Good tilting modules and recollements of derived module categories
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Abstract

Let T be an infinitely generated tilting module of projective dimension at most one over an arbitrary
associative ring A, and let B be the endomorphism ring of 7'. In this paper, we prove that if 7" is good then
there exists a ring C, a homological ring epimorphism B — C and a recollement among the (unbounded)
derived module categories Z(C) of C, Z(B) of B, and Z(A) of A. In particular, the kernel of the total left
derived functor T ®% — is triangle equivalent to the derived module category Z(C). Conversely, if the
functor T ®% — admits a fully faithful left adjoint functor, then T is a good tilting module. We apply our
result to tilting modules arising from ring epimorphisms, and can then describe the rings C as coproducts
of two relevant rings. Further, in case of commutative rings, we can weaken the condition of being tilting
modules, strengthen the rings C as tensor products of two commutative rings, and get similar recollements.
Consequently, we can produce a large variety of examples (from commutative algebra and p-adic number
theory, or Kronecker algebra) to show that two different stratifications of the derived module category of
a ring by derived module categories of rings may have completely different derived composition factors
(even up to ordering and up to derived equivalence), or different lengths. This shows that the Jordan-
Holder theorem fails even for stratifications by derived module categories, and also answers negatively an
open problem by Angeleri-Hiigel, Konig and Liu.
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1 Introduction

The theory of finitely generated tilting modules has been successfully applied, in the representation theory
of algebras and groups, to understanding different aspects of algebraic structure and homological features of
(algebraic) groups, algebras and modules (for instance, see [14, 16, 17, 22], [25]-[28]). Recently, infinitely
generated tilting modules over arbitrary associated rings have become of interest in and attracted increasingly
attentions toward to understanding derived categories and equivalences of general rings ([1]-[7], [9]-[11],
[20, 21], [36]-[39]). In this general situation, many classical results in the tilting theory appear in a very
different new fashion. For example, Happel’s Theorem (see also [17]) on derived equivalences induced
by infinitely generated tilting modules comes up with a new formulation in which quotient categories are
involved (see [9]). This more general context of tilting theory not only renews our view on features of
finitely generated tilting modules, but also provides us completely different information about the whole
tilting theory. Let us recall the definition of tilting modules over an arbitrary ring from [20].

Let A be a ring with identity, and let T be a left A-module which may be infinitely generated. The module
T is called a tilting module (of projective dimension at most 1) provided that

(T'1) T has projective dimension at most one,

(T2) Exti, (T,T(®) = 0 for each i > 1 and each cardinal o, and

(T3) there exists an exact sequence 0 — A — Ty — T — 0 of left A-modules, where T and T; are
isomorphic to direct summands of arbitrary direct sums of copies of 7.

If, in addition, 7 is finitely presented, then we say that T is a classical tilting module. If the modules 7p
and 7; in (7'3) are isomorphic to direct summands of finite direct sums of copies of 7', then we say that T is a
good tilting module, following [11]. Actually, each classical tilting module is good, furthermore, it is proved
in [11] that, for an arbitrary tilting A-module 7, there exists a good tilting A-module 7’ which is equivalent
to T, that is, T and T’ generate the same full subcategories in the category of all left A-modules.

One of the realizations of tilting modules is universal localizations. It is shown in [1] that every tilting
module over a ring is associated in a canonical manner with a ring epimorphism which can be interpreted as a
universal localization at a set of homomorphisms between finitely presented modules of projective dimension
at most one.

As in the theory of classical tilting modules, a natural context for studying infinitely generated tilting
modules is the relationship of derived categories and equivalences induced by infinitely generated tilting
modules. In fact, if T is a good tilting module over a ring A, and if B is the endomorphism ring of 7', then
Bazzoni proves in [9] that the total right derived functor RHom 4 (7', —) induces an equivalence between the
(unbounded) derived category Z(A) of A and the quotient category of the derived category Z(B) of B modulo
the full triangulated subcategory Ker(T ®H§ —) which is the kernel of the total left derived functor T ®H§ —.
Thus, in general, the total right derived functor RHom 4 (7', —) does not define a derived equivalence between
A and B. This is a contrary phenomenon to the classical situation (see [17]). The condition for A and B to be
derived-equivalent depends on the vanishing of Ker(T ®% —). It is shown in [9] that Ker(T ®% —) vanishes
if and only if T is a classical tilting module. From this point of view, the triangulated category Ker(7T ®H§ —)
measures how far a good tilting module is from being classical, in other words, the difference between the
two derived categories Z(A) and Z(B). It is certainly of interest to have a little bit knowledge about the
categories Ker(7T ®% —) for infinitely generated tilting modules 7. This might help us to understand some
new aspects of the tilting theory of infinitely generated tilting modules.

The main purpose of this paper is to give a characterization of the triangulated categories Ker(T ®% —)
for infinitely generated tilting modules 7', namely, we show that if the tilting module 7 is good then the
triangulated category Ker(T ®H§ —) is equivalent to the derived category of a ring C, and therefore, there
is a recollemment among the derived categories of rings A, B and C. Conversely, the existence of such a
recollement implies that the given tilting module 7 is good. More precisely, our result can be stated as
follows:



Theorem 1.1. Let A be a ring, T a tilting A-module of projective dimension at most 1 and B the endomor-
phism ring of T.

(1) If T is good, then there is a ring C, a homological ring epimorphism A : B — C and a recollement
among the unbounded derived categories of the rings A, B and C:

7(C) — 7(B) —— 7(A)
~N_ ~N__
such that the triangle functor j' is isomorphic to the total left derived functor 4T ®H§ —. In this case, the
kernel of the functor T ®H§ — is equivalent to the unbounded derived category 2(C) of C as triangulated
categories.
(2) If the triangle functor T @% — : 2(B) — D(A) admits a fully faithful left adjoint ji : D(A) — 2(B),
then the given tilting module T is good.

Let us remark that a noteworthy difference of Theorem 1.1(1) from the result [4, Proposition 1.7] is
that our recollement is over derived module categories of precisely determined rings, while the recollement
in [4, Proposition 1.7] involves a triangulated category. Theorem 1.1(1) realizes this abstract triangulated
category by a derived module category via describing the kernel of the functor T ®§ —. Our result also
distinguishes itself from the one in [41] where C is a differential graded ring instead of a usual ring, and
where the consideration is restricted to ground ring being a field.

If we apply Theorem 1.1 to tilting modules arising from ring epimorphisms, then we can see that, in most
cases, the recollements given in Theorem 1.1 are different from the usual ones induced from the structure of
triangular matrix rings. The following corollary is a consequence of the proof of Theorem 1.1.

Corollary 1.2. (1) Let R — S be an injective ring epimorphism such that TorX(S,S) = 0 and that gS has
projective dimension at most one. Then there is a recollement of derived module categories:

T~ T~
.@(SURS/) —_— @(EHdR(S@S/R)) R @(R) ,
~N~— ~—_

where S’ is the endomorphism ring of the R-module S/R, and SUg S’ is the coproduct of S and S over R.
(2) Suppose that \.: R — S is an injective homological ring epimorphism between commutative rings R
and S. Then there is a recollement of derived module categories:

— T~ T~
2(S@rS') — Z(Endr(S®S/R)) — Z(R) ,
~N~— ~—

where S' := Endg(S/R) is a commutative ring, and S @g S’ is the tensor product of S and S’ over R.
(3) For every prime number p > 2, the derived category of the ring ( % (%p > admits two stratifica-
p

tions, one of which clearly has composition factors Q and Z,, and the other has composition factors Q)
and Q,, where Q ), Q, Z;, and Q) denote the rings of p-integers, rational numbers, p-adic integers and
p-adic numbers, respectively.

As pointed out in [5], the Jordan-Holder theorem fails for stratifications of derived module categories by
triangulated categories. Our Corollary 1.2(3) (see also the example in Section 8 below) shows that the Jordan-
Holder theorem fails even for stratifications of derived module categories by derived module categories, and
therefore the problem posed in [5] gets a negative answer.

The paper is organized as follows: In Section 2, we recall some definitions, notations and useful results
which are needed for our proofs. In Section 3, we shall first establish a connection between universal local-
izations and recollements of triangulated categories, and then prove Proposition 3.6 which is crucial for the
proof of the main result. In Section 4, we discuss some homological properties of good tilting modules, and



establish another crucial result, Proposition 4.6, for the proof of the main result Theorem 1.1. After these
preparations, we apply the results obtained in Section 3 to prove Theorem 1.1(1). In Section 5, we prove
the second part of Theorem 1.1. This may be regarded as a converse statement of the first part. In Sec-
tion 6, we apply Theorem 1.1 to good tilting modules arising from ring epimorphisms, and prove Corollary
1.2(1). In these cases the universal localization rings in Theorem 1.1 can be given by coproducts of rings.
Our discussion in this section is actually carried out under the general assumption of injective homological
ring epimorphisms. In Section 7, we first consider the existence of the recollements in Theorem 1.1 for
commutative rings without assumption that the involved modules are tilting modules, and then make special
consideration of localizations of commutative one-Gorenstein rings. In particular, we prove Corollary 1.2(2)
and Corollary 1.2(3). It turns out that many derived module categories of rings possess stratifications by
derived module categories of rings, such that, even up to ordering and up to derived equivalence, not all of
their composition factors are the same; for instance, the derived category of the endomorphism ring of the
abelian group Q & Q/Z (or its variation Q & Q/ Q( p))- Note that, in the examples presented in this section,
the two stratifications all have the same lengths. In Section 8, we give an example of a non-commutative
algebra over which the derived category of the endomorphism ring of a tilting module has two stratifications
of different finite lengths. This, together with the examples in Section 7, gives a complete answer to an open
problem in [5] negatively.

The research work of the corresponding author C.C. Xi is partially supported by the Fundamental Re-
search Funds for the Central Universities (2009SD-17), while the author H.X. Chen is partially supported
by the Doctor Funds of the Beijing Normal University. Also, C.C. Xi thanks Lidia Angeleri-Hiigel for some
discussions on localizations of commutative rings.

2 Preliminaries

In this section, we shall recall some definitions, notations and basic results which are related to our proofs.
In particular, we recall the notions of recollements and TTF triples as well as their relationship.

2.1 Some conventions

In this subsection, we recall some standard notations which will be used throughout this paper.

All rings considered in this paper are assumed to be associative and with identity, and all ring homomor-
phisms preserve identity.

Let A be a ring. We denote by A-Mod the category of all unitary left A-modules. For an A-module M, we
denote by add(M) (respectively, Add(M)) the full subcategory of A-Mod consisting of all direct summands
of finite (respectively, arbitrary) direct sums of copies of M. In many circumstances, we shall write A-proj
and A-Proj for add(,A) and Add(4A), respectively. If I is an index set, we denote by M!) the direct sum of I
copies of M. If there is a surjective homomorphism from M) to an A-module X, we say that X is generated
by M, or M generates X. By Gen(M) we denote the full subcategory of A-Mod generated by M.

If f: M — N is a homomorphism of A-modules, then the image of x € M under f is denoted by (x) f in-
stead of f(x). Also, for any A-module X, the induced morphisms Homy (X, f) : Homy (X, M) — Homy (X, N)
and Homy (f,X) : Homy (N, X) — Homy (M, X) is denoted by f* and f,, respectively.

Let C be an additive category.

Given two morphisms f: X — Y and g: Y — Z in C, we denote the composition of f and g by fg which
is a morphism from X to Z, while we denote the composition of a functor F' : C — D between categories C
and D with a functor G : D — E between categories D and E by GF which is a functor from C to E. The
image of the functor F is denoted by Im(F) which is a full subcategory of D.

Throughout the paper, a full subcategory D of C is always assumed to be closed under isomorphisms,
that is, if X and Y are objects in C, then Y € D whenever Y ~ X with X € D.
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Let 9 be a full subcategory of C. By Ker(Hom(—,9")) we denote the left orthogonal subcategory with
respect to 9, that is, the full subcategory of C consisting of the objects X such that Hom(X,Y) = 0 for all
objects Y in 9. Similarly, Ker(Hom (9", —)) stands for the right orthogonal subcategory of C with respect
to 9.

di

By a complex X* over C we mean a sequence of morphisms d between objects X’ in C: -+ — X' =

i+1
Xit! N X2 — ... such that al)"(d;;rl =0 for all i € Z. In this case, we write X* = (X', d% )icz, and call di
a differential of X*®. Sometimes, for simplicity, we write (X');cz for X* without mentioning the morphisms
di;. For a fixed integer n, we denote by X*[n] the complex obtained from X* by shifting n degrees, that is,
(X*[n])? = X", and by H"(X*) the cohomology of X* in degree n.

Let '(C) be the category of all complexes over C with chain maps, and % (C) the homotopy category
of € (C). We denote by () and .#*(C) the full subcategories of €' (C) and .# () consisting of bounded
complexes over C, respectively. When (C is abelian, the derived category of C is denoted by Z((C), which
is the localization of () at all quasi-isomorphisms. The full subcategory of Z(() consisting of bounded
complexes over C is denoted by 2°(C). As usual, for a ring A, we simply write ¢'(A) for €' (A-Mod),
H (A) for # (A-Mod), €”(A) for €*(A-Mod), and .#*(A) for #*(A-Mod). Similarly, we write Z(A) and
2b(A) for 2(A-Mod) and 2”(A-Mod), respectively. Furthermore, we always identify A-Mod with the full
subcategory of Z(A) consisting of all stalk complexes concentrated on degree zero.

Now we recall some basic facts about derived functors defined on derived module categories. We refer
to [15] for details and proofs.

Let R and S be rings, and let H be an additive functor from R-Mod to S-Mod.

(1) For each complex X*® in Z(R), there is a complex I* € ¥ (R-Inj) such that X*® is quasi-isomorphic
to I°, where R-Inj is the full subcategory of R-Mod consisting of all injective R-modules. Dually, for each
complex Y* in Z(R), there is a complex P* € € (R-Proj) such that P* is quasi-isomorphic to Y*.

(2) There is a total right derived functor RH and a total left derived functor LH defined on Z(R). If
X*,Y* € Z(R), then RH(X®) = H(I*) and LH(Y*) = H(P*), where I* and P* are chosen as in (1). Here
we think of H as an induced functor between homotopy categories, and if X* = (X', d});cz then H(X*®) :=
(HX) H(d) o

In case T is an R-S-bimodule, the total right derived functor of Homg(7, —) is denoted by RHomg(7, —),
and the total left derived functor of T ®g — is denoted by T ®% —.

(3) Any adjoint pair of additive functors (G,H) between R-Mod and S-Mod induces an adjoint pair
(LG,RH) between the unbounded derived categories of R and S.

2.2 Homological ring epimorphisms

Let R and S be rings. Recall that a homomorphism A : R — § of rings is called a ring epimorphism if, for any
two homomorphisms fi, f> : § — T of rings, the equality Af; = Af> implies that f; = f>. Itis known that A is a
ring epimorphism if and only if the multiplication map S ®zS — S is an isomorphism as S-S-bimodules if and
onlyifx®1 =1®xin S®gS for any x € S. It follows that, for a ring epimorphism, we have X ®sY ~ X QrY
for any S-modules Xg and gY. An example of ring epimorphisms is the inclusion Z — Q. Note that Q is an
injective and a flat Z-module.

Given aring epimorphism A : R — S between two rings R and S, we can regard S-Mod as a full subcategory
of R-Mod via A. This means that Homg(X,Y) ~ Homg(X,Y) for all S-modules X and Y.

Two ring epimorphisms A : R — S and A’ : R — §’ are said to be equivalent if there is a ring isomorphism
v : S — § such that A" = Ay. This defines an equivalence relation on the class of ring epimorphisms R — §
with R fixed. The equivalence classes with respect to this equivalence relation are called the epiclasses of R.
This notion is associated with bireflective subcategories of module categories.



Recall that a full subcategory D of R-Mod is said to be reflective if every R-module X admits a D-
reflection, that is, there exists an R-module D' € D and a homomorphism f : D' — X of R-modules such
that Homg (D, f) : Homg(D,D') — Homg(D,X) is an isomorphism as abelian groups for any module D € D.
Dually, one defines the notion of coreflective subcategories of R-Mod. The full subcategory D of R-Mod is
called bireflective if it is both reflective and coreflective.

Ring epimorphisms are related to bireflective subcategories in the following way.

Lemma 2.1. [1, Theorm 1.4] For a full subcategory D of R-Mod, the following statements are equivalent.
(1) There is a ring epimorphism A : R — S such that the category D is the image of the restriction functor
Ay : S-Mod — R-Mod.
(2) D is a bireflective subcategory of R-Mod.
(3) D is closed under direct sums, products, kernels and cokernels.
Thus, there is a bijection between the epiclasses of R and the bireflective subcategories of R-Mod. Further-
more, the map A : R — S in (1), viewed as a homomorphism of R-modules, is a ‘D-reflection of R.

Following Geigle and Lenzing [24], we say that a ring epimorphism A : R — S is homological if Torf (S, S) =
0 for all i > 0. This is equivalent to saying that the restriction functor A, : Z(S) — Z(R) induced by A is fully
faithful. In [24, Theorem 4.4], the following lemma is proved.

Lemma 2.2. For a homomorphism A : R — S of rings, the following assertions are equivalent:

(1) A is homological,

(2) For all right S-modules X and all left S-modules Y, the natural map TorR(X,Y) — Tor? (X,Y) is an
isomorphism for all i > 0.

(3) For all S-modules X and Y, the natural map Exts(X,Y) — Ext,(X,Y) is an isomorphism for all i > 0.

Note that the condition (3) in Lemma 2.2 can be replaced by the corresponding version of right modules.
For more details, one may look at [24] and [35, Section 5.3].
On ring epimorphisms, we have the following property which will be used in Section 7.

Lemma2.3. Letg: A— T and h:T" — A be ring homomorphisms such that gh : A — Ais a ring epimorphism.
Then h is a ring epimorphism. Suppose further that h is injective. If I'n and pAA (respectively, \I' and Ap) are
flat modules, then both g and h are homological ring epimorphisms.

Proof. By the definition of ring epimorphisms, we can readily show that / is a ring epimorphism. Note
that we always have the following commutative diagram:

ToAT 2 Ay A

where p; and up are the canonical multiplication maps. Suppose that # is injective. If I'y and 5A are flat
modules, then the map & @ & is injective. Since gh : A — A is a ring epimorphism, the map u, is an
isomorphism. It follows that y; is injective, and therefore it is an isomorphism. This means that g: A — T
is a ring epimorphism. Note that I'y is a flat module. Thus g is a homological ring epimorphism. To prove
that £ also is a homological ring epimorphism, we claim that the module rA is flat. In fact, this follows from
Lemma 2.2 because g is a homological ring epimorphism and because A is flat as a A-module. Similarly, we
can prove that if A\I" and A, are flat, then both g and 4 are homological ring epimorphisms. []



2.3 Recollements and TTF triples

In this subsection, we first recall the definitions of recollements and TTF triples, and then state a correspon-
dence between them.

From now on, D denotes a triangulated category with small coproducts (that is, coproducts indexed over
sets exist in D), and with [1] the shift functor of D.

The notion of recollements was first defined by Beilinson, Bernstein and Deligne in [12] to study “exact
sequences” of derived categories of coherent sheaves over geometric objects.

