0 — Homp(K, M) Homp (U, M) M 0
(5.13)
So it follows that the natural map Hompg (K, M) ®r K — M, which is the
counit (z + R) ®p f — f(z + R), is an isomorphism by applying the snake
lemma to the above diagram. To explicitly see that Homp (K, M)®@rK — M
is the counit in Diagram will follow from a dual-analogous proof which

we write explicitly in the second part of this proof (when we show that
M — Homp(K, M ®g K) is the unit).

1%

We now consider the case of M a G-torsion-free u-contramodule.
Consider "
0= M""BY MorU - Mog K —0 (5.14)

We first note that Homp (U, —) applied to (5.14)) gives us the following iso-
morphism as M is a u-contramodule.

0 = Homp (U, M) — Homp(U, M@RU) = Homp(U, M@RK) — ExthL(U, M) =0
Next we apply Homp(—, M ®@r K) to u.

0— HOmR(K, M@RK) — HOmR(U, M@RK) — M®prK — EXt}Q(K, M@RK) =0
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Moreover, there is the isomorphism Hompg(u, M®@gU) = u*: Homg(U, M®p
U)=> M@rU

U®RidM w®Rid]\/[

0 M MerU MerK——0

iﬁ .|

0 —— Homp(K, M @ K) > Homp(U, M & K) > M @ K —0
(5.15)
We will explicitly show that g is indeed the unit of M. The map « is the
composition Hom g (U, w®pidys)oHomp(u, M@rU) ™! = (w@gidyr)* (u*) 71,
so it is clear the right square commutes.

o

Homp(U, M ®@r U) Ty M®rU
wRidy 0(—)l~ lw@)ﬂ’,id]\/]
Homp(U, M @5 K)' 2~ M op K

It follows that the map f is the unit, as when computed explicitly from the
above commuting diagram of short exact sequences Diagram B(m) is
the map m +— [m*: 2+ R —- m®pg (2 + R)] for z € U.
Therefore, by the snake lemma applied to Diagram we find the exact
sequence that we wanted.

]

5.5 The equivalence of Ag(N) and A,(N) for G-
torsion-free modules

For the rest of this subsection, we will be considering a flat injective ring
epimorphism of commutative rings denoted 0 — R — U, and we will denote
by K the cokernel U/R of u.

As before, we denote by h,, (M) the u-h-divisible submodule of M. Addi-
tionally, as before we will often drop the subscripts on the homomorphisms
var, Opr and Ay for clarity of exposition.

Lemma 5.5.1. Let u: R — U be a flat injective ring epimorphism with as-
sociated Gabriel topology G and suppose N is G-torsion-free. Then h,(N) C

ﬂjegNJ.

Proof. As h,(N) is u-h-divisible, it is G-divisible, so hy(N)J = h,(N) for
every J € G, so clearly h,(N) C NJ for every J € G, as required. O

As before, for each R-module M, let vj; be the unit of the adjunction
((— ®r K),Homp(K, —)) evaluated at M.



94 CHAPTER 5. TOPOLOGICAL RINGS AND CONTRAMODULES

Lemma 5.5.2. Let u: R — U be a flat injective ring epimorphism of com-
mutative rings and G the associated Gabriel topology. For every G-torsion-
free module N, there exists an R-module homomorphism Uy which makes
the following diagram commute.

N —""5 Homp(K,N ®r K)

Proof. Take n = (ng+ NJ)jeg € Ag(N). We will first define how o((ns +
NJ)jeg) acts on a fixed z + R € K.
Let the annihilator of z + R € K be denoted as I, = Anng(z + R).

o(n): K N@rK

z4+ R——=n;, ®r (2 + R)

First we claim that 7(n) is a well-defined map. Consider 7/ = (n/; +
NJ)jeg € Ag(N) such that 7 = 7/, so ny —n/; € NJ for each J € G.
Then ny, —n}, ®g (2 + R) =0 for each z + R € K, so v(n) = v(7).

We claim the map 7(7) is R-linear. Note that Anng(z+R) C Anng(rz+
R) for every r € Rsony,, —ny, € NI,,. Therefore the two elements on the
right represent the same element in N ®r K.

(#(7))(rz + R) = nr,. @r (rz + R)

T(D(ﬁ))(z + R)=r(n;, ®r (2+ R)) =n;, ®r (rz + R)

It remains to see that the homomorphism o(7) respects addition. We first
note that for z,y € U, 0 # Anng(z) N Anng(y) € Anng(z +y), so ny
n[zm[y S NIz+y.

(7(0))(z+y+R)=ns,,, Or (z+y+ R)

(7(7))(z+ R) + (#(n)) (y + R) = y1, ®r (2 + R) + ny, ®r (y + R)
=nrnr, ®r (2 + R) + nr.ng, ®r (y + R)
=nrnr, OR (z+y+ R)

It is straightforward to see that © is an R-linear homomorphism of R-
modules. It is clear that the above triangle commutes, A = v as vA(n) =
v((n+NJ)jeg): z+ R— n®gr (2 + R), as required. O

The following uses ideas related to Lemma
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Lemma 5.5.3. Let u: R — U be a flat injective ring epimorphism of com-
mutative rings and G the associated Gabriel topology. For every G-torsion-
free module N, the R-module homomorphism Uy is a monomorphism.

Proof. Take i € Ag(N) such that o(n) = 0. That is, n;, ®g (z+ R) = 0 for
every z € U as defined in Lemma[5.5.2] We first note that if n®@ (2+R) = 0,
then one can rewrite each n ®g z € N ®r U as an element of N Qr R, as
seen from the following short exact sequence.

0——=N—>>NRXRU——>N®XrK——0

ny, Qp 2 —0

Therefore for each z € U there exists an m € N such that m Qg 1 =
nr, ®r 2 € NogrU.

Fix a J € G, and we claim that ny € NJ. As JU = U, one can write
1y = > g<i<p @iz where a; € J and z; € U. Recall that by the argument
in Lemmz; that ﬂogign I, C J where I, = Ann(z; + R). Thus it is
sufficient to show that nn L, € NJ as nj —nn L, € NJ. Rearranging, we
find the following.

nnr., ®rl=nn1. ®r (Z a;zi)
= Zai(nﬂlzi ®R Zi)
- Zai(mzz- QR 2i) (5.16)
= ai(m;i ®r 1)
= (Z a;im;) @R 1

Therefore we have shown that nArL, = ZZ a;m; € NJ, so alsony € NJ as
desired. ]

Proposition 5.5.4. For every G-torsion-free module N, the homomorphism
UN is an isomorphism of R-modules. That is, Un: Ag(N) = Homp(K, N®pg

Proof. This follows by applying Lemmato the unit vy : N — Homp(K, N®g
K), which satisfies the assumption of the lemma. That is, Kervy is u-h-
divisible and Coker vy is a U-module. Moreover, Ag(/N) and Hompg(K, N®g
K) are both u-contramodules by Corollary and Lemma |5.4.11 Thus
consider the following two commuting diagrams, with the existence and
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uniqueness of f and idpom, (K, NezK) respectively in the following diagrams
follow by Lemma [5.3.5

N — Homp(K,N @5 K) N N > Homp(K,N ®p K)
Al / VNl ml\@zﬂ)
Ag(N) Homp(K,N ®g K)

We already know that 2\ = vy and that © is a monomorphism by Lemma
Thus vfvy = VA = vn, 80 UVf = idHomp (K, NogK)- 1 herefore U is an isomor-
phism, as required.

O

Corollary 5.5.5. Let u: R — U be a flat injective ring epimorphism and
let R := Endgr(K). Then vr: Ag(R) — R is a ring isomorphism.

Proof. By Proposition we know that Ur: Ag(R) — R is an isomor-
phism of R-modules. It remains only to check that this is a homomorphism
of rings.

Let 7 = (rj+ J)jeg and 5§ = (sj + J)jeg denote elements of Ag(R). As
before let I, denote Anng(z + R) and note that I, C I, for each t € R. We
let 2/ := 51 2.

v(r-§): K —>K:z+R—rrsr,z+ R

P(R)p(E) = (K5 K)K 5 K): 24+ R—>sr.z+ R rp sz + R

Then as s =I5, . 2 I, clearly 1, —ry, € I/, s0 (rr, —rr,)s,z = 0. We
conclude the endomorphisms (7 - §) and 7(7)r(3) are equal. O

Corollary 5.5.6. If V is an open ideal in the topology of R = Endr(K),
then there is J € G and a surjective ring homomorphism R/J — R/V.

Proof. By the definition of the topology on R, if V' is an open ideal, then by
Corollary W = o 1(V) is an open ideal in the projective limit topology
of Ag(R). Hence by Remark there is J € G such that W D Ag(R)J.
By Corollary [5.5.5 there is a surjective ring homomorphism R/J =~ R/RJ —
R/V. O

Corollary 5.5.7. For every G-torsion-free module N, the projective limit
topology and the G-topology coincide in Ag(N). That is, the equivalent con-
ditions of Theorem hold. Moreover, ();cg NJ = hy(N).

Proof. This is straightforward to see as A = v where ¥ is an isomorphism,
so Coker \ = Coker v. We know that Cokerv = Ext},(U, N) is a U-module
so is G-divisible as required.

O



Chapter 6

Enveloping classes and
1-tilting cotorsion pairs over
commutative rings

The results of this chapter form the main content of the preprint [12]. We
begin with a 1-tilting cotorsion pair over a commutative ring, (A, Dg). The
aim of this chapter is to characterise the commutative rings for which Dg is
an enveloping class. Some of the results in this chapter are proved directly
or more generally in other parts of this thesis, but we chose to leave it as
written in [12].

Section is dedicated to showing that if Dg is enveloping then R —
Rg must arise from a perfect localisation, or equivalently Rg € Dg. In
particular, the assumption that Dg is enveloping and that (A,Dg) is of
finite type is used to show that the Dg-envelopes of G-torsion modules must
be G-torsion in Lemma [6.1.3] Let T be an associated 1-tilting module of
(A,Dg). Our results in this first section use the Add(T") coresolution of R
in (T3) (see Section and facts about the Gabriel topology G which were
shown in Chapter [4l Proposition is the main result of this section.
We note that Lemma [6.1.2)is a particular case of Lemma although we
choose to leave the proof as it is presented in [12].