Definition 2.4. Let 2’ and D" be triangulated categories. We say that 9D is a recollement of D’ and D" if
there are six triangle functors as in the following diagram

i J

Y\ A\

o iv=i @]:J 7

AN N

it Jx
such that
(1) (i*,i.), (ir,i"), (jr, j') and (j*, j.) are adjoint pairs;
(2) i, j« and jy are fully faithful functors;
(3) i*j. = 0 (and thus also j'i; = 0 and i* j, = 0); and
(4) for each object C € D, there are two triangles in D:

ii'(C) — C — . j*(C) — i’ (O)[1],

J1j'(€) — € — i,i*(C) — juj (O)[1].

Recollements are closely related to TTF triples which are defined in terms of torsion pairs. So, let us first
recall the notion of torsion pairs in triangulated categories.

Definition 2.5. [14] A torsion pair in D is a pair (X,9") of full subcategories X and 9 of D satisfying the
following conditions:

(1) Homp (X, ) = 0;

(2) X[1] € X and [~1] C 9; and

(3) for each object C € D, there is a triangle

Xc — C—Y¢ — X([1]

in D such that Xc € X and Y€ € . In this case, X is called a torsion class and 9 is called a torsion-free
class. If, in addition, X is a triangulated subcategory of D (or equivalently, 9 is a triangulated subcategory
of D), then the torsion pair (X,9) is said to be hereditary (see [14, Chapter I, Proposition 2.6]).

Note that, if (X,9") is a torsion pair in D, then X = Ker(Hom¢(—,9")) which is closed under small
coproducts, and 9" = Ker(Hom (X, —)) which is closed under small products.

Definition 2.6. [14] A torsion torsionfree triple, or TTF triple for short, in D is a triple (X,9", Z) of full
subcategories X, 9" and Z of 9D such that both (X,9") and (9, Z) are torsion pairs. In this case, X is said to
be a smashing subcategory of D.



It follows from [14, Chapter 1.2.] that, associated with a TTF triple (X,9",2) in D, there are seven
triangle functors demonstrated in the following diagram

i L U
TN S
X D Y v D z
) ey S o o’
R j k

such that

(1) i,j and k are canonical inclusions; and

(2) (i,R),(L,j),(j, V) and (U,K) are adjoint pairs; and

(3) the composition functor Ui : X — Z of th functors i and U is a triangle equivalence with the quasi-
inverse functor Rk which is the composition of the functors k and R.

Note that if (X,9", Z) is a TTF triple in D, then it is easy to check that X, 9" and Z are automatically
triangulated subcategories of D.

Observe also that the existence of the functors R and L in the above diagram follows from the fact that
(X,9) is a torsion pair in D (see [14, Chapter I, Proposition 2.3] for details). Furthermore, 9" is closed under
small coproducts and products.

Now, we state a correspondence between recollements and TTF triples given in [30, Section 9.2] and [35,
Section 4.2]. For more details, we refer the reader to these papers.

Lemma 2.7. (1) If D is a recollement of D' and D" in Definition 2.4, then (j)(D'),i.(D"), j.(D')) is a TTF
triple in D.
(2) If (X,9, Z) is a TTF triple in D, then D is a recollement of X and ) as follows:

L i
/}\ P/l;\\
Yy—D——X.
~_ . 7
\% kUi

2.4 Generators and compact objects

In this subsection, we shall recall some definitions and facts on generators in triangulated categories.

Given a class of objects U in D, we denote by Tria(U) the smallest full triangulated subcategory of D
which contains U and is closed under small coproducts. If U consists of only one single object U, then we
simply write Tria(U) for Tria({U}).

Definition 2.8. A class U of objects in D is called a class of generators of D if an object D in D is zero
whenever Hom (U [n], D) = 0 for every object U of U and every n in Z.

An object P in D is called compact if the functor Homy (P, —) preserves small coproducts, that is,
Homop (P, ®icr Xi) ~ ®icfHomp (P, X;), where [ is a set; and exceptional if Homg (P, P[i]) = 0 for all i # 0.
The object P is called a tilting object if P is compact, exceptional and a generator of 2. Note that, for a
compact generator P, we have Tria(P) = D (see [35], for instance).

The category D is said to be compactly generated if 2 admits a set 7 of compact generators. In this
case, D = Tria(‘V), and we say that 9 is compactly generated by V.

It is well-known that, for a ring A, the unbounded derived category Z(A) is a compactly generated
triangulated category, and one of its compact generators is 4A. Moreover, a complex P* € Z(A) is compact
if and only if it is quasi-isomorphic to a bounded complex of finitely generated projective A-modules. The
importance of compact objects can be seen from the following lemma, due to Keller in [28, Corollary 8.4,
Theorem 8.5].



Lemma 2.9. Let A be a ring. If P* is a compact, exceptional object in 9 (A), then Tria(P*®) is equivalent to
2(Endgg)(P*)) as triangulated categories.

The following result is proved in [13, Proposition 5.14], which shows that, under certain natural assump-
tions, torsion pairs in compactly generated triangulated categories can be lifted to TTF triples.

Lemma 2.10. Let C be a compactly generated triangulated category which admits all small coproducts and
products. Suppose that (Y, Z) is a hereditary torsion pair in C. Then we have the following.

(1) If 7 is closed under all small products, then there exists a TTF triple (X,9, Z) in C. In this case, )
is compactly generated.

(2) If Z is closed under all small coproducts, then there exists a TTF triple (Y, Z, W) in C. In this case,
Z is compactly generated.

The relationship between compact objects and TTF triples is explained in the next result, which states
that any set of compact objects in a triangulated category with small coproducts gives rise to a TTF triple.
For more details, we refer the reader to [14, Chapter III, Theorem 2.3; Chapter 1V, Proposition 1.1].

Lemma 2.11. Let C be a triangulated category which admits all small coproducts. Suppose that P is a set
of compact objects in C. Set X := Tria(P),Y := Ker(Hom(X,—)) and Z := Ker(Homg(9",—)). Then
(X,Y,2) is a TTFE triple in C. Moreover, Y coincides with the full subcategory of C consisting of the objects
Y such that Hom¢(P[n],Y) = 0 for every P € P and n € Z.

3 Universal localizations and recollements

In this section, we shall further generalize and develop some known results and connections between univer-
sal localizations and recollements of triangulated categories in literature. In this consideration, homological
ring epimorphisms and perpendicular categories will play a role.

Now, we fix a ring R, and suppose that X is a set of homomorphisms between finitely generated projective
R-modules. For each f: P~! — P%in X, we denote by P; the following complex of R-modules:

.._,()_,p—leO_)()_)...’

where P~! and P are of degrees —1 and 0, respectively.
Set
*:={P;| f€X}

2+ :={X € R-Mod | Homg)(P*,X[i]) = 0 for all P* € £* andall i € Z},
P(R)s. :={Y* € Z(R) | H"(Y*) € " for all n € Z},

where H"(Y*) is the n-th cohomology of the complex Y*. Note that some special cases of £ have been
discussed in literature (see, for example, [1, 4, 21, 24]). For example, the set X consists of injective homo-
morphisms or only one single homomorphism. In some papers, such a category X" is called the perpendicular
category of X.

Universal localizations were pioneered by Ore and Cohn, in order to study embedding of noncommutative
rings in skew fields.

Before recalling the definition of universal localizations, we mention the following result, due initially to
Cohen (see also [37]), which explains how universal localizations arise.



Lemma 3.1. [19] Let R and ¥ be as above. Then there is a ring Ry and a homomorphism A : R — Ry of rings
with the following properties:

(1) A is X-inverting, that is, if o : P — Q belongs to ¥, then Ry @g . : Ry g P — Ry ®g Q is an isomor-
phism of Ry-modules, and

(2) A is universal X-inverting, that is, if S is a ring such that there exists a L-inverting homomorphism
©: R — S, then there exists a unique homomorphism \y : Ry — S of rings such that @ = A\.

The homomorphism A : R — Ry in Lemma 3.1 is a ring epimorphism with Torf (Ry,Rx) = 0. It is called
the universal localization of R at X.
The left-right symmetry holds for universal localizations (see [37, Chapter 4, p.51-52]).

Lemma 3.2. Let Ry, be the universal localization of R at ¥ in Lemma 3.1, and let T := {Homg(f,R) | f €
Y} which is a set of homomorphisms between finitely generated projective right R-modules. Then Ry is
isomorphic to the universal localization of R at T'.

The proof of this lemma is actually a consequence of the following two observations: (a) For any finitely
generated projective R-module P, we have a natural isomorphism: Homg (P, R) ®g — ~ Homg (P, —), and (b)
the functor Homg(—, zR) : add(gR) — add(Rg) defines an equivalence of categories.

It is easy to see that if R has weak dimension at most 1, then the localization A : R — Ry of R at any set X
is homological, and moreover, the weak dimension of Ry is also at most 1 by Lemma 2.2.

If X is a finite set, then we may assume that ¥ contains only one homomorphism since the universal
localization at X is the same as the universal localization at the direct sum of the homomorphisms in X.

The following result is a more general formulation of the case discussed in [1] and [4]. Nevertheless,
many arguments of the proof there work in this general situation. We outline here a modified proof.

Proposition 3.3. (1) Y1 is closed under isomorphic images, extensions, kernels, cokernels, direct sums and
products.

(2) £+ coincides with the image of the restriction functor A. : Ry-Mod — R-Mod induced by the ring
homomorphism A defined in Lemma 3.1. In this sense, we can identify ¥ with Ry-Mod via \.

(3) Z(R)s. = Ker(Homg g (Tria(X®), —)).
In order to prove Proposition 3.3, we need the following known homological result.

Lemma 3.4. Suppose that W* = (W');cz, is a complex in € (A-Proj) such that W' = 0 for all i € Z\{—1,0}.
Then, for each X* € 2(R) and n € Z, there is an exact sequence of abelian groups:

0— Hom@(R)(W’,H”_l(X')[l]) — Hom@(R)(W’,X'[n}) — Homg (W*,H"(X*)) — 0.

Proof. It is sufficient to show the statement for n = 0. In this case, it follows from the triangle W' —
WO — W* — W~![1] that the following diagram is commutative and exact:

Hom g (g) (WO[1],X*)

L I - |

Hom - (g (WO, H=1(x*))

Hom - () (W1[1],X*)

HomX(R)(W’,)P)

Hom () (WO, X®)  ————  Hom (g (W1, X*)

Hom () (W1, HT1(X*)) Hom () (WO, HO(X*)) Hom (g (W™, HO(X*)).

Here we use the fact that Hom g g (P, X*[n]) = Hom () (P, X*[n]) ~ Homg (P, H" (X*)) for every projective
module P and n € Z. Thus Lemma 3.4 follows. U

Proof of Proposition 3.3. (1) Clearly, X" is closed under isomorphic images and extensions. In the
following, we shall prove that ' is closed under kernels and cokernels. Recall that ¥+ is defined to be the
full subcategory of R-Mod consisting of those R-modules X that Homg ) (U*,X) = Homg ) (U*®,X[1]) =0
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for all U® € X*. Suppose that f: Y — Z is a homomorphism between two modules ¥ and Z in X+, Set
K :=XKer(f),I :=Im(f) and C := Coker(f). Then we have two exact sequences of R-modules:

0—-K—-Y—I—0 and 0—-I—Z—-C—0.

Since every short exact sequence in R-Mod can canonically be extended to a triangle in Z(R), we get two
triangles in Z(R):
K—Y—I—K[l] and [—Z—C—I[l].

For convenience, we will write ¢ g)(X*,Y*) for the Hom-set Homg g (X*®,Y*), with X*,Y* € Z(R). Let
P* € X°. Then, by applying ) (P*,—) to these triangles, we obtain two long exact sequences of abelian
groups

0 — o) (P*,K) = or)(P*,Y) = o&)(P*,]) = or)(P*,K[1]) = &) (P*,Y[1]) = o (P*,I[1] — 0;
0— o) (P*,1) = o) (P*,Z) = g(r)(P*,C) — gr)(P*,1[1]) = &) (P*,Z[1]) = o(&)(P*,C[1] — 0.

Since Y and Z lie in T+, we know oz)(P*,Y) = 4(r)(P*,Z) = (&) (P*,Y[1]) = g(r)(P*, Z[1]) = 0. It follows
that ¢ g)(P*,K) = g (&) (P*,I) =0, and s0 (g (P*,K[1]) = 0. This implies K € £*. Similarly, we can con-
clude that 7 and C belong to . Hence X is closed under kernels, images and cokernels. By the definition of
> and the fact that Hom-funcors commute with products, we infer that £+ is closed under products. Since
¥* is a set of bounded complexes over finitely generated projective R-modules, these complexes are compact,
and therefore X' is closed under direct sums.

(2) Observe that, for each element f: P~! — PY in ¥, there is a canonical triangle in Z(R):

(x) P Lo — PP,
If, in addition, f is injective, then we have a short exact sequence of R-modules:

(#4) 0—s P! L5 PO Coker(f) — 0.

In this case, we get Py ~ Coker(f) in Z(R). Note that the same statement as (2) is obtained in [1, Lemma
1.6, Proposition 1.7] under the extra assumption that each element in X is injective, where the sequence ()
is used. In fact, this assumption is not necessary since we can replace (%) by () and modify the proof there
to show the general case. For more details, we refer the reader to [1].

(3) This follows directly from Lemma 2.11 and Lemma 3.4. [J

Combining Lemma 2.1 with Proposition 3.3, we have the following result, which says that, in some
sense, Morita equivalences preserve universal localizations.

Corollary 3.5. Let A : R — Ry be the universal localization of the ring R at the set ¥. Suppose that P is
a finitely generated projective generator for R-Mod. Set A := {Homg(P, f) | f € £}. Then the ring homo-
morphism p : Endg(P) — Endg, (Ry ®g P), defined by g — Ry Qg g for any g € Endg(P), is the universal
localization of the ring Endg(P) at the set A.

Proof. Let S := Endg(P). Since gP is a finitely generated projective generator for R-Mod, the Hom-
functor Homg (P, —) : R-Mod — S-Mod is an equivalence, which extends to a triangle equivalence between
2(R) and 2(S). By the definitions of X and A+, the restriction of Homg(P,—) induces an equivalence
from I+ to A*. Note that Ry ®g P is a finitely generated projective generator for Rg-Mod. Since the functor
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A, : Ry-Mod — R-Mod is fully faithful and since the image of A, coincides with £+ by Proposition 3.3(2), it
follows from the following commutative diagram of functors:

HomRZ (R2®RP,7)
Rz-Mod — Endg, (Ry @ P)-Mod
A J/ \LIJ*
Homg(P,—)
R-Mod = S-Mod

that u, is fully faithful, and that the image of u, coincides with A*. This implies also that u is a ring epimor-
phism. Note that, under our conventions, full subcategories are always closed under isomorphic images.

On the other hand, if @ : § — Sx is the universal localization of § at A, then, by Proposition 3.3(2), the
image of @, coincides with A*. Thus the two ring epimorphisms  and @ are equivalent by Lemma 2.1. This
means that the two rings Sx and Endg, (Rx ®g P) are isomorphic. Thus y is the universal localization of S at
A O

Motivated by [31, Theorem 10.8], see also [4, Thereom 4.8 (3)], we shall establish the following con-
nection between universal localizations and recollements of triangulated categories. The last condition (5) of
Proposition 3.6 below seems to appear for the first time in the work, and will be used in Section 4 to prove
Theorem 1.1(1).

Proposition 3.6. (a) Let j be the canonical embedding of Z(R)x. into Z(R). Then there is a recollement

L
Z(R)y. —— Z(R) Tria(X*)
\w/ \._../
such that L is the left adjoint of j and T* := L(R) is a compact generator of 7 (R)y..

(b) The following statements are equivalent:

(1) A : R — Ry is a homological epimorphism of rings;

(2) 7\,* : @(Rz) 1> Q(R)ZL;

(3) the complex T* in (a) is a tilting object in Z(R)y.;

(4) the complex T* in (a) is isomorphic to Ry in Z(R);

(5) the complex T* in (a) is isomorphic in Z(R) to a complex X* := (X')icz, such that X' € £+ for all
i € 7.

Proof. The existence of the above recollement is an immediate consequence of Lemmata 2.7(2), 2.11
and Proposition 3.3. The property in (a) follows from the proof in [14, Chapter IV, Proposition 1.1]. As to
the property (b), we notice that the equivalences among the first four statements in (b) can be deduced from
[4, Proposition 1.7, Lemma 4.6]. Clearly, the statement (4) implies the statement (5). We shall show that (5)
implies (4).

Let A : R — Ry be the universal localization of R at ¥. In what follows, we always identify - with
Ry-Mod via A. This is due to Proposition 3.3(2).

Suppose that T® ~ X* := (X');cz in 2(R) such that X! € Ry-Mod for all i € Z. Since A is a ring epi-
morphism, we get Homg, (X,Y) ~ Homg(X,Y) for all X,Y € Ry-Mod. Thus X* can be considered as a
complex over Ry-Mod, that is, X* € ¢'(Rx). Let A; be the map Homgy g (A, X*) : Homg ) (Rs,X*) —
Homgg)(R,X*®). We claim that A, is surjective. In fact, there is a commutative diagram:

Hom (g (Rx,X*) —~ Homgg) (Rx, X*)

- -

Hom%(R) (R,X') L> HOH’IU/(R) (R,X.),
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where Ay = Hom () (A, X*), and where g and g, are induced by the localization functor g : # (R) — Z(R).
Clearly, ¢ is a bijection. To prove that A; is surjective, it suffices to show that A, is bijective. Indeed, A, is a
composition of the following series of isomorphisms:

Hom (g (Ry, X*) ~ H’(Homg(Ry, X*)) = H’(Homg, (Rx,X*)) ~ Hom_y(z) (R, X*),

where the equality follows from the fact that A is a ring epimorphism. More precisely, for f* := (fi) €
Hom () (Rx,X*) with ( f%)icz a chain map, the series of the above maps are defined by:

(f) = 0= O M),

where A, (f*) is a chain map from R to X* with Af° in degree 0 and zero in all other degrees. Thus A, is
bijective, which implies that A; is surjective. Now, let ' be the map Homg gy (A, T*) : Homg ) (Rx, T*) —
Homg g) (R, T*). Since T* ~ X* in Z(R), we know that ) is also surjective. Suppose that @: R — T* := L(R)
is the unit adjunction morphism with respect to the adjoint pair (L, j). Then there exists g: Ry — T* in Z(R)
such that @ = Ag. Since Ry belongs to Z(R)y., there exists f : T®* — Ry in Z(R) such that A = @f. This
gives rise to the following commutative diagram in Z(R):

R R R

L,k

T*-=>Ry—=>T".

Consequently, @ = ¢fg and A = Agf. On the one hand, since @ is the unit adjunction morphism, we have
fg = 17.. On the other hand, it follows from [1, Theorem 1.4] that A is an Ry-Mod-reflection of R, that is,
the morphism of abelian groups Homg(A,Z) : Homg(Rx,Z) — Homg(R, Z) is bijective for any Z € Ry-Mod.
This yields gf = 1g,. Thus f is an isomorphism. In other words, 7° ~ Ry in Z(R). Therefore, (5) implies
4. U

Remark. Note that every tilting module is associated to a class of finitely presented modules of projective
dimension at most one (see [1, 10]) and thus to a universal localization since each finitely presented module
of projective dimension at most one is determined by an injective homomorphism between finitely generated
projective modules. In Proposition 3.6, we do not require that each homomorphism in X is injective. From
this point of view, the formulation of Proposition 3.6(b) seems to be more general than that in [4, Thereom
4.8(3)].