Next, in Section we continue with the assumption that the class Dg
is enveloping, with the additional information from Section [6.1] that G arises
from a perfect localisation. Thus this information along with that p.dim U <
1 in Proposition implies that Gen(U) = Dg = K+ and U @ K is the
associated 1-tilting module and U = Rg, K = Rg/R by Proposition SO
Dg arises from a perfect localisation. We prove that all the quotient rings
R/J, for J € G are perfect rings and so are all the discrete quotient rings
of the topological ring R = End(K) (Theorems [6.2.14]and [6.2.15]). In the
terminology of [35] or [14] this means that 2R is a pro-perfect topological
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ring. Moreover, Example provides an instance of when R has a 7-
envelope, but the class 7 is not enveloping. We note additionally that
Proposition partly generalises [2, Theorem 1.1], which was already
partly generalised in [4].

In Section we show that the converse holds, that is if R = End(K)
is a pro-perfect topological ring and the projective dimension of U is at
most one, then the class of G-divisible modules is enveloping, as stated in
Theorem Consequently, applying results from [14] Theorem 13.3], we
obtain that Add(K), the class of direct summands of direct sums of copies of
K, is closed under direct limits. This result is shown directly in Section [7.3]
where we show that if the R/J are perfect rings for each J € G, K is X-
pure-split and so Add(K) must be closed under direct limits. The method
we use in Section [7.3|is that used by Positselski in [35] Sections 3].

Since Dg coincides with the right Ext-orthogonal of Add(K), we have an
instance of the necessity of the closure under direct limits of a class whose
right Ext-orthogonal admits envelopes. Therefore in our situation we prove
a converse of the result by Enochs and Xu Theorem which states that if
a class A of modules is closed under direct limits and extensions and whose
right Ext-orthogonal A+ admits special preenvelopes with cokernel in A,
then A* is enveloping.

As a byproduct we obtain that a 1-tilting torsion class over a commu-
tative ring is enveloping if and only if it arises from a flat injective ring
epimorphism u: R — U such that p.dimU < 1 with associated Gabriel
topology G where the factor rings R/J are perfect rings for every J € G
(Theorem . This provides a partial answer to Problem 1 of [29] Sec-
tion 13.5] and generalises the result proved in [9] for the case of commutative
domains and divisible modules.

In Section we consider the case that u: R — U is not a monomor-
phism. This case is easily reduced to the injective case, since the class of
G-divisible modules is annihilated by the kernel I of u, so all the results
proved for R apply to the ring R/I and to the cokernel K of w.

As mentioned previously in this thesis, if the assumption states that the
Gabriel topology G arises from a perfect localisation, we denote Rg by U
and Rg/R by K, and the natural ring homomorphism by u: R — U.

6.1 Enveloping 1-tilting classes over commutative
rings

For this section, R will always be a commutative ring and 7 a 1-tilting class.

By Theorem there is a faithful finitely generated Gabriel topology G
such that 7 is the class of G-divisible modules. We denote again by (Eg, Fg)
the associated faithful hereditary torsion pair of finite type. We use Dg and
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T = Gen(T) = T interchangeably to denote the 1-tilting class, and A to
denote the left orthogonal class +Dg.

Recall that if 7 is 1-tilting, 7 N +7 = Add(T) (see Section . By
(T3) of the definition of a 1-tilting module we have the following short exact
sequence where Tp, T7 € Add(T).

(T3) 0-RSTy—T,—0 (6.1)

In fact, this short exact sequence is a special Dg-preenvelope of R, and
Ty @ T4 is a 1-tilting module which generates T .

Furthermore, assuming that R has a Dg-envelope, we can suppose with-
out loss of generality that the sequence (T3) is the Dg-envelope of R, since
an envelope is extracted from a special preenvelope by passing to direct
summands (Proposition . For the rest of the section we will denote
the Dg-envelope of R by ¢ as in (6.1)).

Recall from Section that for every M € Mod-R there is the com-
muting diagram . Since G is faithful we have the following short exact
sequence where ¥g is a ring homomorphism and Rg/R is G-torsion.

0= R Rg — Rg/R — 0 (6.2)

We now show two lemmas about the 1-tilting module Ty @ 17 and the
class Add(Tp @ T1) assuming that R has a Dg-envelope.

Lemma 6.1.1. Let the following short exact sequence be a Dg-envelope of
R.

0RSTy—>TL—0

Then Ty is G-torsion-free and Ty = Ty @ Rg.

Proof. We will show that for every J € G, Ty[J], the submodule of elements
of Ty which are annihilated by J, is zero. Set w := ¢(1g) and fix a J € G.
AsTy = JTp, w = ZKK” a;z; where a; € J and z; € Tjy. This sum is finite,
so we can define the following maps.

z: Rﬁ@lgign 1o a: @19’9 T To

1R'—’(Zla"'7zn) ($17"-7xn)'—’2iaixi

As @,, Tp is also G-divisible, by the preenvelope property of € there exists a
map f: To — @p,, To such that fe =z. Also, az(1g) = ) ,.;<,, @iz = w, SO
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az = ¢ and the following diagram commutes.

0 R < To T, 0

To

By the envelope property of €, af is an automorphism of 7y. The restriction
of the automorphism af to Tp[J] is an automorphism of Ty[J], and factors
through the module @, To[J]. However a(),, To[J]) = 0, so af(Tp[J]) =0,
but af restricted to Tp[J] is an automorphism, thus Ty[J] = 0.

It follows from (iii) of Lemma that Tp = Ty ®r Rg since T is G-
divisible. O

As mentioned in the introduction of this chapter, the following is a par-

ticular case of Lemma |4.1.4]1).

Lemma 6.1.2. Suppose R has a Dg-envelope in Mod-R. Then for every
M € Add(To ® T1), M ®g Rg is G-torsion-free.

Proof. From Lemma To = Ty @ Rg is G-torsion-free. We first show
that 77 ®pr Rg is G-torsion-free. Consider the following short exact se-
quence obtained by applying (— ®pr Rg) to the envelope of R, and note
that Tor*(T1, Rg) = 0 by Lemma (iii).

0= Rg —>Ty®r Rg —T1 ®r Rg — 0

As Rg is G-closed and Ty ® g Rg is G-torsion-free, by applying the covariant
functor Hompg(R/J, —) to the above sequence for every J € G, we obtain
that T7 ® g Rg must be G-torsion-free.

It is now straightforward to see that the statement holds for any direct
summand of (Tp @ 7). O

We look at Dg-envelopes of G-torsion modules in Mod-R, and find that
they are also G-torsion.

Lemma 6.1.3. Suppose Dg is enveloping in Mod-R and M is a G-torsion
R-module. Then the Dg-envelope of M is G-torsion.

Proof. To begin with, fix a finitely generated J € G with a set {ay,...,a;} of
generators and consider a Dg-envelope D(J) of the cyclic G-torsion module
R/J, denoted as follows.

0—R/J—D(J)— A(J)—=0
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We will use the T-nilpotency of direct sums of envelopes as in Theorem (ii).
Consider the following countable direct sum of envelopes of R/J which is
itself an envelope, by Theorem [1.2.4] (i):

0= PR/ = @ D)0 — P AT)n — 0.

Choose an element a € J and for each n set f,: D(J), — D(J)p4+1 to be
the multiplication by a.

Then clearly (R/J), vanishes under the action of f,,, hence we can apply
Theorem (ii). For every d € D(J), there exists an m such that

fmo---0ofao fi(d) =0€ D(J)my1)-

Hence for every d € D there is an integer m for which ad = 0.
Fix d € D and let m; be the minimal natural number for which (a;)™d = 0
and set m := sup{m; | 1 <i <t}. Then for a large enough integer k we have
that J*¥d = 0 (for example set k = tm), and J*¥ € G. Thus every element of
D(J) is annihilated by an ideal contained in G, therefore D(.J) is G-torsion.
Now consider an arbitrary G-torsion module M. Then M has a presen-
tation @ cp R/ Ja 2 M — 0 for a family {J,}aen of ideals of G. Since G
is of finite type, we may assume that each J, is finitely generated.
Take the push-out of this map with the Dg-envelope of @, R/ Ja.

00— cpr B/Ja —=Docp P(Ja) —= D ep AlJa) —=0

ip

|
M Z Doen AlJa) —=0
| |
0 0

The bottom short exact sequence forms a preenvelope of M. We have shown
above that for every a in A, D(J,) is G-torsion, so also Z is G-torsion.
Therefore, as the Dg-envelope of M must be a direct summand of Z by
Proposition also the Dg-envelope of M is G-torsion. O

The following is a corollary to Lemma and Lemma |6.1.3

Corollary 6.1.4. Suppose Dg is enveloping in Mod-R and suppose M is a
G-torsion R-module. Then M ®pg Rg is G-divisible.

Proof. Let the following be a Dg-envelope of a G-torsion module M, where
both D and A are G-torsion by Lemma [6.1.3

0O0—-M—=D—=A—=0
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The module A is G-divisible and Rg/R is G-torsion so A ®g Rg/R = 0,
hence A -+ A®p Rg is surjective. In particular, A @ Rg is G-torsion. Also
as A € Add(Ty @ T1), A ®r Rg is G-torsion-free by Lemma (ii). It
follows that A ®r Rg is both G-torsion and G-torsion-free so A ®pr Rg = 0.
Additionally as p.dim A < 1, Torf¥(A4, Rg) = 0, so the functor (— ®r Rg)
applied to the envelope of M reduces to the following isomorphism.

0= Torl(A,Rg) > M ®p Rg > D®p Rg — A®p Rg =0
Hence as D®pg Rg is G-divisible, also M ® g Rg is G-divisible, as required. O

Proposition 6.1.5. Suppose Dg is enveloping in Mod-R. Then Rg is G-
divisible.

Proof. We will show that for each J € G, R/J ®r Rg =0. Fixa J € G. By
Corollary R/J ®pr Rg is G-divisible, Thus we have R/J ®g (R/J ®g
Rg) = 0. However

0=R/J®r(R/J®r Rg) = (R/J®rR/J)®r Rg = R/J ®r Rg,
since R — R/J is a ring epimorphism, thus Rg is G-divisible. O

Using the characterisation of a perfect localisation of [39, Chapter XI.3,
Proposition 3.4], we can state the main result of this section. Note that
it remains to show that p.dim Rg < 1 to say the equivalent conditions of

Proposition hold.

Proposition 6.1.6. Assume that T is a 1-tilting class over a commutative
ring R such that the class T is enveloping. Then the associated Gabriel
topology G of T arises from a perfect localisation.

Proof. By Proposition [6.1.5] Rg is G-divisible, hence the Gabriel topology G
is perfect by Proposition Hence ¢: R — Rg is flat ring epimorphism
and moreover it is injective. O

6.2 When a G-divisible class is enveloping

For this section, R will always be a commutative ring. Fix a flat injective
ring epimorphism » and an exact sequence

0RAU—-K—0.

Denote by G the corresponding Gabriel topology.

The aim of this section is to show that if Dg is enveloping then for each
J € G the ring R/J is perfect. It will follow from Corollary that also
R is pro-perfect.
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We begin by showing that for a local ring R the rings R/J are perfect,
before extending the result to all commutative rings by showing that all
G-torsion modules (specifically the R/J for J € G) are isomorphic to the
direct sum of their localisations.

In Lemma [6.1.1} it was shown that if e: R — D is a Dg-envelope of R
in Mod-R, then D must be G-torsion-free. Furthermore, if G arises from a
perfect localisation uw: R — U and R has a Dg envelope, then the following
proposition allows us to work in the setting that Dg = Gen(U), thus (A, Dg)
is the 1-tilting cotorsion pair associated to the 1-tilting module U @& K (see
Proposition [1.7.7)).

Proposition 6.2.1. Let u: R — U be a (non-trivial) flat injective ring
eptmorphism and suppose R has a Dg-envelope. Then p.dimp U < 1.

Proof. Let
0-RSD—-D/R—0 (6.3)

denote the Dg-envelope of R. First we claim that D is a U-module by
showing that D is G-closed, or that D =2 U ®pr D. Consider the following
exact sequence.

0— Torf(D,K) D - D®rU - DorK =0

Therefore we must show that Torf(D, K) = 0 = D@r K. As D is G-divisible
and K is G-torsion it follows that D ® g K = 0. By Lemma D is G-
torsion-free, hence D =2 D ®r U and D is a U-module. The cotorsion pair
(A, Dg) is complete, which implies R-module D/R isin A, so p.dimp D/R <
1. From the short exact sequence it follows that also p.dimp D < 1.
Consider the following short exact sequence of U-modules

0—-U—->DrU=D—-D/RrU —0

We now claim that D/R®pr U is U-projective. Indeed, take any Z € U-Mod
and note that Z € Dg. Then 0 = ExtL(D/R, Z) = Ext{;(D/R @ U, Z).
Therefore the short exact sequence above splits in Mod-U and so U is a
direct summand of D also as an R-module, and the conclusion follows. [J

Combined with Proposition this provides a generalisation of [2]
Theorem 1.1]. More precisely, it shows that conditions (1),(4), and (6) in

that theorem hold also in this more general context. The equivalence of
(1),(2), and (3) was already shown in [4].

Corollary 6.2.2. Let u: R — U be a (non-trivial) flat injective ring epi-
morphism and suppose R has a Dg-envelope. Then

0 RAEU—-K—=0

is a Dg-envelope of R.
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Proof. By Proposition [6.2.1] p.dim U < 1, so by Proposition UdK is
a 1-tilting module such that (U @ K)* = Dg. Thus K € A and so u is a
Dg-preenvelope. To see that u is an envelope, note that Hompg(K,U) = 0,
so by Lemma 2.1.2] if u = fu, then f =idy is an automorphism of U, thus
u is a Dg-envelope as required. O

Before continuing, we give an example of a ring R and 1-tilting cotorsion
class T where R has a T-envelope, but T is not enveloping. This result uses
our characterisation of the rings over which a 1-tilting class 7 is enveloping
in Theorem [6.3.41

Example 6.2.3. Let R be a valuation domain with valuation v and valu-
ation group I'(R) = R, and an idempotent maximal ideal m =< r,, € R |
v(rn) = 1/n,n € Z>9 > (see [25, Section I1.3] for details on valuation rings).
Then as m is countably generated, it follows that the field of quotients @ of
R is also countably generated and therefore of projective dimension at most
one. Thus Q@B Q/R is a 1-tilting module with 1-tilting cotorsion pair (A, T),
and the Gabriel topology is made up of the principal ideals generated by
the non-zero elements of R. Moreover, the following is a T-envelope of R.

0-R—-Q—-Q/R—0

However, we claim that 7 is not enveloping, using results stated at later in
this chapter. If 7 is enveloping, then in particular R is an almost perfect
ring by Theorem [6.3.4 and as @ is a field, so perfect. By Corollary 3.1.11]
almost perfect valuation domains are discrete valuation domains, but by
assumption R is not discrete as m is countably generated, a contradiction.

We now begin by showing that when R is a commutative local ring, if
Dg is enveloping in Mod-R then for each J € G, R/J is a perfect ring. We
will use the ring isomorphism vg: A(R) = R of Corollary

Lemma 6.2.4. Let R be a commutative local ring and u: R — U a flat
injective ring epimorphism and let K denote U/R. Then K is indecompos-
able.

Proof. 1t is enough to show that every idempotent of R := Endr(K) is
either the zero homomorphism or the identity on K. Let m denote the
maximal ideal of R. Take a non-zero idempotent e € Endg(K). Then there
is an associated element 75" (e) = 7 := (ry + J)jeg € A(R) via the ring
isomorphism 7gr: A(R) = R of Corollary Clearly 7 is also non-zero
and an idempotent in A(R). We will show this element is the identity in
A(R).

As 7 is non-zero, there exists a Jy € G such that r;, ¢ Jo. Also, 7-7—7 =
0, hence

TJoTdg —TJdy = Ty (TJO - ]-R) € JQ.
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We claim that 7, is a unit in R. Suppose not, then r;, € m, hence rj, —1r
is a unit, which implies that 7, € Jy, a contradiction.

Consider some other J € G such that J # R. rjny, —rj, € Jo, hence
ring, & Jo. Therefore, by a similar argument as above, 77, is a unit in
R. As rjng, —7g € J and rjny, is a unit, r; ¢ J. Therefore by a similar
argument as above r; is a unit in R for each J € G and we conclude that 7
is a unit in A(R).

Finally, as rj(ry — 1g) € J for every J, and 7 := (rj + J)jeg is a unit,
it follows that r; — 1p € J for each J, implying that 7 is the identity in
A(R). O

Proposition 6.2.5. Let R be a commutative local ring and consider the 1-
tilting cotorsion pair (A, Dg) induced by the flat injective ring epimorphism
u: R — U. If Dg is enveloping in Mod-R, then R/J is a perfect ring for
each J € G.

Proof. Let m denote the maximal ideal of R. As R is local, to show that
R/J is perfect it is enough to show that for every sequence of elements

{a1,a9,...,a4, ...} with a; € m\ J, there exists an m > 0 such that the
product ajaz - - - ay, € J (that is m/J is T-nilpotent) by Proposition m
Fix a J € G and take {a1,a2,...,a;,...} as above. Consider the follow-

ing preenvelope of R/a;R.
0— R/a;jR—>U/a,R— K — 0

As R is local, by Lemma K is indecomposable, and as R/a;R is not
G-divisible this is an envelope of R/a;R.

We will use the T-nilpotency of direct sums of envelopes from The-
orem [1.2.4, Consider the following countable direct sum of envelopes of
R/a; R which is itself an envelope by Theorem (i).

0 @PR/aR— EPU/a;R — P K —0

>0 1>0 1>0

For each i > 0, we define a homomorphism f;: U/a;R — U/a;+1 R between
the direct summands to be the multiplication by the element a;y;. Then
clearly R/a;R C U/a;R vanishes under the action of f; = a;+1, hence we
can apply Theorem (ii) to the homomorphisms {f;};~0. So, for every
z+ a1 R € U/a1 R, there exists an n > 0 such that

fo--fafiz4+a1R) =0€Ujap41R,
which can be rewritten as

Ap41 " a3a2(z) € any1R.
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By Lemma there exist 21, 22,...,2, € U such that

ﬂ Anng(z; + R) C J.
0<j<n

Let Q = {21, 22, ..., 2n}. For each z;, there exists an n; such that an; 11 - - - azaz
annihilates z;. That is,

Qn+1° " agag(Zj) S aanrlR CR.

We now choose an integer m such that a,, - - - azas annihilates all the z; for
a <j<n Setm =max{n;|j=1,2...,n}. Then this m satisfies the
following, which finishes the proof.

AmGm—1 - - - 30 € m Annp(z; + R) C J
0<j<n

O

Now we extend the result to general commutative rings. Our assumption
is that the Gabriel topology G is arises from a perfect localisation u: R — U
and that the associated 1-tilting class Dg is enveloping in Mod-R.

Notation 6.2.6. There is a preenvelope of the following form induced by
the map wu.
0—>R/m—-U/m—K—0

Let the following sequence denote an envelope of R/m.
0— R/m — D(m) = X(m)—0

By Proposition D(m) and X (m) are direct summands of U/m and K =
U/ R respectively. For convenience we will consider R/m as a submodule of
D(m) and X (m) as a submodule of K.

Remark 6.2.7.

(i) Note that for every maximal ideal m of R, R/m is G-divisible if and
only if, for every J € G, J+m = R if and only if J ¢ m if and
only if m ¢ G. Therefore, we will only consider the envelopes of R/m
where m € G. The modules D(m) and X (m) will always refer to the
components of the envelope of some R/m where m € G. Additionally,
as R/m is also an Ry-module, it follows by Example that D(m)
and X (m) are also Ry-modules.

(ii) For every J € G, (R/J)m = 0 if and only if J € m.

(iii) If M is a G-torsion R-module, then My, = 0 for every m ¢ G which
follows by (ii).
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The following lemma allows us to use Proposition to say that if Dg
is enveloping in R, all localisations Ry /Jy are perfect rings where m is a
maximal ideal in G and J € G.