Corollary 3.7. Let R C S be an extension of rings, that is, R is a subring of the ring S with the same identity,
and let B be the endomorphism ring of the R-module S ® S/R. Then there is a recollement of triangulated
categories:

/’”"‘\ /"\
9 (B)y. — Z(B) Z(R),
\/ \_/
where ¥ := {n*}, and the homomorphism T* : Homg(S ® S/R,S) — Homg (S ® S/R,S/R) of B-modules is
defined by f — fn for any f € Homg(S ® S/R,S), which is induced by the canonical map w: S — S/R.

Proof. It follows from Proposition 3.6(a) that we have the following recollement:

TN VS
P (B)s. 9(B) Tria(X°) .
~______— ~______—
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To show that Tria(X®) is equivalent to Z(R) as triangulated categories, it suffices to prove that the com-
plex £* € J#?(B-proj) is exceptional with Endg ) (X°*) ~R.

In fact, let g7 := S® S/R and B := Endg(T). Then add(gT) and B-proj are equivalent, and therefore
J’(add(gT)) and %" (B-proj) are equivalent as triangulated categories via the functor Homg (T, —). Thus,
to show that the complex X* € .#?(B-proj) is exceptional with Endg ) (X°®) ~ R, it is sufficient to show that
the complex

n: 0—S—S/R—0

in #?(add(T)) is exceptional with End ;s (4qq(r)) (IT°) = R since Homg(7,I1°) = £°.

It is easy to see Hom b (yqq(r)) (I1*,11°[—1]) = 0. To show Hom y(qq¢ry) (I1°,I1°[1]) = 0, we pick
up a homomorphism f : S — S/R of R-modules, suppose (1)f = s+ R € S/R and define g : gS — gS by
x +— xs for x € S. Clearly, g is a homomorphism of R-modules and (f — g)|g = 0. Thus there exists a ho-
momorphism /4 : §/R — S/R such that f — g = mh. This implies that f is zero in #?(add(T)), that is,
Hom s (y4q(r)) (I1°,11°[1]) = 0. Hence we have shown that I1® is exceptional.

Now, we define a ring homomorphism o from End s (4q4(7) (I1*) to R as follows: Given f = ( e
End b (aqq(7) (IT°), let (f)o be the unique map determined by the following exact commutative diagram of
R-modules:

0 R—2s " SR 0
| | 7|
0 R~ s ™. SR 0.

Note that if f is null-homotopic then () is zero. This means that o is well-defined. Clearly, a is a ring
homomorphism. We claim that o is an isomorphism of rings. It is easy to check that o is injective. We shall
show that o is surjective. Let r € R. We define f°: S — S to be the right multiplication of . Then there is a
homomorphism f!: S/R — S/R of R-modules such that fOn = f!. This means that o is surjective. Hence
@ is an isomorphism of rings. So, X*° is exceptional with End(g)(X®) >~ R. By Lemma 2.9, we may identify
Tria(X*) with Z(R). This proves Corollary 3.7. (J

As another corollary of Proposition 3.6, we have the following result.

Corollary 3.8. If the weak dimension of R is at most 1, then there is a recollement

/""‘\ /"“\
2(Rx) 2(R) Tria(X°) ,
N N~
where ¥ is a set of homomorphisms between finitely generated projective R-modules.

Proof. Under the assumption, the universal localization map Ay is trivially a homological ring epimor-
phism. So, this corollary follows from Proposition 3.6(b). [

As a consequence of Corollary 3.8, we have the following result which is a generalization of [5, Theorem
2.5, Corollary 3.3].

Corollary 3.9. Suppose that R is a left semi-hereditary ring (that is, every finitely generated submodule of a
projective left R-module is projective). If T* is a compact exceptional object in Z(R), then there is a ring S,
a homological ring epimorphism A : R — S and a recollement
TN T
@(S) .@(R) .@(End@(R)(T')) .
N N~—
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Proof. Since T* is a compact object in Z(R), there exists a complex P* € #*(R-proj) such that T* ~ P*
in Z(R). Suppose that P* is of the following form
di

.._>0_>ps_>..._,pi_>Pi+1_>..._>pf_>0_>...7

where P' € add(gR) for s < i <t. Since R is left semi-hereditary, we have Im(d') € add(gR) for all i.
This implies that P* is isomorphic to a direct sum of finitely many two-term complexes in .#*(R-proj), say

P* ~ @} P?, where n € N and P? is of the form: 0 — P;Fl R P — 0 with s; € Z for each 1 < j < n.
Now we choose ¥ := {d; | 1 < j <n}. Then, by definition, we have £* = {P}[s;] | 1 < j <n} (see notations
at the beginning of Section 3). Consequently, Tria(7*) = Tria(P*) = Tria(X*®). Since T* is compact and
Homg ) (T*,T*[i]) = O for all i # 0, it follows from Lemma 2.9 that Tria(7*) is triangle equivalent to the
derived category Z(Endgg)(T*)) of Endgg)(T*). Note that R has weak dimension at most 1 because it is
left semi-hereditary. Thus the condition of Corollary 3.8 is fulfilled, and therefore Corollary 3.9 follows from
Corollary 3.8 if we define S = Ry. [

In general, it is hard to compute Rx. However, if ¥ consists of only one element with an orthogonality
assumption, one can construct Ry explicitly in terms of endomorphism rings of modules. To this purpose,
we first establish the following result which generalizes [21, Proposition 1.3] where only stalk complexes (or
modules) were considered.

Proposition 3.10. Suppose that P® := (P');cz, is a complex in € (R-Proj) such that P" = 0 for all n €
Z\{—1,0}. Define P** :={X € R-Mod | Homg ) (P*,X[i]) = 0 for all i € Z}. If Homgg(P*,P*® [1]) =
0 for each cardinal §, then the inclusion j : P** — R-Mod admits a left adjoint | : R-Mod — P**.

Proof. The proof will be divided into three steps. We define 2" to be the full subcategory of R-Mod
consisting of the objects X such that Homg g (P®,X[1]) = 0. Then, it follows from Homgg)(P*, X[1]) ~
Hom  (g)(P*,X[1]) for X € R-Mod that 2" is closed under quotients.

Let M and N be R-modules.

Step (1). For the given M, we shall construct an R-module, denoted by /(M), which belongs to P** and
is endowed with an R-homomorphism My : M — [(M).

Since P* € 6" (R-Proj), we have Homg,g) (P*, M[1]) = Hom (g (P*, M([1]). Let o be a generating set of
Hom  (g) (P*,M[1]) as an Endg(g) (P®)-module. Thus each element of o is a chain map from P* to M[1]. We
define oy, : P*(® — M[1] to be the coproduct of the elements of o. Then, it is clear that

@y := Homg,g) (P*, @) : Homgg) (P*, P*“) — Homg) (P*, M[1])
is a surjective homomorphism of Endgg)(P®)-modules. Let cone(®y) be the mapping cone of @y, and
M" := cone(wy)[—1]. Then we obtain the following canonical triangle in Z(R):
(x) M =2t Y, pe) M ],

where @y and Y, can be constructed explicitly. For more details, we refer the reader to any standard textbook
of homological algebra (for instance, [40]). Note that the complex M’ is of the form

M- ..._,0_>M—1d_M,M0_>()_,...

)

where dj; is a homomorphism between R-modules M~! and M?, which are of degrees —1 and 0, respectively.
Let C* denote the complex: 0 — Im(dy) — M° — 0. Then we have an exact sequence of complexes:
0— H '(M")[1] = M® — C* — 0, this gives us an triangle

H M1 =M —C*—H ' (M)]2).
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Since C* is quasi-isomorphic to the stalk complex H’(M"), we get the following triangle in Z(R):
() HN(MO)(1] — M 25 HOOE) — H™ (M) [2),

where the chain map Yy is induced by the homomorphism dj; such that H(yy) = 1 HOGT')- Applying
Homgg)(P*, —) to (), we get a long exact sequence of End gy (P*)-modules:

Hom gy (P*, P*(*) A Homy g (P*,M[1]) — Homg, ) (P*,M"[1]) — Homg g (P*, P*¥[1]).

Since ), is surjective and Homgg) (P*,P*@][1]) = 0, we have Homg g (P*,M"[1]) = 0. Now it follows
from Lemma 3.4 that
Homgg)(P*,H*(M")[1]) = Homg g (P*,M"[1]) = 0.

This implies H'(M*) € 2.

Now, we first fix a chain map @y, for the given M, and then define /(M) := H*(M") /t(M), where t(M)
denotes the trace of H*(P*) in H°(M"), that is, the sum of the images of all homomorphisms from H°(P*) to
HO(M"). Thus [(M) € 2 since 2" is closed under quotients. By Lemma 3.4, we have Homgg) (P*,H°(P*)[1])
~ Homg gy (P®,P*[1]) = 0. This means H°(P*) € 2. Since H’ commutes with coproducts, we infer from
Lemma 3.4 that coproducts of copies of H’(P*) lie in .2". This shows (M) € 2" because it is an image of a
coproduct of HO(P*).

In the following, we shall prove /(M) € P**. Clearly, we have Homg g (P*,1(M)[i]) = 0 for i # 0,
and Homg g (P*,1(M)) ~ Homg(H(P*),I(M)). So, in order to show [(M) € P*, it is sufficient to prove
Homg(H°(P*),1(M)) = 0.

One the one hand, applying Homg(H"(P*), —) to the the canonical exacts sequence

0—t(M) — H'M") — (M) — 0

of R-modules, we can see that Homg(H°(P*),/(M)) can be embedded into Homg gy (H°(P*),1(M)[1]) be-
cause Homg(H?(P*),t(M)) — Homg(H(P*),H°(M")) is always bijective by definition. On the other
hand, applying Hom g g (—,(M)[1]) to the following canonical triangle induced from P*

H (P[] — P* — H(P*) — H'(P*)[2]

in 2(R) and using the fact that Homg gy (H ' (P*)[1],#(M)) = 0 and that (M) € 2", we can deduce that
Hom gy (H°(P*),1(M)[1]) = 0. Consequently, Homg(H°(P*),1(M)) = 0, as desired. Thus [(M) € P**.
We define My := QpYyTys : M — [(M), which is clearly a homomorphism of R-modules.
Similarly, for the module N, we fix, once and for all, a chain map wy : PP N [1], and then define /(N)
and ny : N — [(N), where B is a cardinal. Clearly, we have the following triangle in Z(R):

L2

with N* := cone(ay)[—1].
Step (2). For any homomorphism g : M — N in R-Mod, we claim that there is a unique homomorphism
I(g) : I(M) — I(N) such that the following diagram commutes:

M 1(M)

gJ{ I(g)
NN

N I(N)



In fact, since Hom, ) (P*,N" [1]) = 0 by Step (1), we know from homological algebra that Hom g, (P*® (@)[—1],
N®) =~ TIgHomg g (P*[—1],N) = 0. In particular, the homomorphism @y[—1]g@y : P*(¥[—1] — N* must
be zero. Consequently, there is a homomorphism g’ : M* — N° such that goy = @pg’. So, we have the
following commutative diagram

P.((x) [_1] 7('0M[71] M Om M 4% P.(OL)
|
8 g
—on— Y

PBI1] wy[-1] N e W )

Notice that such g’ is not unique in general. Suppose that there exists another morphism 4 : M° — N° such
that gy = @ph. Then g’ — h = yys for some morphism s : P*@ — N°*. Applying the 0-th cohomological
functor H°(—) : Z(R) — R-Mod to this equality, we get

HO(g") —H(h) = H'(ya)H (s) : H'(M") — H(N"),

with HO(s) : HO(P*(®) — HO(N"®). Since the functor H’(—) commutes with coproducts, we get HO(P*(®) ~
HO(P*)(®) . This means that the image of H(g') — H°(h) is contained in 7(N) by the definition of #(N). Thus

HO(g") = HO(h) : I(M) — I(N),
which shows that H%(g’) depends on g and not on the choice of g’. Thus, given g : M — N, we can define
I(g) :== HO(g") : I(M) — I(N) which is a homomorphism in P**. To prove the equality n/(g) = gnw. we
observe that H%(g) is the unique homomorphism from H°(M") to H’(N*) such that the following diagram
is commutative:

H ' (M) 1] — 3" —= HO(M") — H~ ' (M")[2]

g'l lHO(é”)
H'(N)[)] —=N* ——>H'(N") —=H"'(N")[2]
because Homy ) (H ' (M")[2],H(N")) = 0. Then

Ml (g) = ouymmul (g) = OuymH (§) Ty = Oug Wiy = gPnYNTN = gNw-

Hence, we have proved the existence of a homomorphism /(g) from /(M) to [(N) with the desired property.

Now we show the uniqueness of /(g). Let#,7, : [(M) — [(N) be two homomorphisms such that ; =
gnw for i = 1,2. Set r:=1t; —t. Then Myt = @y (Yummt) = 0. It follows from the triangle (x) that
there exists a morphism u : P*(*) — [(N) in 2(R) such that Yy Myt = yyu. But Homg g (P*,I(N)) =0
since /(N) € P**. This shows u = 0 and yymyt = 0. By the triangle (%%), we know Tyt = O since
Homggy(H™'(M")[2], {(N)) = 0. Note that Ty is surjective. Hence ¢ = 0, that is, #; = t,. This finishes
the proof of the uniqueness.

Consequently, if g is an isomorphism, then /(g) is an isomorphism. This shows also that, regardless of
different choices of ®y,, the module /(M) is unique up to isomorphism.

Step (3). We define a functor / : R-Mod — P** by sending M in R-Mod to /(M), and homomorphism
g:M —Ntol(g):I(M)— I(N). By Step (2), [ is well-defined. Clearly, we have [(Y) ~ ¥ for any Y € P**
by definition. Now, it follows from Step (2) that Homg(I(U),V) ~ Homg(U, j(V)) for any U € R-Mod and
V € P*+. This isomorphism is natural in U and V. Thus (1, j) is an adjoint pair of functors. [J

As a consequence of Proposition 3.10, we obtain the following promised result which provides an effec-
tive description of Ry as endomorphism rings.
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Corollary 3.11. Let f: P~' — P° be a homomorphism between finitely generated projective R-modules
and ¥ := {f}. If Homgg)(P},P}[1]) = O, then the inclusion j : ¥t — R-Mod admits a left adjoint 1 :
R-Mod — X, which can be constructed explicitly. In particular, Ry is isomorphic to the endomorphism ring

Endg(/(R)).

Proof. Since P} € %" (R-proj), we know that the functor Homg g (P}, —) commutes with direct sums.
Consequently, if Homgg) (P}, P}[1]) = 0, then Homgy g (R;,R;(S) [1]) = O for any cardinal 8. Thus the exis-
tence of the functor / in Corollary 3.11 follows immediately from Proposition 3.10.

In the following, we shall prove that Ry is isomorphic to the endomorphism ring Endg(/(R)). Indeed,
by Proposition 3.3(1), we know that Y1 is closed under extensions, kernels, cokernels, arbitrary direct sums
and products. Further, since the inclusion j admits a left adjoint functor /, the full subcategory X+ of R-Mod
satisfies all assumptions of [24, Proposition 3.8]. Define S := Endg(/(R)). Then it follows directly from [24,
Proposition 3.8] that /(R) is a projective generator for X, and there exists a ring epimorphism p: R — S such
that the following diagram

¥l l R-Mod
=
p*
S-Mod

commutes, where F := gl(R) ®s — and G := Homg(/(R),—) are mutually inverse functors, and where
P« 1= rS ®s — is the canonical embedding, and p* := S ®g — is a left adjoint of p.. Since the both ring
epimorphisms A : R — Ry and p: R — S give rise to the same bireflective subcategory X+ of R-Mod, we
conclude from Lemma 2.1 that Ry is isomorphic to S. [J

Finally, we remark that, in general, the two-term complex P*® in Proposition 3.10 cannot be replaced by a
complex in € (R-Proj) with more than two terms. A counterexample is the following:
Let A be the algebra given by the following quiver with relations:

o

3 2—=1, Py=va=0.

B
FTN
Y
We denote by S;, [; and P; the simple, injective and projective modules corresponding to the vertex i, re-
spectively. Let P® be the minimal projective resolution of S3. Then P° is a three-term complex. We can
easily check that P** has only two indecomposable modules, they are the indecomposable modules I;
and /. Note that A is representation-finite and every indecomposable module is finitely generated. Also,
we have Ext,(S3,53) = 0 for i = 1,2. Actually, this is true for all i > 0. Since P* is compact, one has
Homg ) (P',P'(“) [1]) = 0 for all cardinals . If the inclusion functor j from P** into A-Mod would have a
left adjoint, then j would preserve monomorphisms. One can verify that there is a non-zero homomorphism
from I; to I which is a monomorphism in P*L . but not a monomorphism in A-Mod. This is a contradiction

and shows that the inclusion functor from P** into A-Mod cannot possess a left adjoint.
Note that the simple module corresponding to the vertex 1 is of injective dimension 3, and defines a
2-APR-tilting module S3 & P> & P (see [27] for unexplained definitions).

4 Recollements of derived categories and infinitely generated tilting modules

In this section, we shall use our results in Section 3 to show the first statement of the main result, Theorem
1.1. More precisely, we first recall the definition of infinitely generated tilting modules, and then discuss
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some of their homological properties. Especially, we shall establish a crucial result, Proposition 4.6, which
will play a role in our proof of the main result.
Let A be a ring with identity.

Definition 4.1. [20] An A-module T is called a tilting module (of projective dimension at most one) if the
following conditions are satisfied:

(T'1) the projective dimension of T is at most 1, that is, there exists a projective resolution of 7: 0 —
P, — Py — T — 0, where P, is projective for i =0, 1.

(T2) Ext(T,T(®) = 0 for each i > 1 and every cardinal o; where T(® stands for the direct sum of o
copies of T'; and

(T3) there exists an exact sequence

0—pA—Ty—T1 —0

of A-modules such that 7; € Add(T') fori =0, 1.

If P; and P in the condition (7'1) are finitely generated, then the tilting module 7 is called a classical
tilting module (see [16] and [26]).

Two tilting A-modules 7" and 7" are said to be equivalent if Add(7') = Add(T’), or equivalently, Gen(T) =
Gen(T"), where Gen(T') denotes the full subcategory of A-Mod generated by 7. Recall that an A-module M
is generated by 7 if there is an index set / and a surjective homomorphism f : 70) — M.

An A-module T is said to be good if it satisfies (7'1), (T2) and

(T3)' there is an exact sequence

O—>AA—>TOLT1—>O
in A-Mod such that 7; € add(T') fori =0, 1.

Note that each classical tilting module is good. Moreover, for any given tilting module 47" with (T1) and
(T2), the module 7”7 := Ty & T is a good tilting module which is equivalent to the given one.

From now on, we assume in this section that T is a good tilting A-module. Let B := End4 (7). We define
L= {X € A-Mod | Ext\,(T,X) =0 for all i > 1}, & := {Y € B-Mod | Tor?(T,¥) = 0 for all i > 0};
G:=AT®%—: 2(B) — 2(A), H:=RHomy(T,—): 2(A) — 2(B);
Y :=Ker(G), Z:=Im(H),
Q°:= -+ —0— Homy(T,Tp) v, Homy(T,T) — 0 — --- € €°(B-proj),

where @* :=Homy (T, @), and where the finitely generated projective B-modules Homy (7', Ty) and Homy (T, T}),
as terms of the complex Q°, are of degrees 0 and 1, respectively. Clearly, H(A) = Q® in Z(A).

In the next lemma we mention a few basic properties of tilting modules. For proofs we refer to [11,
Proposition 1.4, Lemma 1.5] and [9].

Lemma 4.2. Let T be a tilting A-module. Then:

(1) Tp has a projective resolution 0 — Q v, Qo — Tg — 0 such that Q; € add(Bg) for 0 <i < 1.
(2) Endger (T) ~ A™ and Ext! w0 (T,T) =0 forall i > 1.
(3) For each Y € Add(B), we have Bxt) (T, T ®@pY) =0 forall i > 1.
Xa | = 07
(4) For each X € T+, we have Tor? (4 Tz, Homu (T, X)) ~ 0 l 0
. i>0.
(5) T+ is closed under direct sums.
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The following result is shown in [9, Theorem 5.1], which says that the unbounded derived category of
B-Mod is bigger than that of A-Mod in general.

Lemma 4.3. The functor H is fully faithful, and the functor G induces a triangle equivalence between
2(B)/Ker(G) and 9(A). Here we denote by 2(B)/Ker(G) the Verdier quotient of 2(B) by the subcate-
gory Ker(G).

The following lemma supplies a method to obtain modules in &, and is also useful for our later calcula-
tions.

Lemma 4.4. Suppose that I is a cardinal and X; € T for each i € I. Consider the canonical exact sequence

0— @HomA(T,X,-) LN Homy (7, @Xj) — Coker(8;) — 0
icl jel
in B-Mod, where 0; is defined by (f;)ict — Lic; fihi with f; € Homy(T,X;) and A; : X; — @ jerX the canon-

ical inclusion for each i € I. Then Coker(d;) € &. Particularly, for each projective B-module P, the unit
adjunction morphism M : P — Homy (T, T ®g P) is injective with Coker(np) € &.

Proof. Note that §; is well-defined. By the definition of d;, we can see easily that 9; is injective. So, there
is a canonical exact sequence

(*) 0— EPHoma(T,X)) o, Homy (T, X;) — Coker(8;) — 0.
iel jel

Since T is closed under direct sums by Lemma 4.2(5), we have @ jelXj € T. 1t then follows from Lemma

4.2(4) that
@Xj, m = 0,
Torﬁ(T,HomA(T,@Xj)): jel

Jjel 0, m > 0.
Similarly, for any i € I, we have

Xi n:O,

Tor®(T,Homyu (T, X;)) ~
0, n>0.

Since the right module T has projective dimension at most 1, we see that Tor?(7,Coker(5;)) = 0 for any
t > 1. By applying the functor 47 ®p — : B-Mod — A-Mod to the sequence (x), we can easily form the
following exact commutative diagram:

0 — Torf (T, Coker(8;)) = T®p(B;c; Homu (T, X;)) = T @p Homy (T,D ¢, X;) > T ®p Coker(§;) >0

w w

D ictXi D jerX;.

This implies 7 ®p Coker(8;) = 0 = Tor? (T, Coker(§;)). Hence Coker(§;) € &.
To prove the last statement of Lemma 4.4, we note that the unit adjunction

N 1y Mod — Homu (T, T ®5 —)

20



is a natural transformation of functors from B-Mod to itself, and that & is closed under direct summands.
Thus, it is sufficient to show that the statement holds for free B-modules. Let o be any cardinal. Then we
may form the following exact commutative diagram:

B

0 — Homy, (T, T)®

Homy (T, T @3 B®)

lz

Homy (T, T(®) —— Coker(8y) — 0.

(0

Since & is injective, we conclude that 1, also is injective, and therefore Coker (1, ) ~ Coker(8¢) € &
This finishes the whole proof. []

In the next lemma we give a description of the category &.

Lemma 4.5. The following statements hold.

(1) & ={X € B-Mod | Homg g (Q*,X[i]) = 0 for all i € Z}. In particular, & is closed under direct sums
and products.

(2) & is closed under isomorphic images, extensions, kernels and cokernels. In particular, & is an abelian
subcategory of B-Mod.

Proof. (1) Let X be a B-module and i an integer. Then
Hom ) (0%, X[i]) ~ Hom () (Q*, X [i]) ~ H'(Homg(Q*, X)) ~ H'(Homs(Q*,B) 5 X),

where the last isomorphism follows from the fact that the restriction of the natural transformation Homg(—, B) ®p
X — Homg(—,X) to €' (B-proj) is a natural isomorphism. By the definition of Q°, we know that Homp(Q*,B)
is the complex:

- — 0 — Homu(T1,T) 25 Homa (Ty, T) — 0 — -+

in € (B” -proj), where @, := Homy (@, T'), and where the finitely generated projective B -modules Homy (T, T')
and Homy (7, T') are of degrees —1 and 0, respectively. Note that the conditions (72) and (73) in Definition
4.1 imply that the sequence

0 — Homyu (T}, T) 25 Homy (Ty,T) — T — 0

is exact. In other words, the complex Homg(Q®, gB) is quasi-isomorphic to Tg. Here we use the fact that the
functor Homy (—,7) : add(47) — add(Bg) is an equivalence of categories. It follows from the definition of
Tor? that

0 ifi >0,

Hi(HomB(Q',B) ®pX) ~ { Tor®,(T,X) ifi<O0.

This means that Homg)(Q°®, X [i]) = 0 if and only if Tor®,(T,X) = 0. Hence
& = {X € B-Mod | Homg ) (Q°,X[i]) = 0 for all i € Z}.

Consequently, & is closed under direct products. Further, since Q° is a bounded complex of finitely generated
projective B-modules, we know that & is closed under direct sums, too.
(2) This statement follows directly from Proposition 3.3(1). O

The following proposition is crucial to the proof of Theorem 1.1(1).

21



Proposition 4.6. The triple (Tria(Q*),Ker(G),Im(H)) is a TTF triple in 9(B). Moreover,
Ker(G) ={Y" € 2(B) |Y* ~Y*in 2(B) withY' € & for all i € Z};

Im(H)={Z" € 2(B) | Z" ~2* in 2(B) with Z' € Homu(T,Add(T)) for all i € 7},

where Homy (T, Add(T)) stands for the full subcategory of B-Mod consisting of all the modules Homy (T, T")
with T" in Add(T).

Proof. Recall that we have denoted Ker(G) by 9, and Im(H) by Z. The whole proof of this proposition
will be divided into three steps.

Step (1). We prove that the pair (9, Z) is a torsion pair in Z(B). In fact, for any Y* € 9 and W* € Z(A),
we have Hom ) (Y*, H(W*)) =~ Homg4)(G(Y*),W*) = Homg 4)(0,W*) = 0 because the pair (G,H) is an
adjoint pair of triangle functors by Lemma 4.3. This shows Homg) (9", Z) = 0. Letn : Idg ) — HG be
the unit adjunction, and let € : GH — Idy4) be the counit adjunction. By Lemma 4.3, we know that € is
invertible. For any M* in Z(B), the canonical morphism My : M* — HG(M*®) can be extended to a triangle
in Z(B):

M M HG(M®) — N* — M°[1].
By applying the functor G to the above triangle, we obtain a triangle in Z(A):

Gm*) S, GHG(M®) — G(N®) — G(M*)[1].
Since € is invertible, we see that G(1e) is an isomorphism. This shows G(N*®) = 0, that is, N* € 9. Since
9 is a triangulated subcategory of Z(B), we have N*[—1] € 9. Thus the following triangle

() N°[-1] — m* ™ HG(M®) — N°

in Z(B) with HG(M*®) € Z shows that the third condition of Definition 2.5 is satisfied. Hence the pair
(9, Z) is a torsion pair in Z(B) by Definition 2.5. Since 9 is a triangulated category, the torsion pair (9, Z)
is hereditary.

Step (2). We calculate the categories 9 and Z. Before starting our calculations, we mention the following
result in [40, Theorem 10.5.9, Corollary 10.5.11]:

For every complex X® in Z(B), there exists a quasi-isomorphism X * - X* with X" a complex of (4T ®p
—)-acyclic B-modules such that G(X*) ~ T ®z X . Here, a B-module N is said to be (47 ®3p —)-acyclic if
Tor?(T,N) = 0 for any i > 0. Thus the action of the left derived functor G on any complex U® of (4T ®3 —)-
acyclic B-modules is the same as that of the functor 47 ®p — which acts in component wise on each term of
Ue.

A similar statement holds for the right derived functor H.

Now let us first interpret the triangle () in terms of objects in € (B-Proj). For the complex M*, we choose
P* € ¥ (B-Proj) such that P* is quasi-isomorphic to M*. Then G(M*) ~ T ®p P*. By Lemma 4.2(3), we have
HG(M*®) = Homy (T, T ®p P*) because the A-module T ®p P is Homy (7T, —)-acyclic for any projective B-
module P. Note that the homomorphism mMp. coincides with (Npu)nez, Where P" is the n-th term of the
complex P* and N, : P" — Homyu (T, T ®@p P") is the unit adjunction morphism for each n € Z. By Lemma
4.4, there is a short exact sequence of complexes

0— p* M, Homy (7, T ®p P*) — Coker(np:) — 0
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such that (Coker(np-))" = Coker(n},) € & for each i € Z. Thus, we can form the following commutative
diagram of triangles in Z(B):

Coker(nps)[—1] P* — - Homy (T, T @p P*) — Coker(np-)
| |
| ~ lN | >~
v Nme \
N°*[—1] M* RHom (T, T @% M*) N°.

On the one hand, if M® € 9, then T ®§ M*® = 0 by definition, and so M* ~ Coker(np+)[—1] in Z(B). On the
other hand, if M®* ~Y* in Z(B) for some complex Y* with Y’ € & foreachi € Z, then T @5 M®* ~ T @5 Y* =
T ®pY*® = 0 by the above mentioned fact. This means M*® € ). Hence the first equality in Proposition 4.6
holds.

To prove the second equality, we observe that, by Lemma 4.2(4), Homy (7, T @ gHomy (T, T")) ~Homyu (T, T")
for any T’ € Add(T). Let Z* be a complex in Z(B) such that Z' € Homu(7,Add(T)). Then HG(Z*) ~
Homy (7T, T ®pZ°*) ~ Z* in Z(B) because every B-module in Homy (7,Add(T)) is (T ®p —)-acyclic by
Lemmata 4.2(3) and 4.2(4). This implies Z* € Z. Conversely, for any W*® € Z(A), we can choose a complex
L* € € (B-Proj) such that L*® is quasi-isomorphic to H(W*). By Lemma 4.3, we conclude that H(W*) =~
HG(H(W*)) ~ HG(L*) in 2(B). Since HG(L*) = H(T ®% L*) = H(T ®pL®) ~ Homy(T,T ®pL*), where
the last isomorphism follows from Lemma 4.2(3) and the above mentioned fact about the functor H. Clearly,
the complex Homy (7, T ®p L*) has each term in Homy (7, Add(T)). Thus the second equality in Proposition
4.6 holds.

Step (3). We claim that there is a full subcategory X of Z(B) such that (X,9", 2Z) is a TTF triple in
% (B). Furthermore, we have X = Tria(Q"*).

Indeed, since & is closed under direct sums and products by Lemma 4.5, we conclude that 9 is closed
under all small coproducts and products. Then the existence of the TTF triple (X,9", Z) in Z(B) follows
straightforward from Lemma 2.10. Moreover, X = Ker(Homgg)(—,9")) and 9" = Ker(Homg g (X, —)).
Now we shall prove X = Tria(Q*®). First, we show Q® € X. This is equivalent to verifying Homg ) (Q*®,9")
=0. Let 9" := Ker(Hom ) (Tria(Q*),—)). By Lemma 2.11, we see that (Tria(Q*), 9”’) is a torsion pair in
2(B) with

7' ={Y* € 2(B) | Homgyg (Q*,Y"*[i]) = 0 for all i € Z}.

Recall that ¢* := Homy (7', @) : Homgu (T, Ty) — Homy (7, T7) is a homomorphism between finitely generated
projective B-modules. We define X := {@*}. Then £* = {Q*[1]} (see notations in Section 3). By Lemma 4.5
(1), we have £+ = &. Thus it follows from Proposition 3.3 that

Y' = P(B)g:={Y*c P(B) | H(Y*) € & for all icZ}.

According to Lemma 4.5 (2), & is an abelian subcategory of B-Mod. This forces 9" C 9. In particular, we
have Homg ) (Q*,9") = 0, which yields Q* € X. Therefore, Tria(Q*) C X since X is a full triangulated
subcategory of Z(B).

Leti: X — Z(B) and k : Z — 2(B) be the canonical inclusions. Then the functor i has a right adjoint
functor R : Z(B) — X. Since (X,9, Z) is a TTF triple in Z(B), the functor Rk : Z — X is an equivalence
(see the statements after Definition 2.6 in Subsection 2.3). So the composition functor RKH : Z(A) — X is
an equivalence because H : Z(A) — Z is an equivalence. Since a functor possessing a right adjoint functor
preserves coproducts, we know that the functor RkH commutes with coproducts. Note that coproducts
depends on the category where coproducts are taken. We know that coproducts in Z exist since Z(A) admits
all small coproducts, but we do not know if these coproducts in Z coincide with that in Z(B). In general, Z
is not closed under coproducts in Z(B).

Since a torsion class in Z(B) is always closed under coproducts, this means that coproducts in X exist
and coincide with that in Z(B).
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Since H(A) ~ Q® € X, we have RKH(A) ~ R(Q*) = Q°. Note that Z(A) = Tria(A) and that the trian-
gle functor RKH : Z(A) — X is an equivalence under which Tria(A) has the image Tria(Q®) since the functor
RKH commutes with coproducts. It follows that X = Tria(Q*) and " = 9”'. Hence (Tria(Q*),Ker(G),Im(H))
is a TTF triple in Z(B). O

As a consequence of Proposition 4.6, we give an alternative proof of the fact that finitely generated tilting
modules are classical. A known proof of this fact is a combination of [2, Corollary 9.13(5)] together with a
result in [10]. We thank Lidia Angeleri-Hiigel for pointing out these references.

Corollary 4.7. Suppose that T is a tilting A-module. If T is finitely generated, then T is classical.

Proof. In general, the following facts are true for a finitely generated A-module M, with B := Ends (M):

(1) For any index set § and X; € A-Mod with i € 8, the canonical homomorphism @, s Homs (M, X;) —
Homy (M, @,c5X;), given by (f;)ies — [m — (mf;)cs), is an isomorphism.

(2) The functor Homy (M, —) : Add(M) — Add(pB) is an equivalence of additive categories.

(3) If M € Add(N) for some A-module N, then M € add(N).

The proofs of (1) and (3) are standard. It is easy to see that (2) follows from (1) together with the natural
isomorphism Homy (M,U) ®g — — Homg(M,U ®p —) of the functors from Add(zB) to itself, where U is
an A-B-bimodule.

We shall first prove that the tilting A-module 7 is good. Indeed, it follows from (73) in Definition 4.1
that there exists an exact sequence

0—aA 21 21— 0

of A-modules such that 7; € Add(T) for i = 0, 1. Without loss of generality, we can assume that 7 = T for
some index set o. Clearly, there exists a finite subset B of o such that (1) fy € T®) which is a direct summand
of T(®. This implies Im(fy) € T®). Consequently, we have fo = (f',0) :A — T® = T® ¢ 7(*\B) where
f": A — T® is the right multiplication map defined by (1) fo. Thus T; ~ Coker(f’) @ T(*\P) as A-modules,
and therefore Coker(f’) € Add(T). Further, Coker(f’) is finitely generated since 7 is finitely generated. By
(3), we have Coker(f') € add(T). As a result, there exists an exact sequence 0 — A — T®) — Coker(f’) — 0
of A-modules such that both T(®) and Coker(f”) belong to add(T'). Thus 7T is a good tilting A-module.

By Lemma 4.3, the total right derived functor H : Z(A) — Z(B) with B := End4(T) is fully faithful.
Thus, to show that 7 is a classical tilting A-module, it suffices to show Im(H) = Z(B). In fact, since
T is finitely generated, we know that Homu (7, —) : Add(T) — Add(zB) is an equivalence by (2). Let
Homy (T, Add(T)) stand for the full subcategory of B-Mod consisting of all the modules Homy (7, T") with
T" in Add(T). Then Homy (7, Add(T)) = Add(zB) by (1). Note that, for each complex Y* in Z(B), there is
a complex P* in ¥’ (Add(gB)) such that P* is quasi-isomorphic to Y*. Thus we conclude from Proposition
4.6 that Im(H) = Z(B). This shows that T is classical, finishing the proof. [J

With the above preparations, now we prove Theorem 1.1 (1).

Proof of Theorem 1.1 (1). By Proposition 4.6, we know that the triple (Tria(Q®),Ker(G),Im(H)) is
a TTF triple in Z(B). Moreover, Z(A) and Tria(Q®) are equivalent as triangulated categories. According
to the correspondence between recollements and TTF triples in Lemma 2.7(2), we can form the following

recollement
L
VS VRS
Ker(G) PB) —2(A)
\_/ \-/

where j is the canonical embedding and L is the left adjoint of j. Recall that @* := Homy(7,9) is the
homomorphism between the finitely generated projective B-modules Homy (7, 7Tp) and Homy (7,77). As in
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Section 3, we define ¥ := {¢*}. By Lemma 4.5(1), we have - = &. By Step (3) in the proof of Proposition
4.6, we have Ker(G) = Z(B)y.. Let A : B— By be the universal localization of B at X. Since L is a functor
from Z(B) to Ker(G), we have L(B) € Ker(G), and therefore it satisfies the condition (5) of Proposition
3.6, according to Proposition 4.6. Thus, by Proposition 3.6, we know that A, : Z(By) — 2(B)y. is an
equivalence of triangulated categories, and that the homomorphism A is a homological ring epimorphism.
Set C := By. Then Ker(G) and Z(C) are equivalent as triangulated categories. Consequently, we can get the
following recollement from the above one:

In the following, we shall explicitly describe the six triangle functors arising in the above recollement.

Here, we follow the notations used in Definition 2.4, and take D = 2(B), D' = 2(A) and D" = 2(C).
Then we can define i* = C ®% —, i, = A, and i' = RHomp(C,—). As for the other three functors, we put
j1=iRKH, j' = G and j, = H up to natural isomorphism. Let U : Z(B) — Z be a left adjoint of the inclusion
k:Z— 2(B). By Lemma 2.7 and the proof of Proposition 4.6, we get the following diagram of functors

i

VRN
2(B) 2~ x B g(4)
o

with the properties:

(i) (i,R) and (R,kUi) are adjoint pairs,

(i1) RKH is an equivalence of triangulated categories.
This implies that j, = iRkH and j. = (kUi)(RKkH). Note that the composition functor UiRk : Z — Z of the
functors Ui and RK is natural isomorphic to the identity functor 1 by the property (3) of a TTF triple (see
Subsection 2.3). Consequently, we can choose j, = H. Since (G,H) is an adjoint pair of functors, we can
choose j* = G. Thus the proof of the first part of Theorem 1.1 is completed. [

Remarks. (1) In the proof of Theorem 1.1(1), we have £ = {@*}, £+ = & and Homyg) (Q°*, Q°[1]) =
0. This means that the homomorphism ¢@* satisfies the assumptions in Corollary 3.11. Therefore we can
explicitly construct a left adjoint functor / : B-Mod — & of the inclusion j : & — B-Mod. In particular, we
know that C is isomorphic to the endomorphism ring Endg(/(B)) of /(B).