Lemma 6.2.8. Let R be a commutative ring and consider the 1-tilting
cotorsion pair (A,Dg) induced from the flat injective ring epimorphism
u: R — U. Fiz a mazimal ideal m of R and let uy: Rnw — Uy be the cor-
responding flat injective ring epimorphism in Mod-Ry. Then the following

hold.

(i)
(i)

(iii)

(i)

Kn=0if and only if m ¢ G.
The induced Gabriel topology of uw denoted

G(m) ={L < Ry | LUy = Un}
contains the localisations Gu = {Jn | J € G}.

Suppose p.dimU < 1. Then (Aw, (Dg)m) is the 1-tilting cotorsion pair
associated to the flat injective ring epimorphism um: Ry — Un. That
is, (Dg)m = Dg(m) and .Am = J‘Dg(m).

If Dg is enveloping in Mod-R, then Dgy) is enveloping in Mod-Ry,.

Proof. (i) Since K is G-torsion, m ¢ G implies K = 0 follows by Re-

mark (iii). For the converse, suppose Ky = 0. If m € G then
Ry =2 Uy = MUy = my Ry, a contradiction.

Note that if m ¢ G the rest of the lemma follows trivially.

Take Jyn € Gm. Then Ry/Jm @r Un = (R/J @gr U) ®r Rm = 0, so
JIm € G(m).

That (Am, (Dg)m) is the 1-tilting cotorsion pair associated to the 1-
tilting module (U & K)y is Proposition therefore Gen(Un) =
(Dg)m in Mod-Ry. As uy: Rnm — Uy is a flat injective ring epimor-
phism and p.dimp U < 1 the 1-tilting classes Gen(Un) and Dg(my)
coincide in Mod-Ry, by Proposition Thus (Dg)m = Dg(m) and it
follows that Ay, = LDg(m).

Assume that Dg is enveloping in Mod-R and take some M € Mod-Ry,
with the following Dg-envelope.

O—-—M—-D—-X—0

We claim that M has a Dgyy-envelope in Mod-Ry. Since M €
Mod-Ry,, D and X are Ry-modules by Proposition By Propo-

sition p.dimU < 1. By (iii), (Dg)m = Dg(m) 50 D € Dg(m)
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and X € J-Dg(m). Since R — Ry is a ring epimorphism, any direct
summand of D which contains M in Mod-R, would also be a direct
summand in Mod-R. Thus we conclude that 0 = M - D —- X — 0
is a Dg(m)-envelope of M in Mod-Ry,.

O

By the above lemma, if Dg is enveloping in Mod-R, then Dgy,) is en-
veloping in Mod-Ry,. Next we show that, under our enveloping assumption,
all G-torsion modules are isomorphic to the direct sums of their localisations
at maximal ideals.

The proof of the following lemma uses an almost identical argument to
the proof of Lemma [6.1.3

Lemma 6.2.9. Let u: R — U be a flat injective ring epimorphism, G the
associated Gabriel topology and suppose that Dg is enveloping. Let D(m)
and X (m) be as in Notation and fix a maximal ideal m € G. For
every element d € D(m) and every element a € m, there is a natural number
n > 0 such that a™d = 0. Moreover, for every element z € X (m) and every
element a € m, there is a natural number n > 0 such that a"x = 0.

Proof. We will use the T-nilpotency of direct sums of envelopes as in The-
orem [1.2.4] (ii). Consider the following countable direct sum of envelopes of
R/m which is itself an envelope by Theorem [1.2.4] ().

0= @P(R/m)i) = EP D(m)g — P X(m)) — 0

0<3 0<s 0<2

For a fixed element a € m, we choose the homomorphisms f;: D(m)(i) —
D(m)(;41) between the direct summands to all be multiplication by a. Then
clearly R/m C D(m) vanishes under the action of f; = a, hence we can apply
Xu’s Theorem: for every d € D(m), there exists an n such that

[ f2fi(d) =0 € D(m) 41y

Since each f; acts as multiplication by a, for every d € D there is an integer
n for which a™d = 0, as required.

It is straightforward to see that X (m) has the same property as X (m) is
an epimorphic image of D(m). O

Lemma 6.2.10. Let u: R — U be a flat injective ring epimorphism and
suppose Dg is enveloping. Let m € G and let X(m) be as in Notation .
The support of X (m) is exactly {m}, and each X (m) = X (m)y is Kp.

Proof. We claim that X (m) is non-zero. Otherwise, X (m) = 0 would imply
that R/m is G-divisible, so R/m = m(R/m) = 0, a contradiction.

Consider a maximal ideal n # m. Take an element a € m \ n. Then for
any ¢ € X(m), a"z = 0 for some n > 0, by Lemma and since a is an
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invertible element in R,, x is zero in the localisation with respect to n. This
holds for any element x € X (m), hence X (m), = 0.

It follows that since X (m) is non-zero, X (m)y, # 0. As mentioned in
Remark X(m) is an Ryp-module and since X (m) is a direct sum-
mand of K, X(m) is a direct summand of K, which is indecomposable,
by Lemma Therefore X (m) is non-zero and is isomorphic to Ky. O

Lemma 6.2.11. Let u: R — U be a flat injective ring epimorphism and
suppose Dg is enveloping. Then the sum of the submodules X (m) in K is a

direct sum.
Z X(m) = @ X (m)

meg meg

Proof. Recall that X (m) is non-zero only for m € G by Remark Con-
sider an element
reX(mny X(n).

n#m
neg

We will show that this element must be zero. By Lemma [6.2.10, since
x € X(m), x is zero in the localisation with respect to all maximal ideals
n # m. But = can also be written as a finite sum of elements z; € X (n;),
each of which is zero in the localisation with respect to m, by Lemma [6.2.10
Therefore, (), = 0 for all maximal ideals n, hence z =0 . O

Proposition 6.2.12. Let u: R — U be a flat injective ring epimorphism
and suppose Dg is enveloping. The module K can be written as a direct sum
of its localisations Ky, as follows.

K=2PKn= &P Kn

meg memSpec R

Proof. From Lemma [6.2.11} we have the following inclusion.

Pxm <K

meg

To see that this is an equality we show that these two modules have the
same localisation with respect to every m maximal in R. Recall that by
Lemma [6.2.§[(i) if n is maximal, then K, = 0 if and only if n ¢ G and by
Lemma Supp(X (m)) = {m}. Using these lemmas, it follows that for
n¢ g, Kyn=0= (Dyeg X(m))n Similarly, if m € G, then Kn = X(m)n.
Hence we have shown the following.

P xm =K
meg

Since Ky = X(m)p, it only remains to see that X (m) = X (m)y, which
follows from Remark O
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Corollary 6.2.13. Let u: R — U be a flat injective ring epimorphism and
suppose Dg is enveloping. Then for every G-torsion module M, the following
isomorphism holds.

M@ M= P M

meg memSpec R

Furthermore, it follows that for every J € G, J is contained only in finitely
many mazximal ideals of R.

Proof. For the first isomorphism, recall that if an R-module M is G-torsion,
then M = Torl'(M, K). Also, note that in this case, My, = Torl (M, K)y =
Tor{™ (M, K) = Torl'(M, Ky). Hence we have the following isomor-
phisms.

M = Torf{(M, K) = Torf (M, @ Ku) = @ Tor{ (M, Kn) = P My
meg meg meg

PMu= P M

meg méemSpec R

follows from Remark (iii).

For the final statement of the proposition, one only has to replace M with
the G-torsion module R/J where J € G. Hence as R/J is cyclic, it cannot
be isomorphic to an infinite direct sum. Therefore, (R/.J)n is non-zero only
for finitely many maximal ideals and the conclusion follows. O

The fact that

We are now in the position to show the main results of this section.

Theorem 6.2.14. Let u: R — U be a flat injective ring epimorphism and
suppose Dg is enveloping. Then R/J is a perfect ring for every J € G.

Proof. By Corollary every R/J is a finite product of local rings
R/ Jw. Additionally as (Dg)m is enveloping in Mod-Ry, by Lemma
each Ry/Jn is a perfect ring by Proposition Therefore, by Proposi-
tion R/ J itself is perfect. O

Theorem 6.2.15. Let u: R — U be a flat injective ring epimorphism and
suppose Dg is enveloping in Mod-R. Then the topological ring R = End(K)
is pro-perfect.

Proof. Recall that the topology of R is given by the annihilators of finitely
generated submodules of K, so that R = Endg(K) is separated and com-
plete in its topology. Let V be an open ideal in the topology of R. By Corol-
lary there is J € G and a surjective ring homomorphism R/J — R/V.
By Theorem R/J is a perfect ring and thus so are the quotient rings
R/V. O
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6.3 7Dg is enveloping if and only if ‘R is pro-perfect

Suppose that u: R — U is a commutative flat injective ring epimorphism
where p.dimp U < 1 and denote K = U/R. In this section we show that if
the endomorphism ring R = Endg(K) is pro-perfect, then Dg is enveloping
in Mod-R. So combining with the results in the Section [6.2] we obtain that
Dg is enveloping if and only if p.dim U < 1 and fR is pro-perfect.

Recall that if p.dimU < 1, (A, Dg) denotes the 1-tilting cotorsion pair
associated to the 1-tilting module U & K. The following theorem of Posit-
selski is vital for this section.

Theorem 6.3.1. ([14, Theorem 13.3]) Suppose R is a commutative ring
and u: R — U a flat injective ring epimorphism with p.dimp U < 1. Then
the topological ring R = End(K) is pro-perfect if and only if @Add(K) =
Add(K).

A second crucial result that we will use is Theorem It states that
C is a class of modules closed under direct limits and extensions, then if a
M admits a special C1'-preenvelope with cokernel in C, then M admits a
Ct1-envelope.

We now show that if 2R is pro-perfect, then Add(K) does in fact satisfy
the conditions of Theorem [1.2.5, From Theorem Add(K) is closed
under direct limits. Moreover, Add(K) is closed under extensions as any
short exact sequence 0 - L — M — N — 0 with L, N € Add(K) splits.

As the cotorsion pair (A, Dg) is complete, every R-module M has an in-
jective Dg-preenvelope, and as Dg = K+ = (Add(K))*, M has a (Add(K))*-
preenvelope. It remains to be seen that every M has a special preenvelope
v such that Coker v € Add(K), which we will now show.

Lemma 6.3.2. Suppose u: R — U 1is a flat injective ring epimorphism
where p.dimp U < 1. Let (A, Dg) be the 1-tilting cotorsion pair associated to
the 1-tilting module U @ K. Then every module has a special Dg-preenvelope
v such that Cokerv € Add(K).

Proof. For every cardinal a the short exact sequence 0 — R(® — U(®) —
K@ 5 0isa Dg-preenvelope and is of the desired form. Take an R-module
M and consider the canonical surjection R(® P M — 0. Consider the
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following pushout Z of M + R — U(®),

0 0
kerp=—=kerp
0 R@) U@ K@
p
0 M Z K@ ——=0
0 0

The module Z is in Gen(U) = Dg, and so the bottom row of the above
diagram is a Dg-preenvelope of M of the desired form.
O

The following theorem follows easily from the above discussion.

Theorem 6.3.3. Suppose u: R — U is a flat injective ring epimorphism
with p.dimp U < 1. If the topological ring R is pro-perfect, then Dg is
enveloping in Mod-R.

Proof. From Theorem and Lemma Add(K) does satisfy the
conditions of Theorem [I.2.5] Thus the conclusion follows, since Dg =
Add(K)*t. O

Finally combining the above theorem with the results in Section [6.1] and
Section [6.2] we obtain the two main results of this chapter.

Theorem 6.3.4. Suppose u: R — U is a commutative flat injective ring
epimorphism, G the associated Gabriel topology and R the topological ring
Endg(K). The following are equivalent.

(i) Dg is enveloping.
(ii) p.dimU <1 and R/J is a perfect ring for every J € G.
(iii) p.dimU < 1 and R is pro-perfect.

In particular, if Dg is enveloping then the class Add(K) is closed under
direct limits.

Proof. (i)=-(ii) Follows by Proposition and Theorem [6.2.14
(ii)=-(iii) Follows from Corollary

(iii)=>(i) Follows from Theorem [6.3.3] O
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Theorem 6.3.5. Assume that T is a 1-tilting module over a commutative
ring R such that the class T+ is enveloping, and let G be the associated
Gabriel topology of T. Then we have the following equivalence.

p.dimRg <1
T is enveloping < § R/J is a perfect ring for each J € G
G is a perfect Gabriel topology

That is, there is a flat injective ring epimorphism u: R — U such that
U@ U/R is equivalent to T.

Proof. (=) By Proposition the Gabriel topology G associated to T+
arises from a perfect localisation. Moreover, 1: R — Rg is injective so by
setting U = Rg we can apply Theorem to conclude.

(<) This follows by Theorem [6.3.4] O

6.4 The case of a non-injective flat ring epimor-
phism

Now we extend the results of the previous section to the case of a non-
injective flat ring epimorphism u: R — U with K = Coker u.

As before, the Gabriel topology G, = {J < R | JU = U} associated to
u is finitely generated and the class

Dg, = {M € Mod-R | JM = M for every J € G,}

of G,-divisible modules is a torsion class. Moreover, by [0] it is a silting
class, that is there is a silting module T" such that Gen(T') = Dg, .

The ideal I will denote the kernel of u and R the ring R/I so that there
is a flat injective ring epimorphism @: R — U.

To W, one can associate the Gabriel topology Gz = {L/I < R | LU =
U,I C L} on R and the following class of R-modules.

Dg, = {M € Mod-R | (L/I)M = M, for every L/I € Gz}

That is, we have that if J € G,, then J + I/I € Gy, and conversely if
L/I S gﬂ, Leg,.
We first note the following.

Lemma 6.4.1. Every module in Dg, 1is annihilated by I, thus Dg, = Dg, .

Proof. Note that Keru = I is the G,-torsion submodule of R. Hence for
every b € I there is J € G, such that bJ = 0. Let M € Dg,, then bM =
bJM =0, thus IM = 0. We conclude that Dg, can be considered a class in
Mod-R and coincides with Dg._. O
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Proposition 6.4.2. The class Dg, is enveloping in Mod-R if and only if
Dg. is enveloping in Mod-R.

Proof. Assume that Dg, is enveloping in Mod-R and let M € Mod-R. Con-
sider a Dg,-envelope ©: M — D in Mod-R. Since R — R/I is a ring
epimorphism and D is annihilated by I by Lemma [6.4.1] it is immediate to
conclude that v is also a Dg_-envelope of M.

Conversely, assume that Dg. is enveloping in Mod-R. Take M € Mod-R
and let : M/IM — D be a Dg_-envelope of M/IM in Mod-R. Let
m: M — M/IM be the canonical projection. We claim that ¢ = 97 is
a Dg,-envelope of M in Mod-R. Indeed, if f: D — D satisfies fi =1, then
fym = Ym. As 7 is a surjection, fi) = 1 and so f is an automorphism of
D. O

Note that Endg(K) coincides with Endgz(K) both as a ring and as a
topological ring. It will be still denoted by . Thus if Dg, is enveloping in

Mod-R we can apply the results of the previous sections to the ring R, in
particular Theorem

Theorem 6.4.3. Let u: R — U be a commutative flat ring epimorphism
with kernel I. Let G, be the associated Gabriel topology and SR the topological
ring Endg(K). The following are equivalent.

(i) Dg, is enveloping.

(it) p.dimzU < 1 and R/L is a perfect ring for every L € G such that
LDOI.

(iii) p.dimzU < 1 and R is pro-perfect.

In particular, U @ K is a 1-tilting module over the ring R and since Gen(U)
is contained in Mod-R, Dg, = Gen(U).

As already noted, results from [6] imply that Gen(U) is a silting class in
Mod-R. Since we have that U @ K is a 1-tilting module in Mod-R inducing
the silting class Gen(U), it is natural to ask the following question.

Question 6.4.4. Is U @ K a silting module in Mod-R ¢



Chapter 7

Covering classes and 1-tilting
cotorsion pairs over
commutative rings

Suppose (A, Dg) is a 1-tilting cotorsion pair over a commutative ring with
associated Gabriel topology G. The aim of this chapter is to characterise the
commutative rings R over which the class A of the cotorsion pair (A, Dg) is
covering. We find that A is covering if and only if both p.dim Rg < 1 and
R is G-almost perfect, that is Rg and R/J for each J € G are perfect rings.
Moreover in these cases the Gabriel topology G is perfect, that is R — Rg
is a perfect localisation and G = {J < R| JRg = Rg}, and Rg ® Rg/R is a
1-tilting module associated to (A, Dg).

We note that one can conclude that if A is covering, the R/.J are perfect
rings for every J € G by applying Theorem[2.3.6] that is if A is covering then
Dg is enveloping. However, we found it interesting to show it directly, as
one uses different techniques to study covers and envelopes. Additionally, in
Section [7.3| we show explicitly that if the R/.J are perfect rings, K is S-pure-
split. Thus by Example Add(K) is closed under direct limits, and so
this gives an explicit proof of the implication (ii)=(i) in Theorem [6.3.4}

To find the closure under direct limits of A in (A, Dg), we could ap-
ply Theorem but we chose to use purely algebraic methods to get
moreover a ring theoretic characterisation of R. Another possibility is to
apply [14, Theorem 13.5] once we prove that the Gabriel topology G associ-
ated to the 1-tilting pair arises from a perfect localisation and additionally
p.dim Rg < 1. This will be shown in Lemma and Proposition

In Section we first begin by showing that if A is covering, then the
Gabriel topology G is perfect. We use some properties of covers of R/.J-
modules where J € G, using in particular the fact that (A, Dg) is of finite
type, so Dg is closed under direct sums. Moreover in this section we show

115
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in Proposition that if A is covering then p.dim Rg < 1, so Rg ® Rg/R
is a 1-tilting module associated to (A, Dg) and Gen(Rg) = Dg.

Next in Section [7.2] we continue with the assumption that A is covering
and show that R must be G-almost perfect. First we show that every Rg-
module has a projective cover, thus is perfect. For R/.J, we show that every
Bass R/J-module N has a projective cover. To do so we must use the free
presentation of IV, and find a short exact sequence that corresponds to this
free presentation from which we can extract an A-cover. Next we must
pass to the category of u-contramodules where we show that the sequence
becomes a projective cover in the category of u-contramodules. Finally, one
can show that the original free presentation must split, thus N is projective
in Mod-R/J.

Finally, Section [7.3] is divided into three subsections. The aim is to
show that if we begin with a 1-tilting cotorsion pair (A, Dg) over a G-almost
perfect commutative ring R, and p.dim Rg < 1, then A must be covering.
We begin Section by showing that G must arise from a perfect locali-
sation, thus we can work in the case that U @ K is the associated 1-tilting
module of (A, Dg). The main result is Lemma and only requires that
f.dim Rg = 0.

In Subsection [7.3.1] we prove some initial results about the pure short
exact sequence , and that by Lemma and Lemma |7.3.5] it only
remains to show that K is X-pure-split. Next in Subsection [7.3.2] we prove
that K is ¥-pure-split when R is local by using the equivalence of G-torsion
G-divisible modules and G-torsion-free u-contramodules via the functors
((— ®r K),Homp(K, —)) as in Section The results of Subsection m
are from [35], Sections 3] which in our context can be proved in a much more
straightforward way. Finally, we extend these results on local rings to the
global case. We use that if the R/J are perfect, the ring R is G-h-local as
shown in Proposition Additionally we summarise the main result of
this chapter in Subsection and in particular Theorem

As mentioned previously in this thesis, if the assumption states that the
Gabriel topology G arises from a perfect localisation, we denote Rg by U
and Rg/R by K, and the natural ring homomorphism by u: R — U.

7.1 G rises from a perfect localisation and Rg &
Rg/R is 1-tilting

The next two sections are devoted to the study of the following situation.

Setting 7.1.1. Let R be a commutative ring and let (A, Dg) be a 1-tilting
cotorsion pair with associated Gabriel topology G. We suppose moreover
that A is covering.
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We begin by describing covers of modules annihilated by some J € G.