(2) The ring C equals zero if and only if T is a classical tilting module. In fact, C = 0 if and only if
Ker(G) = 0 if and only if G is an equivalence if and only if 7 is classical.

(3) From the proof of Theorem 1.1(1), we know that a good tilting module T has the property: the functor
G admits a fully faithful left adjoint j;. In the next section, we shall show that this property guarantees that
the tilting module T is good.

Finally, we point out that, by Lemma 3.2, the ring C in Theorem 1.1 is isomorphic to the universal
localization of B at the y in Lemma 4.2.

5 Existence of recollements implies goodness of tilting modules

In this section, we shall prove the second part of Theorem 1.1, which is a converse of the first part in some
sense. Our proof depends on the property that the total left derived functor G admits a fully faithful left
adjoint j,.
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Proof of Theorem 1.1 (2).

Let T be a tilting A-module and B the endomorphism ring of 7. Recall that G and H stand for the triangle
functors T @% — : 2(B) — 2(A) and RHom4(T,—) : Z(A) — 9(B), respectively. Suppose that G admits a
fully faithful left adjoint j, : Z(A) — Z(B). We want to show that 7 is a good tilting module.

To prove that T is good, it suffices to find a short exact sequence of A-modules,

0—A—Ty—T1 —0,

such that 7; € add(T') fori =0, 1.

First, we observe some consequences of the assumption that j, is fully faithful. Set W*® := ji(A). Since
the total left derived functor G commutes with coproducts, we can easily show that the functor j, preserves
compact objects. In particular, the complex W* is compact in Z(B), which implies W* ~ Q°® in Z(B) for
some Q° € € (B-proj). Since the Hom-functor Homy (7, —) induces an equivalence between add(7T) and
B-proj, we can assume that Q® = Homu (T, X*®), where X* € 4 (add(T)) is of the following form

O—>Xs—>---—>Xii>Xi+1 —_— e X'
for s < 0 <t. Since the functor j is fully faithful, we conclude from [29, Chapter IV, Section 3, Theorem 1,
p-90] that the unit adjunction morphism 1M : Idg4) — Gy is invertible. Thus A ~ G(W*) ~ G(Q°) in Z(A).
Note that T ®p Homa (T, X*®) =~ X* in €”(A-mod) since X’ € add(T) for each s < i < t. Consequently, we
have A ~ X* in Z(A). It follows that H(X*) ~ A and H(X*) = 0 for any i # 0.

Second, if t = 0, then the homomorphism X° — H?(X*) splits, this implies A € add(T). Hence T is a
good tilting module. Now we assume ¢ # 0. Then we can decompose X* into two long exact sequence of
A-modules:

0—x* 4 x x0T,
O—>A—>ML>X1 d—l>--'i>xl—>0;
where d° = mu and M is the image of d°. We claim Im(u) € add(T). In fact, we have a long exact sequence

0 — Im(u) — X! AL A — 0,
where V is the canonical inclusion. For each 1 <i <, since X’ € add(T'), we have Im(d’) € Gen(T). As we
know, T+ = Gen(T) for a tilting module 7. Consequently, we see that Ext} (7,Im(d’)) =0 forany 1 <i <1.
Note that Im(d") = X' € add(T). Thus we can easily show Im(u) € add(T') by induction on ¢.

Finally, we shall prove M € add(T). If s = 0, then M = X° € add(T). Suppose s < 0. Since Im(u) €
add(T') and the sequence 0 — A — M — Im(u) — O is exact, we know that Ext} (M, T) = 0 and M has projec-
tive dimension at most 1. In addition, Im(d~") is a quotient module of X ~!. It follows that Ext} (M,Im(d~!)) =
0, which implies that the homomorphism 7 splits. Thus M € add(X?) C add(T).

Now we define Ty = M and Tj = Im(u). Then the sequence 0 — A — Ty —— Ty — 0 satisfies 7; € add(T)
for i =0,1. Thus T is a good tilting module, and the proof is completed. []

Remark. Suppose that G admits a fully faithful left adjoint j, : Z(A) — Z(B). Then there exists a
TTF triple (ji(2(A)),Ker(G),H(Z(A))) in 2(B) (see [14, Chapter I, Proposition 2.11] for details), where
J1(2(A)) and H(Z(A)) denote the images of ji and H, respectively. By Lemma 2.7, we know that the derived
category Z(B) is a recollement of the derived category Z(A) and the triangulated category Ker(G). Since T
is good by Theorem 1.1(2), it follows from Theorem 1.1(1) that Ker(G) is triangle equivalent to the derived
category Z(C) of aring C. Thus we get a recollement of derived module categories as in Theorem 1.1(1).
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6 Applications to tilting modules arising from ring epimorphisms

In this section we apply our main result Theorem 1.1 to tilting modules arising from ring epimorphisms. In
this case we shall describe the universal localization rings appearing in the main result by coproducts defined
by Cohn in [18]. In fact, our discussion in this section will be implemented in the general setup of injective
homological ring epimorphisms between arbitrary rings, which is weaker than the condition of being tilting
modules.

We start with recalling of some definitions.

Let Ry be a ring with identity. An Ry-ring is a ring R together with a ring homomorphism Ag : Ry — R.
An Ryp-homomorphism from an Ry-ring R to another Ry-ring S is a ring homomorphism f : R — § such that
As = Arf. If Ry is commutative and the image of Ag : Ry — R is contained in the center Z(R) of R, then we
say that R is an Rp-algebra.

Recall that the coproduct of a family {R; | i € I} of Ry-rings with  an index set is an Ry-ring R together
with a family {p; : R, — R | i € I} of Ryp-homomorphisms such that, for any Ry-ring S with a family of Ry-
homomorphisms {7; : R; — S | i € I}, there is a unique Ryp-homomorphism § : R — S such that t; = p;d for all
icl.

It is well-known that the coproduct of a family {R; | i € I'} of Ry-rings exists. In this case, we denote their
coproduct by Lig,R;. For example, the coproduct of the polynomial rings k[x] and k[y] over a field k is the free
ring k(x,y) in two variables x and y over k. Note that Ry LIg, S = S = SLIg, Ry for every Ro-ring S.
R R ®r,R2

0 R

1 0 (00 ) . r rnel
<0 O>,62—<0 1>GB,andlet(p.Be1—>Be2bethemapsend1ng(0 )to( 0 >for

r1 € Ry. Let p; : R; — R1 L, R, be the canonical Ry-homomorphism fori = 1,2.

Let R; be an Ry-ring for i = 1,2. We denote by B the matrix ring < . Let e] =

The following lemma reveals a relationship between coproducts and unversal localizations.

Lemma 6.1. [37, Theorem 4.10, p. 59] The universal localization By of B at @ is equal to M>(R1 Ug, R2),
the 2 x 2 matrix ring over the coproduct Ry Ug, R> of R and R, over Ry. Furthermore, the corresponding

rnoox1Qx ) i < (ri)p1 (x1)p1(x2)p2 >for Fioxi € R;

ring homomorphism Ay : B — By is given by < 0 ry 0 (r2)p2

withi=1,2.
The next result says, in some sense, that taking coproducts of rings preserves universal localizations.

Lemma 6.2. Let Ry be a ring, ¥ a set of homomorphisms between finitely generated projective Ro-modules,
and As : Ry — Ry := (Ro)x the universal localization of Ry at ¥. Then, for any Ry-ring Ry, the coproduct
R\ Ug, Ry is isomorphic to the universal localization (Ry)a of Ry at the set A:={Ry®g, [ | f € X}.

Proof. Let R := (Rz)a and Aa : Ry — R the universal localization of R, at A. Suppose that Ag, : Ry — R
is the ring homomorphism defining the Ro-ring R,. Then R is an Ry- ring via the composition Ag,Ap of Ag,
with Ax. Moreover, we shall prove that there is a unique Ry-ring homomorphism v : Ry — R, that is, a ring
homomorphism v with Ag,Ax = AxV. In fact, for any f: P — Py in £, the map R®g, f : RQg, P — R®g, Po
of R-modules is an isomorphism because R ®g, f ~ R ®g, (R2 g, f) and the latter is an isomorphism. Thus,
by the universal property of Ay, there is a unique ring homomorphism v : R; — R such that Ag,Ax = AxV, as
desired.

Now, we show that R together with the two ring homomorphisms A5 and v satisfies the definition of
coproducts, and therefore R Lg, R» is isomorphic to R.

Indeed, suppose that S is an arbitrary Ry-ring with two Ry-homomorphisms T; : R; — S for i = 1,2. Then
AsTi = Ag,T2. Further, since we have

S®gr, (R2®pryh) =~ SQg, h >~ SRg, (R1 @r, h),
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and since R; ®g, h is an isomorphism for any 4 € X, we infer that S ®g, (R, ®g, h) is an isomorphism for
any h € X. It follows from the property of universal localizations that there is a unique ring homomorphism
& : R — S such that T, = Ax8. Clearly, AxT; = Ay V9, and T; = V0 since Ay is a ring epimorphism. Note that &
is also an Ry-ring homomorphism. Thus, & : R — S is actually a unique Rop-homomorphism such that t; = vd
and Ty = Aa0. This shows that R is isomorphic to the coproduct R; Lig, R, of R; and R, over Ry. [J

Sometimes, coproducts can be interpreted as tensor products of rings.

Lemma 6.3. Let Ry be a commutative ring, and let R; be an Ry-algebra for i = 1,2. If one of the homomor-
phisms Ag, : Ro — Ry and Ag, : Ry — Ry is a ring epimorphism, then the coproduct Ry Ug, Ry is isomorphic
to the tensor product Ry g, R».

Proof. It is known that the tensor product R; ®g, R2 of two rings R; and R, over Ry has the following
universal property: If f; : R; — R is a homomorphism of Ry-rings for i = 1,2, such that (r2)f2(r1)f1 =
(r1)fi(r2) fa for all r; € R; with i = 1,2, then there is a unique ring homomorphism f : R; ®g, R — R of
Ro-rings that satisfies (x; ®x2)f = (x1) fi(x2) f2 for x; € R; with i = 1,2. In particular, if A : Rj — R| ®g, R2
is the map given by r; — r; ® 1 for r; € Ry, and if A2 : Ry — R ®g, R» is the one given by r2 — 1 ® ry for
r) € Ry, then f; = kiffori: 1,2.

To prove Lemma 6.3, it suffices to show that, for any Rgp-homomorphisms f; : R; — R for i = 1,2, the
condition (rz)fz(l"] )f] = (}"1 )f] (I"z)fz holds true for all r; € R; withi = 1,2.

Assume that Ag, : Rp — R; is a ring epimorphism. For any element y € R,, we define two ring homomor-
phisms 0; : Rj — M2(R) and 6, : R — M, (R) as follows:

(#)8: = ( T >

o= (e 1)V wn ) Con 1) = Commntonon wn )

for x € R;. Now, we verify Ag, 01 = Ag, 02. This is equivalent to showing that, if x = (r)Ag, with r € Ry, then
")f2 (x)f1 = (x)f1(y) f2- In fact, we always have

2 (0fi = ) ((NDA&) fi = 0) (D& f2 = (¥(H)Ag,) f2,

@A) L= (D) i) 2= ((Nkgy) L) fo = ((r)Ag,Y) fo.

Since R, is an Ry-algebra, it follows from Im(Ag,) C Z(R;) that y(r)Ag, = (r)Ag,y, and so (y)f2(x)f1 =
(x) f1(y)f> whenever x = (r)Ag, with r € Rg. This shows Ag,0; = Ag,0, and 6, = 0, since Ag, : Ry — R; is
a ring epimorphism. Thus (y) f2(x) fi = (x) f1(y)f> for any x € R;. Note that y is an arbitrary element of R;.
Hence (y) f2(x) fi = (x)fi(y)f2 for any x € Ry and y € R;.

As a result, the tensor product R; ®g, R, together with the two ring homomorphisms A; satisfies the
definition of coproducts, and we therefore have proved that the coproduct R Lig, R> is isomorphic to the
tensor product R| ®g, R». Similarly, we can prove Lemma 6.3 under the assumption that Ag, : Ry — Ry is a
ring epimorphism. [

From now on, A : R — S denotes an injective ring homomorphism from R to S. We define B to be the
endomorphism ring of the R-module S & S/R, and S’ the endomorphism ring of the R-module S/R. Let
7 stands for the canonical surjective map S — S/R of R-modules. Then we have an exact sequence of R-
modules:

and

(*) 0—R—S—"S/R—0.

In the next two lemmas, we collect some facts on ring epimorphisms.
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Lemma 6.4. Let ) : R — S be an injective ring epimorphism with Tork(S,S) = 0. Then,
(1) an R-module X belongs to S-Mod if and only if Extx(S/R,X) =0 fori =0, 1.
(2) Let T := S&S/R. Then

(S Homg(S,S/R)
EndR(T)—<() Ench(S/R) )

Moreover, if e; and e, are the idempotent elements in Endg(T) corresponding to the summands S and S/R,
respectively, then the homomorphism ©* : Endg(T )e; — Endg(T)e, induced from the canonical surjection

n:S— S/Ris given by ( 8 ) — < (xr—>0(xs)7t >f0rs,x€S.

Proof. (1) follows from [24]. For (2), it follows from (1) that Homg(S/R,S) = 0. By applying Homg(—, S)
to the exact sequence (x), we get Homg(S,S) ~ Homg(R,S) ~ S. O

Lemma 6.5. Suppose that \.: R — S is an injective ring epimorphism with TorX(S,S) = 0.

(1) The right multiplication map u : R — S’ defined by r — (x +— xr) for r € R and x € S/R, is a ring
homomorphism. Consequently, S' can be regarded as an R-ring via the map u. Further, u is an isomorphism
if and only if Exth(S,R) =0 for i =0, 1.

(2) There is an isomorphism 6 : S ®g S' ~ Homg(S,S/R) of S-S'-bimodules such that 1 ® 1 is mapped to
the canonical surjection: S — S/R.

(3) There is an exact sequence of R-S'-modules:

00— 2 sops ™5 (S/R)@r S’ — 0,

where the map N is defined by f — 1 ® f for any f € S'. Moreover, the evaluation map y : (S/R) g S’ — S/R
defined by y® g — (y)gfory € S/Rand g € S, is an isomorphism of R-S'-bimodules.

(4) If A : R — S is homological, then TorX(S,S") = 0 for any i > 0.

(5) If R is commutative, then so is S'.

Proof. (1) It is easy to check that the right multiplication map u is a ring homomorphism since S/R is
an R-R-bimodule. Clearly, u is injective if and only if Homg(S,R) = 0. For u to be surjective, we use the
following exact sequence:

0 — Homg(S,R) — Homg(S,S) — Homg(S,S/R) — Exth(S,R) — Extk(S,S),

where Exth(S,S) = 0 by Lemma 6.4(1). Thus (1) follows.

(2) Recall that a ring homomorphism is an epimorphism if and only if the multiplication map S®g S — S
is an isomorphism as S-S-bimodules. Since A is injective, it follows from the exact sequence (x) that we have
a long exact sequence of S-R-bimodules:

0 — Tor(S,5) — Tor®(S,5/R) — S®pR ‘25 S@ S —> S@ (S/R) — 0.

Since Tor¥(S,S) = 0 and 1 ®g A is an isomorphism of S-R-modules, we have S®g (S/R) = 0 = TorX(S,S/R).
Now, by applying Homg(—,S/R) to (), we can get another exact sequence of R-Endg(S/R)-bimodules:

(¥x) 0 — Homg(S/R,S/R) — Homg(S,S/R) — Homg(R,S/R).

One can check that the last homomorphism in the above sequence () is surjective because each element
s+Rin S/R gives rise to at least one homomorphism from the R-module S to the R-module S/R by x +— xs+ R
for x € S. This yields the following exact sequence of S-Endg(S/R)-bimodules:

0 — S®grHomg(S/R,S/R) — S @ Homg(S,S/R) — S®g (S/R) — 0,
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which shows that S @z Homg(S/R,S/R) — S ®g Homg(S,S/R). Clearly, under this isomorphism the ele-
ment 1 ®g 1 in S® Homg(S/R,S/R) is sent to 1 ® w. Since the multiplication map: S ®g S — S is an iso-
morphism of S-S-bimodules, we see that the multiplication map: S ®zr X — X is an isomorphism for every S-
module X. Clearly, Homg(zSs,S/R) is an S-module. So, it follows that S ®g Homg(S,S/R) — Homg(S,S/R)
is an isomorphism under which 1 ® 7 is sent to 7. As a result, the map 6 : S®g S’ — Homg(S,S/R) defined
by s® f +— (t — (ts)(m f)) for s,t € Sand f € ', is an isomorphism of S-S’-bimodules. Clearly, under this
isomorphism, the element 1 ® 1 in S®g S’ is sent to 7.

(3) Applying — ®g S’ to the sequence (x) and identifying R ®g S’ with §’, we then obtain the following
right exact sequence of R-S’-bimodules:

&) S 2 s2p8 ™5 (S/R) @S — 0,

where the map A’ is defined by f+— 1® f for any f € §’. Combining this sequence with (xx), one can check
that the following diagram of R-S’-bimodules is exact and commutative:

A\ RS

% S@g S (S/R)@gS —0
| g
0 — Homg(S/R,S/R) ——> Homg(S,S/R) S/R 0,

where V is the evaluation map, and where Homg (R, S/R) is identified with S/R as R-S’-bimodules. Since 0
is an isomorphism, we infer that A’ is injective, and that y is an isomorphism of R-S’-bimodules.

(4) Suppose that A is an injective homological ring epimorphism. Then Torf(S,S) = 0 for i > 0. Recall
that we have proved that S ®g (S/R) = 0 = TorR(S,S/R) in (2). Thus, by applying the tensor functor S ®g —
to the canonical sequence (x), we conclude that Torf(S,S/R) = 0. By (3), we know that (S/R) @z S’ ~ S/R
as left R-modules. Thus TorX(S, (S/R) @z S') = 0. Since S® S’ is a left S-module, it follows from Lemma
2.2(2) that Torf(S,S ®g §') = 0. Now, applying the tensor functor S ®x — to the exact sequence (#), we
obtain Torf(S,5") = 0.

(5) Since R is commutative, the tensor product S ®g S’ of S and S’ over R is a ring, which is well-defined.
By Lemma 6.5(3), there exists an exact sequence of R-S’-modules:

08 2 Sors ™5 (S/R)@r S — 0.

Since A’ is a ring homomorphism, the ring S ®x S’ can be considered an §'-S’-bimodule via A, and therefore,
(S/R) ®g S’ can also be regarded as an §'-S'-bimodule. In addition, by Lemma 6.5(3), the evaluation map
v : (S/R)®rS" — S/R, defined by y® g +— (y)g for any y € S/R and g € §', is an isomorphism of R-S'-
bimodules. Since the image of (y)g® 1 under  is also equal to (y)g, we have (y)g® 1 =y®gin (S/R) Qg S'.
Consequently, forany f,g€ S andy € S/R, we getyR fg=f(y®g) = f((y)g®1) = (y)g® f in (S/R) Rr S,
where the first and third equalities follow from the left §’-module structure of (S/R) ®g S’. This yields that

) fe= (@ fe)v=((»)g®f)y=(y)gf inS/R. Thus fg=gf. Since f and g are arbitrary elements in
S’, we see that S is a commutative ring. [

As a consequence of Theorem 1.1, we have the following corollary.