Lemma 7.1.2. Suppose R is commutative and let (A, Dg) be a 1-tilting
cotorsion pair with associated Gabriel topology G. Consider an R-module M
such that MJ = 0 for some J € G and let the following be an A-cover of
M.

0B AS M0

Then both A and B are G-torsion.

Proof. We will use the T-nilpotency of direct sums of covers as in The-
orem (ii). Suppose M has the property that MJ = 0 for some
J € G, and let the sequence above be an A-cover of M. Consider the
following countable direct sum of covers of M which is itself a cover, by

Theorem |1.2.11] (ii).

0—>@Bn—>@An%@Mn—>0.

Choose an element x € J and for each n set f,: A, — A,y1 to be the
multiplication by x.

Then clearly ¢(fn(A,)) = 0 for every n > 0, hence we can apply Theo-
rem (ii). For every a € A, there exists an m such that

fmo-ofrofi(a) =0€ Apir.

Hence for every a € A there is an integer m for which 2™a = 0.

Fix a € A and let m; be the minimal natural number for which (z;)™ia =
0 and set m := sup{m; | 1 < i < t}. Then for a large enough integer
k we have that J¥a = 0 (for example set k = tm), and J* € G. Thus
every element of A is annihilated by an ideal contained in G, therefore A
is G-torsion. Since the associated torsion pair of the Gabriel topology is
hereditary, also B C A is G-torsion. O

Next we show that G must arise from a perfect localisation using an
exercise from Stenstrom, Lemma

Lemma 7.1.3. Suppose R is commutative and let (A, Dg) be a 1-tilting
cotorsion pair with associated Gabriel topology G. Suppose A is covering.
Then G is a perfect Gabriel topology.

Proof. From Proposition Rg arises from a perfect localisation if and
only if both the functor ¢ is exact and G has a basis of finitely generated
ideals. The associated Gabriel topology, G of a 1-tilting class has a basis of
finitely generated ideals by Hrbek’s characterisation in Theorem [1.7.6] so it
remains only to show that g is exact.

We will show that Ext%(R/J, M) = 0 for every G-closed R-module M and
every J € G, and then apply Lemma to conclude that ¢ is exact.
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Let M be any G-closed R-module and J € G, and consider the following
A-cover of R/J.
0—-B;y—A;—R/J—0

By Lemma Ay and Bj are G-torsion. We apply the contravariant
functor Homp(—, M) to the above cover, and find the following exact se-
quence.

0 = Exth(By, M) — Ext%(R/J, M) — Ext%(A;, M) =0

The first module Exth(By, M) vanishes by Lemma since By is G-
torsion and M is G-closed. The last module Ext%(Ay, M) vanishes since
p.dim A; < 1. Therefore Ext%(R/J, M) = 0 for every M G-closed and
every J € G, as required. ]

The above lemma allows us to use the equivalent conditions of Proposi-
tion In particular, we have that ¢¥g: R — Rg is a flat injective ring
epimorphism and that Rg is G-divisible, so Rg € Dg. It remains to see that
if A is covering in (A, Dg) then Rg @ Rg/R is the associated 1-tilting mod-
ule, that is the equivalent conditions of Proposition This amounts to
showing that p.dim Rg < 1.

Proposition 7.1.4. Suppose R is commutative and let (A, Dg) be a 1-tilting
cotorsion pair with associated Gabriel topology G. Suppose A is covering.
Then the module Rg® Rg/R is a 1-tilting module associated to the cotorsion
pair (A, Dg) and moreover Gen(Rg) = Dg.

Proof. We know that G is perfect, so that Rg is G-divisible by Lemmal[7.1.3]
By Proposition [I.7.7)it only remains to show that p.dim Rg < 1, that is we
will show that Rg € A. Let the following be an A-cover of Rg.

0—>D—>A£>Rg—>0 (7.1)

Note that A is G-divisible since both Rg and D are G-divisible. We will
first show that A must be G-torsion-free, and therefore an Rg-module. Fix
a finitely generated J € G with generators z1,...,z,. We will show that
A[J] = 0, that is the only element of A annihilated by J is 0. Since Rg is
divisible, one can write 1 = 1g, = > am; for some z; € J and n; € Rg.
Let x and s be the following homomorphisms.

x: Rg — @19'91 Rg S: ®1§i§n Rg Rg
1Rg'—’(7717"'777n) (Vla"'ayn)'ﬁzz'wiyi
SA: ®1§i§nA A

(a1, ..., p) ——= >, wia;
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By the definition of s and s 4, the lower square of ([7.2]) commutes. Clearly ¢™
is a precover of R as D" € Dg and A" € A (it is in fact a cover). Therefore,
there exists a map f such that the upper square of ((7.2) commutes.

Rg 0 (7.2)

A Rg 0

The map sx is the identity on Rg, so we have that ¢saf = ¢ and by
the A-cover property of ¢, s4f is an automorphism of A. Consider an
element a € A[J] and let f(a) = (fi(a),..., fn(a)) € A™. Then s4(f(a)) =
doxifila) =" fi(xja) =0 as z; € J, and by the injectivity of s4f, a = 0.
We have shown that A, D are both G-torsion-free and G-divisible, so by
Lemma they are Rg-modules. Then the sequence is a sequence in
Mod-Rg as R — Rg is a ring epimorphism and Mod-Rg — Mod-R is fully
faithful. Thus splits so Rg € A and p.dim Rg < 1 as required. O

7.2 When A is covering, R is G-almost perfect

In this section we continue with the situation of Setting that is we
suppose that (A, Dg) is a 1-tilting cotorion pair such that A is covering.
We now additionally know that U & K is a 1-tilting module associated to

(A, Dg) by Proposition

In Proposition we prove that Rg is a perfect ring and in Propo-
sition that the R/J are perfect for every J € G. The main result is
stated in Theorem [T.2.5]

By Proposition if (A, Dg) is a 1-tilting pair such that A is cov-
ering then the associated tilting module arises from a flat injective ring
epimorphism u: R — U and U & K is a 1-tilting module for (A, Dg), thus
Dg = Gen(U).

Proposition 7.2.1. Suppose R is commutative and let (A, Dg) be a 1-tilting
cotorsion pair with associated Gabriel topology G. Suppose A is covering.
Then Rg s a perfect ring.

Proof. We will show that every Rg-module has a projective cover in Mod-Rg
(see Theorem [1.4.2). Consider some M € Mod-Rg with the following short
exact sequence in Mod-Rg.

0—L—RY S M0 (7.3)
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Then this sequence is also a short exact sequence of R-modules with R(ga) €

A by Proposition[7.I.4)and L € Dg since all Rg-modules are G-divisible, thus
it is an A-precover of Mpz. By the assumption that A is covering, one can
extract the A-cover (7.4)) from the above short exact sequence ((7.3)), so that

L' and P are direct summands of L and R(ga) respectively as R-modules. As
R — Rg is a ring epimorphism, the direct summand of a Rg-module must
be also an Rg-module.

0L -PA M0 (7.4)

We now have a Py(Rg)-precover of M in Mod-Rg as above, which is also an
A-cover when considered in Mod-R. It remains to see that it is a Py(Rg)-
cover, that is that L’ is superfluous in P. Consider H < P an Rg-submodule
of P such that H+ L' = P. Then HNL' is an Rg-module, hence G-divisible.
Therefore, by the A-cover property of ¢/, H is Dg-superfluous in P, thus by
Proposition M(l) H = P. Tt follows that L’ is superfluous in P so ¢’ is a
Po(Rg)-cover of M, as required.

Another way to see that is a Po(Rg)-cover, is to use that every
Rg-homomorphism f such that ¢'f = ¢ is also an R-homomorphism, and
therefore is an automorphism by the A-cover property of ¢'. O

We will now show that R/.J is perfect for each J € G by showing that
every Bass R/J-module has a Po(R/J)-cover, that is using Lemma [1.4.4]

Take a1, as,...,a;, ... asequence of elements of R and let N be the Bass
module with presentation as in the sequence (7.5), where (e;);en and (f;)ien
are basis of the domain and codomain of ¢ respectively.

0— @y R/ —>> @y R)J —=N—>0 (7.5)
€ Ji—aifita
As the elements a1,a9,...,a;,... are in R, we can also define a Bass R-

module, which is a lift of N. That is, we consider the following Bass R-
module.
0-PREPR—F -0 (7.6)
N N
It is clear that applying (— ®r R/J) to will give us (7.5), thus F @g
R/J = N, where F is flat.
We will make use of results in Section [5.3] and Section [5.4]

Lemma 7.2.2. Suppose A is covering and F is a Bass R-module. Then
Homp (K, F®prK) has a projective cover in the category of u-contramodules.

Proof. Apply the functor (— ®@g K) to (7.6).

0-PKLPK »ForK 0
N N
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The above is an A-precover by Proposition As by assumption A is
covering, one can extract the 4-cover from the above sequence, which we
will denote as follows.

0—>D1¢3’>1D01>F®RK—>0 (7.7)

Now we apply Hompg (K, —) to the above sequence, and we claim that it is
a projective cover in the category of u-contramodules.

0 — Homg (K, D1) = Homg(K, Do) % Homp(K,F 9 K) =0 (7.8)

Firstly, Homg(K, D;) and Hompg(K, Dy) are direct summands of modules
of the form pipw) : Homp(K, K@) = A,(R®) (see Lemma , thus
are projective objects in the category u-contra. We will show that p :=
Homp (K, ) is a projective cover in u-contra. Take f: Hompg(K, Dy) —
Homp(K, Do) such that pf = p. By Theorem the adjoint functors
((— ®r K),Hompg(K, —)) form equivalences between the subcategories of
G-torsion G-divisible modules &g N Dg and G-torsion-free u-contramodules
Fg Nu-contra. Thus in particular the functor Hompg(K, —) restricted to
the subcategories £ NDg — Fg Nu-contra is full so there exists a g: Dy —
Dy such that Homp(K,g) = f. Thus as mg = 7 implies that ¢ is an
automorphism, we conclude that also f is an automorphism, as required.
O

Lemma 7.2.3. Suppose R is a ring with unit and take a right ideal I of R
and take a monomorphism f: A — B € Mod-R. Suppose f(A) is superflu-
ous in B. Then f(A/AJ) is superfluous in B/B.J, where f is the naturally
induced map from f.