Corollary 6.6. (1) Let A : R — S be an injective ring epimorphism such that TorX(S,S) = 0. If gS has
projective dimension at most one, then there is a recollement of derived module categories:

S 2N
2(SUgS) ——> P(B) —— 2(R) ,
W \\_/
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where SUg S’ is the coproduct of S and S’ over R.
(2) Let R be a ring, . a left Ore set of regular elements of R, and S := X~ 'R the localization of R at X. If
RS has projective dimension at most one, then the recollement in (1) exists.

Proof. (1) Now, let Ry =R, Ri = S, Ry = Endg(S/R), T := S®S/R, and B = Endg(T). It is proved in
[6] that, under the above assumptions, the R-module T is a good tilting module. By Lemma 6.5, the map ¢
in Lemma 6.1 is precisely the map ©* in Lemma 6.4(2) under the identification of 6 in Lemma 6.5. Thus the
universal localization of B at T* is isomorphic to the 2 x 2 matrix ring over the coproduct of S and S over R
by Lemma 6.1. Thus Corollary 6.6(1) follows from Theorem 1.1(1).

(2) follows from (1). [J

The tilting module S & S/R in Corollary 6.6 has an equivalent form (see [6, Theorem 2.10]), by which
we can restate Corollary 6.6 in the following form. Here we present explicitly the R-ring homomorphisms
which will be used for later calculations in Section 8.

Corollary 6.7. Let R be a ring, and let gT be a tilting R-module with an exact sequence
0—R—Ty—T1 —0

of R-modules such that T; € Add(T) and Homg(T;,Ty) = 0. Set S := Endg(7p), S’ := Endg(T1) and B :=
Endg(Ty ® Tq). Then there is the following recollement:
/‘“‘\ /‘\\
D(SURS) — 2(B) — Z(R) ,
\w/ \_/

where SUg S is the coproduct of S and S’ over R.

Proof. First of all, we show that S and S’ can be regarded as R-rings, namely, we construct two ring
homomorphisms A : R — S and u : R — §' (see Lemma 6.5(1)). For any r € R, we denote by p, : R — R
the right multiplication map by the element r. It follows from Homg(T1,Ty) = 0 = Exth(T},Tp) that there
exists a unique homomorphism f : 7o — 7j and therefore a unique homomorphism g : 77 — 77 such that the
following exact diagram

0 R 1o T; 0
| |
prl fi 81
Y Y

0 R Ty T 0

commutes. Now, we defineA: R — Sandu: R — S’ by r— f and r — g, respectively. One can check directly
that A is injective, and that A and u are ring homomorphisms. Furthermore, by the proof of [6, Theorem 2.10],
there are isomorphisms @ : 7y — S and y : T} — S/R of R-modules, such that the following exact diagram of
R-modules

0 R To Ti 0
]
0 R—2>5—"-5/R 0

is commutative. Now, Corollary 6.7 follows from Corollary 6.6. [].

Remarks. (1) In general, Corollary 6.6(1) supplies us a class of recollements which cannot be obtained
from the structure of triangular matrix rings.

If EXt}}(S,R) =0 for 0 <i < 1in Corollary 6.6(1), then S’ ~ R by Lemma 6.5(1), and therefore SLig S’ ~
SUgR=S. Even in this case, the recollement in Corollary 6.6(1) is not equivalent to the one induced from the
triangular matrix ring (see Lemma 6.4(2)) since the former is induced by the homological ring epimorphism
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B — M;(S) and the latter is induced by B — S, they are non-equivalent ring epimorphisms. See Section 7
below for more examples.

(2) In Corollary 6.6(1), the condition that “gS has projective dimension at most one” ensures the category
% (B)y. in Corollary 3.7 can be replaced by the derived module category of a ring. However, this condition
is not necessary for getting such a recollement. In fact, we have the following result.

Let A : R — S be an injective ring epimorphism such that Tor¥(S,S) = 0. Suppose that the right multipli-
cation map u : R — S defined in Lemma 6.5(1) is an isomorphism of rings. Then the universal localization
Ax: : B — By of B at " is homological. In particular, %(B) 4. in Corollary 3.7 can be replaced by Z(S).

0 R
as rings. Under these isomorphisms, the universal localization Ay« : B — By« is equivalent to the canonical

Proof. Combining Lemmata 6.1 and 6.4(2) with 6.5(2), we know that B ~ ( 53 > and By ~ M, (S)

injective ring homomorphism ¥ : R := ( S ) — M;(S) induced by the injective homomorphism A :

0 R
R — S. Let ¢;;, with 1 <, j <2, denote the usual matrix units in M>(S). Then e;R; = e;1M>(S), and the
following diagram of right M;(S)-modules is commutative:

611M2(S> QR Mz(S) _m €11M2(S)

e21‘®ll lezr

622M2(S) QR, Mz(S) _m o, 622M2(S),

where m; is the multiplication map for i = 1,2. Since the map m; and the vertical maps are isomorphisms,
we see that m; is an isomorphism. Hence Y is an ring epimorphism. Clearly, M(S) is projective as a right
Ri-module. Thus % is homological by definition, and consequently, Ay is homological, and Z(S) is triangle
equivalent to Z(B)z-y. by Proposition 3.6. [

Let us give a concrete example satisfying all conditions in the remark (2).
k 0 0
LetR= | k[x]/(x?) k 0 |, where k is a field and k[x] is the polynomial algebra over & in one

ki /(%) klx]/ () k

variable x, and let S be the 3 by 3 matrix ring M3(k[x]/(x?)). Then the inclusion A of R into S is a universal
localization of R, and therefore a ring epimorphism. Further, we have Torf(S,§) = 0 # Tor(S,S) (see [32]).
Thus A is not homological. So, gS cannot have projective dimension less than or equal to one. But one can
check that u defined in Lemma 6.5 is an isomorphism.

This example also shows that Proposition 6.8 below may be false if the injective ring epimorphism A :
R — § is not homological.

(3) Under the conditions of Remark (2), one can get another pattern of recollements, namely, we have the
following result.

Let A : R — S be an injective ring epimorphism such that Torf(S,S) = 0. Suppose that the right mul-
tiplication map u : R — Endg(S/R) defined in Lemma 6.5(1) is an isomorphism of rings. Then there is a
recollement of derived module categories of S, B and R:

2 RN
P(R) —— 9(B) —— 9(S) .
~N N

Proof. Note that the sequence 0 — R s s /R — 0 is an add(gS)-split sequence in R-Mod. By
[27, Theorem 3.5], we conclude that B is derived equivalent to the endomorphism ring Endg(R & S) which
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. . . o R
is isomorphic to the triangular matrix ring ( 0 g ) Consequently, we can get the above recollement of
derived module categories of S, B and R by the structure of triangular matrix rings. [

A variation of Corollary 6.6(1) is the following proposition in which we relax the condition of being
tilting modules, and require ring epimorphisms to be homological.

Let A : R — S be an injective ring homomorphism between rings R and S. We consider S" := Endg(S/R)
as an R-ring via u defined in Lemma 6.5. Furthermore, let p: S — SLIg S’ and p’: &' — SLIz S’ be the canonical
R-homomorphisms in the definition of coproducts of R-rings.

Proposition 6.8. If A : R — S is an injective homological ring epimorphism, then the following assertions
are equivalent:

(1) The universal localization A+ : B— By of B at T is homological.

(2) The ring homomorphism p' : S' — SUg S’ is homological.

In particular, if one of the above assertions holds, then there is a recollement of derived module cate-
gories: T L

D(SURS) — 2(B) — Z(R) .
S~ ~N____—

Proof. Recall that S’ is an R-ring via the right multiplication map u : R — ', defined by r — (x — xr)
for r € R and x € S/R (see Lemma 6.5(1)). Then it follows from the definition of coproducts of rings that
Ap =up' : R — SUgS'. We point out that p’ is a ring epimorphism. In fact, if f,g: SLz S — S| are two
ring homomorphisms such that p’f = p’g, then up’ f = up’g. This means that Ap f = Apg and pf = pg since
A is a ring epimorphism. It follows from the universal property of coproducts that g = f. Thus p’ is a ring
epimorphism.

Step (1). We claim that, for any Sz S’-module W, if we regard W as a left §’-module via the ring
homomorphism p’, then (S ®z ') @g W ~ W as S-modules, and Tor$ (S @ S',W) = 0 for any i > 0.

To prove this, we fix a projective resolution Q° of Sg:

--—>Qn—>Q”_l—>---—>Q]—>QO—>SR—>O

with Q' projective right R-modules. By Lemma 6.5(4), we have Tor§e (S,8") =0 for any j > 0. It follows
that the complex Q°® ®g S’ is a projective resolution of the right S’-module S ®% S’. Note that we have the
following isomorphisms of complexes of abelian groups:

(0° ®rS) @y W ~ Q° @k (S @5 W) ~ Q° @ W.

This implies that Tor? (S @z S',W) ~ TorX(S,W) for any i > 0. Clearly, W admits an S-module structure
via the map p. Moreover, it follows from Ap = up’ that the R-module structure of W endowed via the ring
homomorphism up’ is the same as the one endowed via the ring homomorphism Ap. Then, by Lemma 2.2, we
conclude that S @z W ~ W as S-modules, and that Tor(S,W) = 0 for i > 0. Therefore, Tor (S®z S, W) =0
for i > 0. Note that (S®zS') Ry W ~ S@grW as S-modules. As a result, we have (sS®QgS") @y W ~ sW.
This finishes the proof of Step (1).

Step (2). We shall prove that By is Morita equivalent to SLig S'.

By Lemmata 6.4(2) and 6.5(2), there are isomorphisms of rings

B::EndR(T):@ H&?R(é/sléf) ):C::(g SégffS’),
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where the second isomorphism sends ( 8 7(; ) to ( 8 1(§1 > Lete; := < (1) 8 ),e:: ( 8 (1) ) €
s®1
0

under the isomorphism B ~ C. Let Ay, : C — Cg be the universal localization of C at @. Then By+ ~ Cy. Note
that Ay is homological if and only if A is homological.

By Lemma 6.1, we know that Cy = M,(SUgS'), the 2 x 2 matrix ring over SUg S, and that the cor-

/

responding ring epimorphism Ay : C — M>(SUgS’) is given by ( g tif ) — < (sgp (t)(z,()];?p > for

C, and let @ : Ce; — Ce be the map that sends < ?) ) to ( ) for s € S. Then " corresponds to @

s,t € Sand f,g € S'. Hence, By is Morita equivalent to SLIg .

Step (3). We shall prove that the ring homomorphism A : C — M>(SUg ') is homological if and only if
so is the ring homomorphism p’: §" — SLIg .

Before starting our proof, we mention a general result: if F : C — ‘E is an exact functor between abelian
categories C and E, then F can be extended to a canonical triangle functor F : Z2(C) — Z(‘E), which sends
a complex X* := (Xi’d)if)ieZ over C to the complex F(X*) := (F(X"),F(d)i())iEZ over ‘E. This is due to the
fact that F preserves quasi-isomorphisms. Since F is completely determined by F, we may denote F by F.

SetT':=SLgS', A:=M,(I) and ¢’ := (e)Ag € A. Then ¢’ = (¢')?, Enda(Ae’) ~ T and Endc(Ce) ~ .
Observe that Aé’ is a projective generator for A-Mod. Then, by Morita theory, the tensor functor &/A ®x — :
A-Mod — TI'-Mod is an equivalence of module categories, which can be extended to a canonical triangle
equivalence from Z(A) to 2(T').

Note that eC ® cA ~ eA = €’A as S’-A-bimodules, where the left $’-module structure of €’A is induced
by the ring homomorphism p’ : &' — I'. It follows that the following diagram of functors between module
categories

A-Mod — 2 T Mod
(xgo)*l l(p’)*
C _

C-Mod ——~+ §' Mod

is commutative, where (Ag). and (p’), stand for the restriction functors induced by the ring homomorphisms
Ao :C— Aand p': S — T, respectively. Since all of the functors appearing in the diagram are exact, we can
form the following commutative diagram of functors between derived module categories:

D(A) — D ()
(M)*l l(p’)*
7(C) — = 9(8),

where the tensor functor ¢/A ®, — in the upper row is a triangle equivalence.
From the triangular structure of the ring C it follows that there is a recollement of derived module cate-
gories:
Ce@ls‘,f
N
2(S) 2(C) 2(8) .
N~~~
In particular, the pair (Tria(Ce), Tria(Ce;)) is a torsion pair in Z(C), and the functor eC ®c — induces a
triangle equivalence between Tria(Ce) and Z(S').
We claim that the image of the restriction functor (Ag), belongs to Tria(Ce). This implies that, for any
complexes X*,Y*® € Im((Ag).), we have

eCRc—

Homg)(X*,Y*) — Homyg)(eX®,eY*),
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where the functor eC ®¢ — is identified with the left multiplication functor by e. Clearly, (Ay). commutes
with small coproducts since it admits a right adjoint. In addition, we have Z(A) = Tria(Ae'). Therefore, to
prove the claim, it suffices to prove Ae¢’ € Tria(Ce). This is equivalent to showing that Ce ®% eAe’ ~ Ae’ in
2(C).

Indeed, set M := S®gS’, and write C-modules in the form of triples (X,Y, /) with X € §’-Mod, Y € S-Mod
and 1 : M ®¢ X — Y a homomorphism of S-modules. The morphisms between two modules (X,Y, %) and
(X',Y' K') are pairs of morphisms (o, 3), where ot : X — X" and f: Y — Y’ are homomorphisms in S’-Mod
and S-Mod, respectively, such that Ay = (M ®g o)/'.

With these interpretations, we rewrite Ae’ = (I, I',u) € C-Mod, where u : M ®g I" — T is defined by
(s@f)@y— (s)p(f)p'y fors €S, f €S and y€ . Then eAe’ ~T as left §’-modules. Clearly, Ce ~ M & §'
as right §’-modules. Recall that we have proved in Step (1) that u is an isomorphism of S-modules and
Tor} (M,T') = 0 for any i > 0. It follows that Tor (Ce,eAe’) = 0. Then we get the following isomorphisms
in 2(C):

Ce®g eAe' ~Ce®@ygeAe ~ (T,M@sT, 1) ~Ac.

Thus Ae’ € Tria(Ce), and therefore the image of the restriction functor (Ag). is contained in Tria(Ce).

With the above preparations, we now can prove that the ring homomorphism Ay : C — A is homological
if and only if so is the ring homomorphism p’: §' — T.

In fact, this can be seen from the following commutative diagram of functors between triangulated cate-
gories:

D) —A o)
Ao)x
) i(%)* l(p’»
P(C) =< Tria(Ce) — =~ (),

which implies that (Ag). is fully faithful if and only if so is (p’).. It is known that Ay : C — A (respectively,
p’ : 8" —T') is homological if and only if (Ay). (respectively, (p’)) is fully faithful.

Thus, we have proved that Ay« : B — By is homological if and only if p’ : &' — SLIg S’ is homological.
This finishes the proof of the first part of Proposition 6.8. Clearly, the second part of Proposition 6.8 follows
directly from Proposition 3.6. [

Under the assumptions of Corollary 6.6(1), we see that both A and Ay are homological, and therefore
Proposition 6.8 implies Corollary 6.6(1). However, for an injective homological ring epimorphism A : R — S,
the projective dimension of gS may not be at most one in general (see the example at the end of Corollary
6.10 below). So, from this point of view, Proposition 6.8 may be regarded as a generalization of Corollary
6.6(1).

Combining Lemma 6.2 with Proposition 6.8, we get the following criterion for A+ to be homological.

Corollary 6.9. Let ¥ be a set of homomorphisms between finitely generated projective R-modules. Suppose
that the universal localization Ay : R — Ry is an injective homological ring homomorphism. Set S := Ry,
A:=As, 8 :=Endg(S/R) and T :={S' Qg f | f € X} . Then the universal localization Ay : B — By of B at
T* is homological if and only if the universal localization M- : 8" — St of S’ at T is homological. In particular,
if one of the above equivalent conditions holds , then there is a recollement of derived module categories:

VRS 2N
P(S}) — 9(B) 2(R) .
~N— N~

As a consequence of Corollary 6.9, we obtain the following result which can be used to show when the
universal localization Ay : B — By of B at T* in Proposition 6.8 is homological in some special cases.
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Corollary 6.10. Let C C D be an extension of rings. Set R := 0 C

be the canonical injective ring homomorphism. Then the universal localization Ay : B — By of B at T* is
homological if and only if the universal localization Ay : E — Eg of E at ®* is homological, where E :=
Endc(D® D/C), and the homomorphism ®* : Hom¢(D @ D/C,D) — Hom¢(D & D/C,D/C) of projective
E-modules is induced by the canonical epimorphism ® : D — D/C.

b b ) and S := M»(D). Let .:R — S

Proof. Recall that the right multiplication map u : R — §’ is a ring homomorphism (see Lemma6.5(1)).
Set e¢; := < (1) 8 >, e = < 8 (1) > and epp := < 8 (1) ) € R. Furthermore, let ¢ : Re; — Re, and
¢ : S'(e1)u — S'(e2)u be the right multiplication maps by e, and (ej»)u, respectively.

It follows from Lemma 6.1 and D e C = D that the map A : R — S is the universal localization of R
at @. In particular, A is a ring epimorphism. Since S ~ ¢|R @ ;R as right R-modules, the embedding A is
always homological. Note that S’ @k @ can be identified with ¢’. By COrollary 6.9, the universal localization
Az: : B — By of B at 1" is homological if and only if the universal localization Ay, : §" — S¢, of S’ at ¢’ is
homological.

Clearly, R/Re;R ~ C as rings. So, every C-module can be regarded as an R-module. In particular,
D@ D/C can be seen as an R-module. Further, one can check that the map o.: D& D/C — S/R defined by

(d,t4+C) — ( 2 ? >+R

for d,t € D, is an isomorphism of R-modules. Thus S’ ~ E, ¢’ corresponds to ®* under this isomorphism,
and Sip/ ~ Eq-. It follows that Mp, S — Sép, is homological if and only if S0 is Ay : E — Eg+. This finishes
the proof. [

Remark. In general, it may happen that the special form of the universal localization Ay : E — Eg of E
at ®*(or equivalently, the universal localization Ay : B — By of B at ) in Corollary 6.10 is not homological,
through the A is always homological.

For example, let C = { < Z 2 ) |a,b €k} and D = < k0 ) with k a field. Then one can check

k k
that the canonical map ® : D — D/C is a split epimorphism in C-Mod, and therefore ¢D ~ C&® D/C. Let
e be the idempotent of E corresponding the direct summand C of the C-module D & D/C. Then Ey ~
E/EeE ~ M (k). Furthermore, the universal localization Ay : E — Eg of E at ®* is equivalent to the
canonical projection T : E — E/EeE. Since Exts(E/EeE,E/EeE) # 0, we see that T is not homological.
This implies that Ag+ is not homological, too. Thus Ay : B — By is not homological by Corollary 6.10, that
is, the restriction functor (Ag+). : Z(Bg-) — Z(B) is not fully faithful.