Proof. Take H/BJ C B/B.J such that H/BJ + f(A/AJ) = B/BJ. Note
that f(A/AJ) = (f(A)+BJ)/BJ. Then it follows that H+ f(A)+BJ = B.
As BJ C H and f(A) is superfluous in B, we find H = B, as required. [

Proposition 7.2.4. Suppose (A, Dg) is a 1-tilting cotorsion pair over a
commutative ring where A is covering. If F' is a Bass R-module, then F ®p
R/J has a Po(R/J)-cover.

Proof. By Lemma there is a projective cover of Homp (K, FF ®g K) in
the category of u-contramodules. Moreover, as F' is flat it is G-torsion-free,
so Homp(K,F ®r K) ®r R/J = F/FJ by Lemma and similarly
Homp (K, K(®)®p R/J = (R/J)).

Homp(K, Do) ®p R/J < Homp(K,K®)@r R/J
& (7.9)
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Moreover we have the following short exact sequence. The first isomor-
phism is by Lemma [5.3.12] and Lemma the latter of which states
Homp(K, F @ K) =2 A,(F). Finally we use that F' is flat.

Torl{(Homp (K, F @ K),R/J) = Tor(F,R/.J) = 0

It will be enough to show the following sequence ([7.10]), which is (—®r R/ J)
applied to (7.8)), is a projective cover in Mod-R/J.

®gid
0 — Homp(K, D1) ® R/J — Homp(K, Do) @x R/J " =" F/FJ — 0
(7.10)
By Lemma [7.2.3] Homg(K, D1)®r R/J < Hompg(K, Do) ®r R/J, so ((7.10))

is a Po(R/J)-cover of F/FJ. O

Theorem 7.2.5. Suppose R is a commutative ring and (A, Dg) a 1-tilting
cotorsion pair. Then if A is covering, R — Rg is a perfect localisation,
p.dim Rg < 1, and R is G-almost perfect.

Proof. That R — Rg is a perfect localisation and p.dim Rg < 1 are by

Lemma Proposition That R is G-almost perfect is by Proposi-
tion and Proposition [7.2.4 O

7.3 When R is a G-almost perfect ring

Let R be a commutative ring. We suppose that (A, Dg) is a 1-tilting cotor-
sion pair and R is G-almost perfect (that is Rg is a perfect ring and R/J is
a perfect ring for every J € G) and additionally p.dim Rg < 1. The purpose
of this section is to show that under these assumptions A is covering. We
will do this by first showing that G arises from a perfect localisation. Next
it is sufficient to show that we will show that U & K is Y-pure-split, as then
A is closed under direct limits using Proposition To show that U & K
is X-pure-split, the problem naturally splits into two parts: showing that
each of U and K are ¥-pure-split.

Setting 7.3.1. Let R be a commutative ring. We suppose that (A, Dg) is
a 1-tilting cotorsion pair and R is G-almost perfect (U = Rg is perfect and
R/J is perfect for every J € G) and additionally p.dim U < 1.

We first prove a lemma. Recall that G is faithful and finitely generated,
so Lemma is satisfied for the modules R/J for the finitely generated
Jeg.

Lemma 7.3.2. Let R be a commutative ring. Suppose (A, Dg) is a 1-tilting
cotorsion pair, G the associated Gabriel topology and f.dim Rg = 0. Then
G arises from a perfect localisation, or equivalently Rg s G-divisible.
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Proof. We use the relations in Lemmal[L.7.5]to show that Rg®@pR/J for each
finitely generated J € G. That is, for a finitely generated J € G, Rg ®gr
R/J = Exth(TrR/J,Rg), and as p.dimTr R/J < 1, by Lemma [4.1.2(i)
Tor®(Tr R/.J, Rg) = 0. Thus applying (Rg®pr—) to the projective resolution
of Tr R/J, we find the following.

0— Rg — R = Rg@rTrR/J — 0

By assumption f.dimRg = 0 so Rg ®g Tr R/J is Rg-projective. Next
consider the following isomorphism.

Extp(Tr R/J, Rg) = Extp, (Rg ®g Tr R/.J, Rg) = 0

The last module vanishes as Rg®@prTr R/J is Rg-projective, so R/J®r Rg =
Exth(Tr R/J, Rg) = 0 for each J € G so Rg is G-divisible. O

Our assumption states that Rg is perfect, so by Proposition[I.4.3] F. dim Rg =
0, so we can use Lemma, Thus G is a perfect Gabriel topology and we
can work in the case that the 1-tilting cotorsion pair (4, Dg) arises from a
flat injective ring epimorphism u: R — U and Gen(U) = Dg as in Proposi-

tion [L717

7.3.1 U ® K is X-pure spilt

Take X € Mod-R such that the following is a pure exact sequence and
T € Add(U & K).
0=+X—=>T—-Y =0 (7.11)

It follows that X,Y € Dg as T' € Dg and the sequence ((7.11)) is pure
exact, so the sequence vanishes when one applies (R/J ®pr —).

Lemma 7.3.3. Let G be a faithful finitely generated perfect Gabriel topology
over R such that p.dimU < 1 and R/J is a perfect ring for each J € G.
Suppose furthermore that U is a perfect ring. Then the following sequence

(which is (— ®@r U) applied to ) splits.
0> X®rU >TrU Y ®RrU —0 (7.12)
Furthermore, 1s a short exact sequence of projective modules in Mod-U .

Proof. The sequence is pure exact as it is a tensor product of a pure
exact sequence and a flat module. Moreover, as T € Add(U & K), it is
straightforward to see that T ®g U € Add(U), thus is U-projective.

Since the sequence is pure and T'®rU is projective as a U-module,
also Y ®p U is also U-flat and therefore U-projective as U is perfect. So
the sequence splits both in Mod-U and hence in Mod-R. Also note that this
implies that X ®p U is flat in Mod-R. O
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Lemma 7.3.4. Let G be a faithful finitely generated perfect Gabriel topology
over R such that p.dimU < 1 and R/J is a perfect ring for each J € G.
Suppose D is G-divisible module. Then its G-torsion module t(D) is also
G-divisible.

Proof. Take the G-torsion decomposition of D as follows.
0—tD)—D—DJ/t(D)—0
Apply Hompg(K, —) to the above sequence. We have that 0 = Hompg(K, D/t(D))
as D/t(D) is G-torsion-free and Exth(K,D) = 0 as D is G-divisible and
Dg = K.
0 = Homp(K, D/t(D)) — Exth(K,t(D)) — Exth(K,D) =0

O]

Lemma 7.3.5. Let G be a faithful finitely generated perfect Gabriel topology
over a commutative ring such that U is a perfect ring and p.dimU < 1. Let
X, T.Y be as in . Then the following sequence is pure exact.

0—=tX)—=>t(T)—tY)—0
Proof. We claim diagram ([7.13]) has exact rows and exact columns. This is

because the bottom row is exact as U is flat, and by the snake lemma and
the fact that X ® g K = 0 as X is G-divisible, forces the top row to be exact.

0 0 0 (7.13)
0 ¢H(X) (T t(y)——0
0 X T Y 0

We apply (— ®g N) for some N € Mod-R to the diagram above, and it is
enough to show that in the first row the connection map 6: Torf(¢(Y), N) —
t(X) ®g N is zero. As we have shown X ®p U is flat in Lemma [7.3.3
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Torf (X ®r U, N) = 0. We want to show that § = 0.

Torf(X ®r U,N) =0

|

Torf(t(Y), N) t(X)®r N

l )

Torf (Y, N) 0 X ®r N

So €6 = 0 and as ¢ is a monomorphism, § = 0 as required. O

Corollary 7.3.6. Let G be a faithful finitely generated perfect Gabriel topol-
ogy over R such that p.dimU < 1 and R/J is a perfect ring for each J € G
and U 1is a perfect ring. Suppose that K is Y-pure split. Then U ® K is
Yi-pure split, that is every pure embedding as in splits.

Proof. Consider a pure exact sequence as in . Then the pure exact
sequence forms the middle row in Diagram . By assumption, the top
row splits, so t(Y) € Add(K). Moreover by Lemma the bottom row
splits so Y ®@r U € Add(U).

0=-tY)=Y >Y®rU—0

Thus by the above short exact sequence, Y € Add(U ® K) as t(Y),Y @r U
are in Add(U @ K) and Add(U & K) is closed under extensions. Thus (|7.11)
splits as X € Dg. O

We will let ([7.14) denote a pure exact sequence with T; € Add(K). That
is, it denotes the torsion part of the pure exact sequence ([7.11)).

0—-X;—>T: =Y, —0 (7.14)

Thus from Corollary it remains only to see that splits, that is
if K is X-pure-split. In this case, is a sequence of G-torsion G-divisible
modules. Hence we can use the results of Section that is the equivalence
between the categories of G-torsion G-divisible modules and the G-torsion-
free u-contramodules via the adjoint functors ((—®pg K), Homp(K, —)). As
we will see, once in u-contra we can show that Hompg(K,Y;) is a projec-
tive u-contramodule and moreover the sequence splits in the category of
G-torsion-free u-contramodules, and thus also the original sequence
in the category of G-torsion G-divisible modules.

Moreover, we will use that for a G-torsion-free module N, (in partic-
ular a free module R(®), there is an isomorphism oy : A, (N) 2 Ag(N)
as stated in Proposition and these are modules are u-contramodules
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by Lemma [5.3.7, Also we use regularly Lemma that is M/MJ =
Ay(M) ®g R/J for any R-module M and every J € G. Finally, we also
recall that with the assumption p.dim U < 1, u-contra is an abelian cate-
gory by Proposition and the direct summands of modules of the form

Ay (R®) for some cardinal § are the projective modules in u-contra as
stated in Lemma [5.3.201

Before working in the local case, we want to prove a lemma about a G-
torsion-free u-contramodule M such that M ®r K € Fi(R). In particular,
Homp(K,Y;) with Y; from the sequence satisfies this condition as
X, Y € Fi(R) since T; € Fi(R) by the pure-exactness of the sequence
, and moreover Y; =2 Homp(K,Y;) ® g K by Theorem

Lemma 7.3.7. Let G be a faithful finitely generated perfect Gabriel topology
over R such that p.dimU < 1 and R/J is a perfect ring for each J € G.
Suppose M is a G-torsion-free u-contramodule such that M @ K € Fi(R)
and N is a G-torsion module. Then Torf(M,N) = 0.