7 Commutative rings and recollements of derived module categories

In this section, we shall first discuss recollements of derived module categories arising from injective homo-
logical ring epimorphisms A : R — S between arbitrary commutative rings without the assumption that the
modules S @ S/R are tilting modules, and then turn to the special case of one-Gorenstein rings. We shall see
that, for commutative rings, the universal localizations appearing in the main result Theorem 1.1 will be fur-
ther strengthened as tensor products. As a consequence, we can produce examples to show that two different
stratifications of a derived module category by derived module categories of rings may have different derived
composition factors, which answers negatively a question in [5] and shows that the Jordan-Holder theorem
fails for derived module categories with simple derived module categories as composition factors.

Note that if R is a commutative ring and A : R — § is a ring epimorphism, then S must be commutative.
So, in the following, we can assume that both rings R and S are commutative rings.
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7.1 General case: Arbitrary commutative rings

The main purpose of this subsection is to prove the following existence result for recollements arising form
injective ring epimorphisms between commutative rings. Here we remove the condition of tilting modules.

Proposition 7.1. Suppose that \: R — S is an injective homological ring epimorphism between commutative
rings R and S. Let B be the endomorphism ring of the R-module S @ S/R. Then there is a recollement of
derived module categories:
S VRS
2(S®rS') 2(B) — Z(R) ,
N~ S~

where S' := Endg(S/R) is commutative, and S ®g S’ is the tensor product of S and S’ over R.

Proof. Since S is a commutative ring, we see that S’ is an R-algebra via the right multiplication map
u:R— S, defined by r +— (x — xr) for r € R and x € S/R (see Lemma 6.5(1)). Then the tensor product
S®rS of S and S’ over R makes sense. Moreover, the map A’ : §' — S®z S, defined by s’ — 1® s for any
s' €8, and the map i/ : S — S®g S, defined by s — s® 1 for s € S, are ring homomorphisms. So, S ®g S’ is
an §'-S’-bimodule via A’. In addition, it follows from Lemma 6.5(5) that S’ is a commutative ring.

Since A is a ring epimorphism, we know from Lemma 6.3 that the tensor product S ®g S’ together with
the two ring homomorphisms A’ and u/ satisfies the definition of coproducts. In other words, the coproduct
SUg S’ of R-rings S and S’ over R is isomorphic to the tensor product S Qg S’

By Proposition 6.8, to get the recollement of derived module categories in Proposition 7.1, it is sufficient
to demonstrate that A : §' — S®g S’ is homological.

In fact, we have the following composition of a series of isomorphisms of S-S’bimodules:

(S®rS)®s (S®RS) = SRR (§' @y (SRRS')) = SRk (S®S) = (SRRS) RS ~ SRS

This composition map is actually the multiplication map from (S®z ') ®g (S®g S') to S®g S'. Thus it is an
(S®rS)-(S®@g S")-bimodule isomorphism. Hence A’ is a ring epimorphism.

It remains to show Tor (S®@g S, S @x S') = 0 for all i > 0. However, this follows immediately from Step
(1) in the proof of Proposition 6.8. Thus, we finish the proof of Proposition 7.1.

As a straightforward consequence of Proposition 7.1, together with a result in [25], we have the following
corollary.

Corollary 7.2. Under the assumptions of Proposition 7.1, the left global dimension of B is finite if and only
the global dimensions of R and S ®g S’ both are finite.

7.2 Special case: One-Gorenstein rings

Throughout this subsection, R stands for a commutative ring, Spec(R) (respectively, mSpec(R) ) denotes the
set of all prime (respectively, maximal) ideals of R. For each non-negative integer i, we denote by P; the set
of all prime ideals of R with height i.

Let M be an R-module. We denote by E (M) the injective envelope of M, and by proj.dim(M),inj.dim(M)
and flat.dim(M) the projective, injective and flat dimensions of gxM, respectively.

For a multiplication subset £ of R, we denote by £ ~!R the localization of R at £, and by fx : R — X~ 'R the
canonical homological ring epimorphism. In general, the homomorphism fy is not injective. But, if ® is the
multiplicative set of all non-zero divisors of R, then the localization map fp : R — ®~ 'R is always injective.
In this case, the ring 'R is called the total quotient ring of R, denoted by Q. In fact, Q is the largest
localization of R for which the canonical map is injective, that is, if the map fs : R — £~ 'R is injective, then
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Y C @, and there is a unique injective ring homomorphism /4 : £~'R — Q such that fg = fx h. In addition, if
R is noetherian, then P, is finite and @ = R\ Upcp,p.

As usual, for a prime ideal p of R, we always write Ry, for (R\p) 'R, and f, for fg\,, and say that Ry, is
the localization of R at p.

Note that the localization Zj, of Z at the maximal ideal p = pZ is Q) for every prime p € N, where Q)
is the set of p-integers. Recall that ¢ = n/m € Q with m,n a pair of coprime integers is called a p-integer if
p does not divide m.

Let py,---,p, be prime ideals in R, and set £ := R\ U"_;p;. Then X =N, (R\ p;) is a multiplicative
subset of R, and the prime ideals of the localization £ ~'R are in one-to one correspondence with the prime
ideals p of R with pNX = 0, that is, with the prime ideals of R contained in U?_ P;. By prime avoidance
theorem, any such prime ideal is contained in one of the p;. Hence, {Z_lp j | 1 < j <n} contains the maximal
ideals of £~!R. If all p; are pairwise incomparable, that is, p; Z p; for i # j, then this is exactly the set of all
maximal ideals of Z~!R.

Now, let us mention the following homological results about commutative noetherian rings, which are
needed for our discussions in this section. For more details, we refer the reader, for instance, to [23, Theorem
3.3.8, Theorem 3.4.1, Lemma 6.7.7] and [33, Corollary 11.2].

Lemma 7.3. Suppose that R is a noetherian ring. Let p,q € Spec(R). We define J, := liLnl, R/p'. Then,
(1) Homg(E(R/p),E(R/q)) # 0 if and only if p C q. In particular, E(R/p) ~ E(R/q) if and only if p = q.
(2) If X is a multiplicative subset of R, then, as R-modules,

S pirger o | ERID) ZNp=0,
= E(R/p)—{o if£Op 0.
(3) If p is a maximal ideal of R, then Endg(E(R/p)) ~ liLniRp/piRp ~ Jp.
(4) Let P be a set of maximal ideals of R. If q is a maximal ideal of R, which does not belong to P, then

E(R/q)®r [] s =0.
peP

(5) Define S, := {x € E(R/p) |p"x =0} for each n > 0. Then E(R/p) = U,S,.

Of our interest is the class of n-Gorenstein rings. Recall that, for a non-negative integer n, the ring R
is called n-Gorenstein if R is noetherian and inj.dim(R) < n. The following homological properties of n-
Gorenstein rings are well-known, for their proofs, we refer to [8, Theorem 1, Theorem 6.2], [23, Theorem
9.1.10, Theorem 9.1.11] and [39, Introduction].

Lemma 7.4. Let n be a non-negative integer. Assume that R is an n-Gorenstein ring.
(1) The regular module R has a minimal injective resolution of the form:

0—R— @E(R/p) — e — @E(R/p)—>0

pePy PEP,

Moreover, the total quotient ring Q of R is isomorphic to E(R) as an R-module.
(2) For an R-module M, the following are equivalent:

(i) proj.dim(M) < eo; (ii)  inj.dim(M) < oo; (iii)  flat.dim(M) < oo;
(iv) proj.dim(M) <n; (v) inj.dim(M) <n; (vi) flat.dim(M) < n.
(3) The R-module
Tir,) = DD ER/p)
i<n peP;

is an (infinitely generated) n-tilting module, that is, it is of projective dimension at most n, and satisfies (T2)
and (T3) (replaced by a longer exact sequence) in Definition 4.1.
(4) If X is a multiplicative subset of R, then £~ 'R is an n-Gorenstein ring.
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From now on, we assume that R is a 1-Gorenstein ring. Then P; consists of all maximal ideals of R
which are not minimal prime ideals. By Lemma 7.4, one gets a tilting R-module 7{p) of projective dimension
at most one. This construction of tilting modules from 1-Gorenstein rings can be generalized to obtain the
so-called Bass tilting modules, as mentioned in [3]. Now, let us recall the construction.

Let

O—>Rﬁ>Qi> @E(R/p) — 0,
peP
be a minimal injective resolution of R, where T is the canonical surjective map which is regarded as a homo-
morphism of R-modules. Let A be a subset of P;. Then we define

Ray =7 "(PE(R/p)) and T :=RnaSEPER/).
peA peA

Clearly, we get two associated exact sequences of R-modules

(a) 0—>R—>R(A)L>@E(R/p)—>0;
peA

(b) 0—Rpn—0— @ E(R/p) — 0.
peP\A

Note that R(,) is just an R-submodule of Q. It is shown in [3, Section 4] that the R-module T{,) is a tilting
module, which is called a Bass tilting module over R. Further, the authors of [39] prove that every tilting
module over R is equivalent to a Bass tilting module. Note that the sequence (a) implies that the R-tilting
module 7{,) is good.

The next lemma describes some properties relevant to Bass tilting modules. Note that the conclusions (1)
and (2) of Lemma 7.5 below are mentioned in [38] for Dedekind domains.

Lemma 7.5. let A be a subset of P|. Assume that each prime ideal belonging to the set P \ A contains all
zero divisors of R. Then,

(1) For each p € Py \ A, the canonical ring homomorphism f, : R — Ry, is injective.

(2) Ria) = Npep, \aRp, which is a flat R-module, where Ry, is regarded as a subring of the total ring Q of
R. Hence Ry can be regarded as a subring of Q containing R. In particular, the total quotient ring of R a)
also equals Q. (Note that we set (\,co Rp = Q.)

(3) The canonical inclusions ha : R — R(xy and ua : R(x) — Q are homological ring epimorphisms.

(4) The R(n)-module

T(/A) =0® P E(R/p)

peP\A

is a good tilting Rx)-module. If R ) is noetherian, then R ) is 1-Gorenstein.
(5)
. | Ry R ®rJa
B = Endg(Tja)) ~ < S R )
where Jy := Endg(Ry)/R) =~ [TpeaJp-
() ,
/o / ~ Q Q®RJA
By = EndR(A)(T(A)) = ( 0 J/A > )

where J) = Endg,, (Q/Rn)) =~ [Tperadp-
(7) The ring homomorphism py in (3) induces a ring isomorphism

R(p) ®rJa = Q Or Ja.
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(8) For any subset P of Py, the canonical map

Op: Q@RHJ;J — HQ®RJP’

peP peP
defined by g ® (xp)pep — (q ®xp)pepfor q € Q and xy € Jy, is an injective ring homomorphism.

Proof. (1) Note that, for each r € Ker(f,), there exists an element x € R\ p such that rx = 0. Since p
contains all zero divisors of R, we know that x is non-zero divisor of R. This implies r = 0, and so the map
fp 1s injective.

(2) Let g € P\ A. Since the localization map f; : R — Ry is injective by (1), there is a unique injective
homomorphism yg : Ry — Q such that fp = fqu by the universal property of the total quotient ring of R. So,
we can think of R as a subring of Q. Under this identification, we can speak of the intersection of R, defined
in (2).

First, we show that if A= P; \ {p} for some p € P;, then R(p) = Ry. By Lemma 7.4(1), we have the
following exact commutative diagram:

0 0
0 R— R, i Y 0
.
0—>R— Q" = @,p E(R/G) —0.
(gq)qul
E(R/p) =——=E(R/p)
0 0

where Y denotes the image of the restriction of 7 to Ry, and where g4 : E(R/q) — E(R/yp) is a homomorphism
of R-modules. Clearly, the localization Y}, of Y at p is zero. Let a € A. By Lemma 7.3(1), we know that
Homg(E(R/a),E(R/p)) = 0 since both a and p are maximal ideals of R. Consequently, g =0 and ¥ =
Ker(gp) © @qea E(R/q), where g := gy : E(R/p) — E(R/p) is a surjective homomorphism of R-modules.
We claim Ker(g) = 0. In fact, by Lemma 7.3(2), we know that E(R/p)) ~ (E(R/p)), as R-modules. This
implies that Ker(g) ~ Ker(g),, as R-modules. Then it follows from ¥}, = 0 that Ker(g), = 0. Thus R, = R(x)
under our identification of Ry in Q.
Second, in the general case, we observe that

A= (] (P\{b}) and PER/M)= (] ( D ER/a)).

beP\A peA beP\A qePi\{b}

Thus

Ry =% (@E®M) =7 () (D E®a))= N &

peA beP\A geP\{b} peP\A

Third, to prove that R() is a flat R-module, we use the exact sequence (b). Since R is noetherian, the
arbitrary direct sum of injective R-modules is injective. Thus @,cp\pE (R/p) is injective. Note that gQ is
flat. By Lemma 7.4(2), we deduce that R(,) is a flat R-module.

Finally, note that the total quotient ring of R() also equals Q.
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(3) Recall that Q is the localization of R at the multiplicative set ® consisting of all non-zero divisors of
R. Clearly, the map fo : R — Q is a ring epimorphism. Since Q and R, are flat R-modules, it follows from
Lemma 2.3 that both A and u are homological ring epimorphisms.

(4) For simplicity, we set W := T(’A). Note that the R(,)-module W is injective as an R-modules. Since
A is a homological ring epimorphism, it follows from Lemma 2.2 that W is an injective R()-module. In
particular, the regular module R(,) has injective dimension at most 1. If Rs) is noetherian, then R, is 1-
Gorenstein by definition. In this case, it follows directly from [3, Section 4] that the module W is a tilting
R( A)—module. However, in general, we do not know whether R( A) is noetherian or not. Because of this reason,
we have to prove, in the following, that W is a tilting R(,)-module. Indeed, since W is an injective R-module
and R is 1-Gorenstein, we know from Lemma 7.4(2) that proj.dim(xW) < 1. Note that A is a homological
ring epimorphism. It follows from Lemma 2.2 that proj.dim(g , W) < proj.dim(gW) < 1. Clearly, the module
W satisfies the condition (73) in Definition 4.1. To see that W satisfies the condition (7%) in Definition 4.1,
we observe that

Exti,, (W, W) ~ Exty(W,W(®) = 0

for every i > 1 and every cardinal o, where the first isomorphism follows from Lemma 2.2(3), and the second
equality follows from the fact that every direct sum of injective R-modules is injective since R is noetherian.
Thus W is a tilting R()-module. Clearly, the exact sequence (b) implies that W is a good tilting module.

(5) By Lemma 7.3(1) and Lemma 7.3(3), we have Jx >~ Endg(@yea E(R/p)) = [TpeaJp- According to
Lemma 6.5(2), we have Homg (R(a),@®pea E(R/p)) =~ R(a) ©r Ja as Ry)-Ja-bimodules. Now, (5) follows
from Lemma 6.4(2) immediately.

(6) We first observe that

Homg(X,Y) ~ Homg, (X,Y) and X ®@rY ~ X ®g, ¥

for any R()-modules X and Y since As : R — Ry4) is a ring epimorphism, and then use Lemma 6.4(2), Lemma
6.5 and Lemma 7.3. We omit the details here.

(7) Note that if R is a commutative noetherian ring and if / is an ideal of R, then (i) the /-adic completion
of R is a flat R-module, and (ii) the product of flat R-modules is flat (see [23, Corollary 2.5.15, Theorem
3.2.24]). Hence J, is a flat R-module. In order to prove that tp ®g Ja : Rp) @rJA — Q®r JA 1S an isomor-
phism, it is sufficient to show (@,cp\a E(R/p)) ®rJa = 0. This is equivalent to E(R/p) @rJa = 0 for any
p € P; \ A. However, the latter is a direct consequence of Lemma 7.3(4).

(8) Clearly, the map ®p is a ring homomorphism. Applying the tensor functors —®g [TpepJp and — g Jp
to the minimal injective coresolution of R, respectively, we can get the following exact commutative diagram
of R-modules:

0 —> R@rIlpepIp — Q®r[lpep Sy — (B yep, E(R/1)) @r[pepdp —0

lz l@p i@},
00— HpePR®RJp - HpEPQ®RJP - HpeP (@qul E<R/C|)) ®R-Ip —0,
where the homomorphism ®) of R-modules is defined in the same way as was done for ®p. We claim that
@) is injective. In fact, since tensor functor commutes with direct sums, it follows from Lemma 7.3(4) that

we can embed O into the following commutative diagram:

(@qu] E(R/q)) Qr [Ipep Iy — @pePE(R/m ®rJp

: :

[per (Baer E(R/)) @rp ——[per E(R/P) ®r Jp,
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where A is the canonical inclusion. This shows that @), is injective, which implies that ®p also is injective. [J

Note that if R is a local ring or a domain, then the assumption in Lemma 7.5 holds. It is well-known that
Dedekind domains are 1-Gorenstein rings. Recall that a commutative ring R is called a Dedekind domain
if R is a domain in which every proper ideal in R is the product of a finite numbers of prime ideals. This is
equivalent to saying that Ry, is a discrete valuation ring for each prime ideal p of R. A typical example of
Dedekind domain is the ring Z of all rational integers.

To ensure (1) in Lemma 7.5, the general assumption of Lemma 7.5 cannot be dropped. For example, if
R is a local 1-Gorenstein ring, then the direct sum S := R ® R of two copies of R is again 1-Gorenstein. If
we take m to be the unique maximal ideal of R, then the localization of S at the maximal ideal p := (m,R) is
isomorphic to Ry,. This shows that the localization map S — S, is not injective. Clearly, the assumption of
Lemma 7.5 is not satisfied in this case.

By Lemma 7.5(2), we know that R4 is always an intersection of localizations. But, in general, it may
not be a localization of R at any multiplicative set. For a counterexample, we refer the reader to [34]. A
natural question arises: when is R(,) itself a localization of R at some multiplicative set ? The following
result provides some partial answers to this question.