Proof. Fix an M and N as above. We apply (—®g N) to the following short
exact sequence.

0—-M-—->MprU—>MerK —0
0 = Torl(M @ K, N) — Torl{(M, N) — Torf(M ®r U, N)

Thus as U is flat, we have that Torf(M @ U, N) = Tor{ (M ®grU,U ®r N)
which is zero as in the case that N is G-torsion, U @ r N = 0. O

7.3.2 When R is local and R//J is a perfect ring for each J € G

In this subsection we will assume that R is local with maximal ideal m.
The module M will denote Homp(K,Y;) where Y; is the module in (7.14),
although as mentioned before everything can be generalised to a G-torsion-
free u-contramodule M such that M @ K € F1(R).

Remark 7.3.8. By assumption R is local, so R/J is a perfect local ring for
each J € G. Therefore the maximal ideal of each R/J is T-nilpotent, so by
Lemma it follows that Nm < N for every R/J-module N. Moreover
by Proposition (iv), every R/J-module has a non-zero socle.

Lemma 7.3.9. Suppose R is a local commutative ring and G a faithful
finitely gemerated perfect Gabriel topology over R such that p.dimU < 1
and R/J is a perfect ring for each J € G. Then every non-zero R-module
M is either in Dg or Mm # M.

Proof. Suppose M is not in Dg. Then there exists a J € G such that
M/MJ # 0. By Remark we have the following strict inclusion.

(M/MJ)ym = (Mw)/(M.J) C M/MJ
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So it follows that Mm C M, as required. O

We will show the following using the method of Positselski in [35, Lemma
3.3 and Proposition 3.4], although in a much simpler setting. That is, we
will show that M = Hompg(K,Y) is projective in u-contra. Consider the
following short exact sequence of the natural inclusion of Mm in M.

0— Mm— M2 M/Mm —0

As M/Mm is an R/m module and R/m is simple, there exists a  such that
(R/m)®) = M/Mm. Thus we let p: A, (R®)) = (R/m)®) be the natural
projection map where (R/m)(®) is associated with A, (R®))/A,(R®)m.

Au(RP) B A (RP) /AL (RPYm = (R/m)®) — 0

Proposition 7.3.10. Suppose R is a local commutative ring and G a faithful
finitely generated perfect Gabriel topology over R such that p.dimU < 1 and
R/J is a perfect ring for each J € G. Then there is a map f that makes the
following diagram commudte.

Au(RP) L (R/m)®) —0 (7.15)
ok
0 Mm M—2" s M/Mm——0

Furthermore, f is an epimorphism.

Proof. The fact that f exists follows from the fact that all the modules
in the above diagram are u-contramodules and A, (R®)) is a projective u-
contramodule.

To see that f is an epimorphism, note that as A, (R®) — M/Mm is an
epimorphism, it follows that f + Mm = M. By the following computation
and Lemma [7.3.9] it follows that M/ Im f is G-divisible.

(M/Im fjim=(Mm+Im f)/Im f = M/Im f

However, f is a map of u-contramodules, so also Coker f = M/Im f is a
u-contramodule, thus M/Im f contains no non-zero G-divisible submodule.
We conclude that M/Im f = 0, so f is an epimorphism as required. O

As R/J is a perfect ring for each J € G, as mentioned in Remark
every R/J-module contains a non-zero socle. As R and thus also R/.J are
local, the only simple module to consider is R/m. We will use a minor
modification of the Loewy series of R/J. We construct it as follows.

Let Jy = J so that Ny = Jy/J = 0. Next, for each ordinal o, let
Ny/Ny—1 = Js/Js—1 be the image of 0 - R/m — R/J,_1 in R/J,_1 for
some choice of map R/m — R/.J,_1. Thus we have the following.

0—>R/m=J,/Js1—R/Jo—1 = R/J; =0
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Rearranging, we find the following short exact sequence.
0= Jo1/Jd = Js/J = Jy/Jo—1 Z R/m — 0

For a limit ordinal 7, define M, = J;/J to be the union |J,_, M, =

UU<TJ&/J'
Thus one can write R/J = |, Jo/J, that is as a direct limit of modules

in its Loewy series.

Proposition 7.3.11. Suppose R is a local commutative ring and G a faithful
finitely generated perfect Gabriel topology over R such that p.dimU < 1
and R/J is a perfect ring for each J € G. Then we have the following
isomorphism where M is a G-torsion-free u-contramodule and f is as in
3E)

idg/y @rf: (R/J)P) = M/M.J

Proof. For each ordinal o, we have the following commuting diagram as
Torf(R/m, A, (R®)) = Torf(R/m, M) = 0 by Lemma/|5.3.12/and Lemmal7.3.7
and f is an epimorphism by Proposition [7.3.10

0—>Jy_1/J ®r Au(RB)) —= J, /T @5 Au(R®)) —= R/m @ Ay(R®) —=0

lidJU—l/J@’Rf iidJ(,/J ®rf =~ |idp/m QRS
0——Jo_1/J@r M Jo/J @r M R/m®p M 0
0 0 0

We will show the isomorphism by transfinite induction on o. It is clear in
the base case of 0 = 0. If id;,_,,;®g[ is an isomorphism, then by the
five-lemma, as the two outer vertical morphisms of the above diagram are
isomorphisms, also id ;. ;7 ®gf is an isomorphism.

For 7 a limit ordinal, we have that the tensor product commutes with
direct limits and that id, ,; ®gf is an isomorphism for every o < 7. Thus
these maps induce an isomorphism idy, /; ®rf.

(U 7o/7) @r Au(RD) = | (Jo/T ®r Au(RP))

o<T o<T

= | (Jo/J @r M)

o<T

= (U Jo/J) @r M

o<T

As R/J =, Ja/J, we have shown that R/J®) = R/J @ A,(RP)
M/M J, as required.

O e
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The following proposition uses work done in Section [5.2] and Section [5.5
That is, we finally use the isomorphism A, (N) = Ag(N) for a G-torsion-free
module N and that Ag(N) is G-separated.

Proposition 7.3.12. Suppose R is a local commutative ring and G a faithful
finitely generated perfect Gabriel topology over R such that p.dimU <1 and
R/J is a perfect ring for each J € G. Then the morphism f: Ay(RP)) — M
as defined in is an isomorphism.

Proof. Note that the kernel of f: A,(R¥) — M is contained in every
AU(R(B))J, thus Ker f C ﬂJeg AU(R(&)J. However, as R is G-torsion-
free by Corollary Ay (R®)) = Ag(R®), which is already G-separated
by Lemma 0 (yeg Ay (RPN T = Nyeg Ag(R).J vanishes. O

Proposition 7.3.13. Let G be a faithful finitely generated perfect Gabriel
topology over a commutative ring such that p.dim Rg < 1. Suppose R is
local and R/J is perfect for each J € G. Consider the pure exact sequence
with Ty € Add(K).

0—-X;—>Ti—>Y;—0 (7.14))

Then the sequence splits. In other words, K is X-pure-split.

Proof. In Proposition [7.3.12) we have shown that M = Hompg(K,Y};) is
a projective u-contramodule, therefore the following sequence (which is

Homp (K, —) applied to (7.14)) splits.
0 — Homp(K, X;) = Homg(K,T;) - Hompg(K,Y;) — 0

Applying (— ®p K), we recover the original short exact sequence up to
isomorphism, which also splits. ]

We have shown that for R a local (commutative) ring, if R/J is perfect
for every J € G, a pure submodule of a module T; € Add(K) splits. We will
now extend this to the global case in the following final subsection.

7.3.3 Final results

We recall that since R/J is perfect for each J € G, by Lemma the ring
R is G-h-nil. In particular, the equivalent statements of Proposition [4.2.6
holds. That is, we use in particular that for every G-torsion module M,
M= € My, where m runs over all the maximal ideals of R.
m max
Proposition 7.3.14. Let G be a faithful finitely generated perfect Gabriel
topology over a commutative ring such that p.dim Rg < 1. Suppose that the
R/J are perfect rings for each J € G. Then K is X-pure-split.
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Proof. Take 0 — X; — Ty LY, 5 0a pure exact sequence. By Propo-
sition Ty = @,(T)m and Yy = @, (Yi)m. Additionally by Proposi-
tion the morphism p is a direct sum of surjective maps (7})m — (Yi)m
and also is a pure epimorphism (it is (— ®pr Ry) applied to a pure epi-
morphism). By Proposition each (Y)m is in Add(K)m, thus also
Y; € Add(K). Thus p is a split epimorphism as X; € Dg. O

Theorem 7.3.15. Suppose (A, Dg) is a 1-tilting cotorsion pair over a com-
mutative ring R such that R is G-almost perfect and p.dim Rg < 1. Then
Rg is G-divisible and Rg @ Rg/R is X-pure-split, so A is closed under direct
limats.

Proof. Lemma states that Rg is G-divisible. That Rg @& Rg/R is X-
pure-split is a combination of Corollary and Proposition[7.3.14 Finally
by Proposition [I.5.2] we conclude that A is closed under direct limits. O

Finally combining the above theorem with the results in Section [7.3] and
Section [7.2] we obtain the main result of this chapter.

Theorem 7.3.16. Suppose (A, Dg) is a 1-tilting cotorsion pair, G the asso-
ciated Gabriel topology and R the topological ring Endr(K). The following
are equivalent.

(i) A is covering.
(ii) A is closed under direct limits.
(iii) p.dim Rg <1 and R is G-almost perfect.

Moreover, if these equivalent conditions hold R — Rg s a perfect localisation
and R is pro-perfect.

Proof. The implications (ii) = (i) is Theorem [1.2.12] (iii) = (ii) is using
Theorem [7.3.150 Finally, (i) = (iii) is Theorem
The final statement holds by Lemmal[7.1.3]and that R is a separated com-

pete topological ring and R/RJ = R/J by Lemma and Lemma|5.3.11
O
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