Lemma 7.6. Let A be a subset of P. Assume that each prime ideal belonging to Py \ A contains all zero
divisors of R. Define £ := R\ Ugep a9 and Ay :={a € P | a C Ugep\aq}- Then,
() Z'R=1""(Bpep\a, E(R/P)) SRa) C 0.
(2) Ray = Zl_lRfor some multiplicative subset ¥ of R if and only if R(n) = Y~ 'Rifand only if Ay = P\ A.
(3) If P1\ A is a finite set, or if each ideal in A is principal, then Ry = >R

Proof. (1) Clearly, we have £ C @ and ¥ is a multiplicative set. Thus the canonical map f5 : R — X~ 'R is
injective, and there is a unique injective ring homomorphism 4 : £~!R — Q such that fg = fs h. In this sense,
we may regard X~ !'R as a subring of the total quotient ring Q containing R. Moreover, the total quotient
ring of 'R equals Q. Since R is a 1-Gorenstein ring, it follows from Lemma 7.4(4) that Z~'R also is a 1-
Gorenstein ring. In addition, it follows from standard commutative algebra that the map @ : A; — Spec(X~'R)
sending q to X~ !q for q € A is a bijection. This shows that we have an exact sequence of R-modules:

0—>RZL>Q—> EBE(R/q)—>0.
qeA;

By Lemma 7.4, we can further form the following exact commutative diagram of R-modules:

0 0
0—>R—2L —y-1p i Y’ 0
:
0—>R— 00— Py E(R/q) —>0,
(84)acp,
Dqea, E(R/q0) == Dqea, E(R/q)

0 0

where Y’ denotes the image of i, and where g; : E(R/q) — @gea, E(R/q) is a homomorphism of R-
modules. By the same argument as in the proof of Lemma 7.5(2), we can prove Y’ = Dpera E (R/p).
Thus 'R =t~ (Bpep\a, E(R/p)). By definition, we have Py \ A C Aj, and 50 Z7'R C Rx).
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(2) It follows from the definition of R4 and the statement (1) that R(4) = Y~ !Rifand only if A; = P \ A.
To prove the statement (2), it suffices to show that if R,y = ZflR for some multiplicative subset £; of R,
then R(y) = Y~ IR. Now, assume R = Zl_lR. By Lemma 7.4(4), R() is a 1-Gorenstein ring. Note that
O/Rp) ~ @pep\a E(R/p) as R-modules. Then it follows from Lemmata 7.4(1) and 7.3(2) that, for any
p€Pi\A wehave pNZ; =0, and so X C R\ p. Since £ :=R\Ugep\a9=Ngep\a(R\q), we have £ C X,
and so Ry = ZI_IR C X~ 1R. Thanks to the statement (1), we get Y IRC Rip) C Q. Thus Ry = Y IR,

(3) It suffices to show A} = P; \ A. Clearly, we have P; \ A C A by definition. Now we show A} C Py \ A.
In fact, if a € Ay, then a C Ugep\a9- Thus, if; in addition, Py \ A is finite, then a C q; for some q; € P, \ A
by prime avoidance theorem. Since a is a maximal ideal of R, it follows that a = q;. Hence A; = P; \ A. If
we assume that each ideal in A is principal, then a must be in P; \ A. In fact, if it is not the case, then a € A,
and so there exists an r € R such that a = Rr. Since a C gep\a 4, We know that r € q for some q € Py \ A,
and so a C gq. By the maximality of a, we have a = q. This is impossible because the intersection of A with
Py \ Ais empty. Hence A; = P\ A.

By (2), we have R(4) = X' R for either case. [J

Combining Corollary 6.6(1) and Lemma 6.3 with Lemma 7.5(7), we have the following result on recolle-
ments of derived module categories of endomorphism rings.

Proposition 7.7. Let R be a 1-Gorenstein ring, and let A be a subset of P,. Assume that each prime ideal in
Py \ A contains all zero divisors of R. Then we get the following recollements of derived module categories:
/\-\ /"\
2(Q ®rJa) 2 (Ba)
W \/
m /”‘\\
7(Q@rJ,) 9(By) —= Z(R)) -
W W

7(R) ,

Proof. Here we provide a different proof. We consider the injective homological ring epimorphism
MR — Ra) defined in Lemma 7.5(3). Then, we have Rp) ®r Ja =~ O ®grJa by Lemma 7.5(7). Now, the
first recollement in Proposition 7.7 follows immediately from Proposition 7.1.

The proof of the existence of the second recollement in Proposition 7.7 can be implemented similarly as
we did for the first one. [

In the rest of this subsection, we consider the ring Z, it is a Dedekind domain and, of course, a 1-
Gorenstein ring. Clearly, it fulfills the assumption of Proposition 7.7. Moreover, in this case, we can have
a much better formulation than Proposition 7.7. Our discussion below uses some basic results on p-adic
numbers in algebraic number theory.

Fix a prime number p > 2. A p-adic integer is a formal infinite series ¥, a;p’, where 0 < a; < p for all
i > 0. A p-adic number is a formal infinite series of the form Y% _,, a; p’/, where m € Z and 0 < aj < p for
all j > —m. The sets of all p-adic integers and p-adic numbers are denoted by Z, and Q,,, respectively. Note
that Z,, is a discrete valuation ring of global dimension 1 with the unique maximal ideal pZ,, and that Q, is
a field.

If f € Q is a rational number, then we can write f = %p*’”, where g,h € Z, (gh,p) = 1. Since the
rational number % always belongs to Zj,, that is, there are 0 < a; < p for all i > 0 such that % =YY" ap'.
Consequently, we have

f= Zaip_m+i € Q.
i=0

In this way, we can regard QQ as a subfield of Q,. This implies that, for /' € Q, there are at most finitely
many prime numbers ¢ such that f € Q, \ Z,, or equivalently, f € Z, for almost all prime number g. It is

43



well-known that Q ®z Z,, ~ Q, by multiplication map since Q, = {p™y |m € Z,y € Z,}. Clearly, Q C Q,
and Z C Q) C Z, C Q, for every prime p € N:={0,1,2,---}. It is known that Endz(Q/Z) ~ ], Z, as
rings, where p goes through all prime numbers.

An alternative definition of Z, is that Z,, is the p-adic completion lim 7 /P'7Z of 7. Another algebraic
definition of Z,, is that Z,, is isomorphic to the quotient of the formal power series ring Z[[X]] by the ideal
generated by X — p. Note that Q,, is the field of fractions of Z,. For more details about p-adic numbers, one
may refer to [33, Chapter IV, Section 2]. We denote by 7 the product [, Z, of all Z, with p positive prime
numbers. This is a commutative ring.

Now, let A be the set of all prime numbers in N, and let / be a subset of A. Set I’ := A\ I, A:={p = pZ|
pE I} and Z(]) = Z(A).

Lemma 7.8. The following statements hold true for the ring 7Z of integers.
(1) Let £:=Z\Uyer q. Then Zy = Y17, which is the smallest subring of Q containing %for allpel.
(2)The injective ring homomorphism

O;: Q®ZHZp - HQP

pel pel

defined by q @ (xp) per — (gxp) per for g € Q and x,, € L, satisfies that

Im(@®;) =A;:= {(yp)pg € HQP | yp € Zy, for almost all p € I}.
pel

In particular, if I is a finite set, then Im(®;) = Aj = [1,¢; Q). Note that A; is a kind of adéle in global class
field theory (see [33, Chapter VI]).
(3) There are ring isomorphisms:

Q®ZHZ‘D’:A17 Q@Z HZPZA]/.

pel pel’

Proof. (1) Let g € I'. By Lemma 7.5(2), we have Z1y = Nger Zq, where Zg is the localization of Z at q
with g = ¢Z. It follows from Zq = Q) that

Zyy=Qq=2p " |pell=2""Z
qel’

(2) For each prime number p, the canonical ring homomorphism u: Q ®zZ, — Q,,, defined by f ®x, —
fxp for any f € Q, and x, € Z,, is an isomorphism. Moreover, for each f € QQ, there are at most finitely
many prime numbers ¢ such that f € Q,\ Z,. In other words, f € Z, for almost all prime number g. This
implies Im(®;) = A;.

(3) This follows from (2). [J

With help of Lemma 7.8, we can state Proposition 7.7 for R = Z more explicitly.

Corollary 7.9. We have the following recollements of derived module categories:
2N VS
2(Ar) 9(B1) —2(Z)
N N
VRS VRS
9 (Ar) 7(B)) P(Zw)) ,
N N

where By := Endz(Z(I) @Z(])/Z) and B} = EndZm (Q@Q/Z([))
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7.3 Examples

In the following we shall exploit Corollary 7.9 to give a couple of concrete examples of derived module cate-
gories that have two different stratifications by derived module categories of rings with different composition
factors. This is related to the following problem proposed in [5]:

Problem: Given a ring R, do all stratifications of Z(R) by derived module categories of rings have the
same finite number of factors, and are these factors the same for all stratifications, up to ordering and up to
derived equivalence?

A negative partial solution to this problem can be seen from Examples 7.10 and 7.11 below.

Let us first recall the definition of a stratification of Z(R) for R a ring in [5].

Let R be a ring. If there are rings R; and R; such that a recollement

TN VN
(%) Z(R1) 7(R) 7(R>)
N~ N

exists, then R; or Z(R;), with 1 <i <2, are called factors of R or Z(R). In this case, we also say that (x) is
a recollement of R. The ring R is called derived simple if Z(R) does not admit any non-trivial recollement
whose factors are derived categories of rings. It is pointed out in [4] that every Dedekind ring ( thus every
discrete valuation ring) is derived simple.
A stratification of Z(R) is defined to be a sequence of iterated recollements of the following form: a

recollement of R, if it is not derived simple,

RS VRS

Z(Ro) 7(R) I(R)
~ ~

a recollement of Ry, if it is not derived simple,

T T
P(Ryo) —— Z(Ro) —— Z(Ro1) »
N N

and a reollement of R;, if it is not derived simple,

S S
P(Ri0) —— Z(R)) —— Z(Rn)
\_,/ v

and recollements of R;; with 0 <i,j <1, if they are not derived simple, and so on, until one arrives at
derived simple rings at all positions, or continue to infinitum. All the derived simple rings appearing in this
procedure are called composition factors of the stratification. The cardinality of the set of all composition
factors (counting the multiplicity) is called the length of the stratification. If this procedure stops after finitely
many steps, we say that this stratification is finite or of finite length.

The first example below shows two stratifications of a derived module category with infinitely many
different derived simple module categories as composition factors

Example 7.10. Let Z < Q be the inclusion. Then 7 = Q ® Q/Z is a tilting Z-module, and

Q Homgz(Q,Q/Z)
B:=Endg(T) = R

0 Z
Note that Homz(Q,Q/Z) ~ R as abelian groups, where R is the field of real numbers.
We take A := mSpec(Z). By Corollary 7.9 and Lemma 7.8(3), we have a recollement:

LT VN
P2(Q®z7Z) 2(B) 2(Z) .
~__— N~
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Let e = (1,0,---,) € 7. Then 7 = iez @iA(l — e3). This is a decomposition of ideals of 7. Thus we
have a decomposition of ideals of the ring Q ®z Z:

Q®Zz:Q®ZZZ@@®ZHZp:Qz@Q®ZHZp.

p>3 p>3

This procedure can be repeated infinitely many times. Then it follows that 2(Q ®z 2) has a derived com-
position series with infinitely many simple factors Z(Q,). This shows that Z(B) has a stratification with
derived composition factors equivalent to either Z(Z) or Z(Q,), both are derived simple, that is, each of
them cannot be a middle term in any proper recollement of derived module categories of rings.

Transparently, it follows from the triangular form of B that Z(B) has a stratification with infinitely many
composition factors equivalent to either Z(Q) or Z(Q,). Clearly, Z(Z) and 2(Q) are not equivalent as
triangulated categories since the global dimension of Z is one and the global dimension of Q is zero. Thus
2(B) has two stratifications which have different composition factors. This gives negatively an answer to the
second question of the above mentioned problem.

In Example 7.10 the two stratifications of the category Z(B) by derived module categories have infinite
many composition factors. In the next example we shall see that even one requires finiteness of stratifications
of a derived module category, their composition factors still may be different. This is contrary to the well-
known Jordan-Holder theorem which says that any two (finite) composition series of a group have the same
list of composition factors (up to the ordering and up to isomorphism).

Example 7.11. (1) Let I be a non-empty finite subset of mSpec(Z). We consider the exact sequence

0—Z—Zqy H@E(Z/p) -0
pel

of abelian groups. Then T :=Z ) & ,¢; E(Z/pZ) is a tilting module. On the one hand, by Lemmata 6.4(2)
and 7.5(5), we have

Z(l) Homy, (Z[, Z(l)/Z)

0 Pz,

pel

Endz(T) ~

On the other hand, since [ is a finite set, by Corollary 7.9, Endz(7) admits a recollement

T T
P(DBpe1Qp) —— Z(Endy(T)) — 2(Z) .
~_ N

Thus, Z(Endz(T)) admits two stratifications, one of which has the composition factors Z;y and Z, with
p € I, and the other has the composition factors Z and Q, with p € I. Since Z;) is a localization of Z by
Lemma 7.8, it is of global dimension one. Note that derived equivalences preserve the centers of rings. This
shows that all the rings Z,Z;),Z), and Q,, are pairwise not derived-equivalent. Hence the two stratifications
have completely different composition factors.

(2) Let p = pZ C Z with p a prime number in N. We consider the exact sequence of Z,-modules:

0— Zy — Q— E(Zp/pZy) — 0.

Define T := Q® E(Zy/ pZy). Thus, by Lemma 7.5 and Corollary 7.9, we have

Endz, (T) ~ Endz (T) ~ ( @9 >
p
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and a recollement:

/‘“\ Kﬂ\
2(Qp) — Z(Endy, (T)) ——— D (Zy) .
N~ ~S——

Note that the ring Endz, (T') is left hereditary, but not left noetherian.

On the one hand, Z(Endz, (T)) has clearly a stratification of length 2 with the composition factors Q
and Z,. On the other hand, it admits another stratification of length 2 with the composition factors Q,, and
Zy. Note that Zp = Q(,). Since Z, and Q, are uncountable sets and since derived equivalences preserve
the centers of rings, we deduce that neither Q and Q(p), nor Z, and Q( p) are derived equivalent. Clearly,
the global dimensions of Z, and Q,) are one. Thus we have proved that the derived category of the ring
Endz, (T') has two stratifications of length two without any common composition factors.

Thus, this example shows also that the main result in [5, Theorem 6.1] for hereditary artin algebras cannot
be extended to left hereditary rings.

Note that in each example given in this section the sets of composition factors of the two stratifications of
the derived module category have the same cardinalities. In the next section we shall see that this phenomenon
is not always true.

8 Further examples and open questions

The main purpose of this section is to present examples of derived module categories of rings such that they
possess two stratifications (by derived module categories of rings) with different finite lengths. Namely, we
consider the following

Question. Is there a ring R such that Z(R) has two stratifications of different finite lengths by derived
module categories of rings ?

Thus we solve the whole problem in [5] negatively.

Let k be a field. We denote by k[x] and k[[x]] the polynomial and formal power series algebras over
k in one variable x, respectively, and by k((x)) the Laurent power series algebra in one variable x, that is,
k((x)) :={x"a|neN,a e k[[x]]}.

2
Now, let k be an algebraically closed field, and let R be the Kronecker algebra ( k

0 K > It is known

that R can be given by the following quiver
o
Q: 2—=1,

and that R-Mod is equivalent to the category of representations of Q over k.
Let V be a simple regular R-module. For each m > 0, we denote by V [m] the module of regular length m
on the ray
V=V[l]cV[2]C---CV[m|CV[m+1]C---,

and let V' [oo] = lim V' [m] be the corresponding Priifer modules. Note that the only regular submodule of V' [oo]
of regular length m is V[m] with its canonical inclusion in V[ec], and that each endomorphism of V[eo] in
R-Mod restricts to an endomorphism of V[m] for any m > 0. Thus, V[eo] admits a unique chain of regular
submodules. For more details, we refer to [36, Section 4.5].

0
From now on, we denote by V the simple regular R-module: k :1; k.Lete = < (1) 8 ) and ey =

< 8 (1) > . Since Homg(Rey,Re;) ~ k?, we can identify a homomorphism from Re; to Re; in R-Mod with

47



an element in k. Fix a minimal projective resolution of V:

0:=
0 Re; 2210 Re, % 0,

and denote by A : R — Ry the universal localization of R at the set X := {d}.

It follows from [37, Theorems 4.9, 5.1, and 5.3] that Ry is hereditary, A is injective, and Ry & Ry /R
is a tilting R-module. Moreover, by [7, Proposition 1.8], we get Ry /R ~ V]eo]? as R-modules. Note that
Homg(Ry /R,Ry) = 0 because Ry /R is a torsion module and Ry is a torsion-free module.

For simplicity of notations, we denote by T the tilting module Ry @ V []2. Now, applying Corollary 6.7
to the module 7', we can get the following recollement of derived module categories:

T 2N
(*) ZRvRS)—9(B) ——Z(R),
S N~

where B :=Endg(T), S’ := M, (Endg(V[e<])) and Ry Lig S’ is the coproduct of Ry and S’ over R.
In the following, we shall describe the rings B, " and Ry Lig S’ explicitly.
First, by Lemma 3.1, we can check that Ry = M (k[x]), the 2 x 2 matrix algebra over k[x], and the map
a (c,d) _ < a c+dx
0 b 0 b
Ry-modules, and therefore we have the following ring isomorphisms:

A: R — Ry is given by ( ) for any a,b,c,d € k. This means Rye; ~ Rye; as

(xx) B~M, (EndR(RVel @V[m])) ~ M, (( 611;\/61 Horgﬁélz‘(/‘il[;o‘]/)[w]) ) >

Second, we claim that Endg(V [eo]) is isomorphic to k[[x]]. In fact, this follows from the following iso-
morphisms of abelian groups:

Endg(V [e=]) = lim Homg(V [m], V[ee]) =~ lim Homg(V [m], V [m]) = lim k[x]/ (x") = k[[x]],

where the composition of the above isomorphisms gives rise to a ring isomorphism ® : Endg(V[eo]) — k[[x]].
Thus S’ ~ M, (k[[x]]) as rings. In this sense, we can identify S" with M, (k[[x]]) under the isomorphism .
Third, a direct calculation shows that the ring homomorphism u : R — §’, which appears in the proof of
L a (d,d) a d+cdx P
Corollary 6.7, is given by 0 b =1 0 b forany a',b’,c’,d" € k.

Finally, we claim Ry Lig S’ ~ M, (k((x))) as rings.

In fact, we recall that Ry is the universal localization of R at ¥ := {d}. Define ¢ := S8 @z d: S'e; — Ses.
Then it follows from Lemma 6.2 that Ry Lz S’ is isomorphic to the universal localization S(p of " at ¢. Since
Homg (S'e1,S'ex) ~ 15 ez ~ k[[x]], the map @ corresponds to the matrix element < 8 g
Px @ k[[x]] — k[[x]] be the right multiplication map by x. Since S’ is Morita equivalent to k[[x]], we conclude
from Lemma 3.5 that S, = M (k[[x]]p, ), where k[[x]], is the universal localization of k[[x]] at p,. Since

) in S’. Now, let

k[[x]] is commutative, the ring k[[x]],,, is isomorphic to the localization @ 'k[[x]] of k[[x]] at the multiplicative
subset © := {x™ | m € N}. Thus @ 'k[[x]] is the Laurent power series ring k((x)). Therefore, we get the
following isomorphisms of rings:

RV |—|R S/ ~ Sip ~ M2 (k[[x]]px) ~ M2 (®_1k[[x]]) ~ M2 (k((x))) .
On the one hand, by setting C := Endg(Rye; @ V[e<]) and using Morita equivalences, the recollement ()

can be rewritten as

LT 2N
2(k((x))) — 2(C) —— Z(R) .
N~ N
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On the other hand, since ejRye; ~ kx| and Endg(V [ec]) ~ k][[x]], it follows from (xx) that the ring C

admits another recollement P P
7 (k{x)) 7(C) 2 (k[[x))
~N— N

Since derived equivalences preserve the centers of rings, all the rings k, k[x], k[[x]] and k((x)) are pairwise
not derived equivalent. But, they are derived simple. Clearly, Z(R) has a stratification of length 2 with
composition factors Z(k) and Z (k). Thus C admits two stratifications, one of which is of length 3 with three
composition factors k((x)), k and k, and the other is of length 2 with composition factors k[x] and k[[x]]. As
a result, we have shown that the two stratifications of Z(C) by derived categories of rings are of different
lengths and without any common composition factors.

Remarks. (1) For any simple regular R-module V', we can choose an automorphism 6 : R — R, such that
the induced functor G, : R-Mod — R-Mod by G is an equivalence and satisfies G (V’ ) ~ V. Hence, instead of
V, we may use V' to proceed the above procedure, but we will then get the same recollements, up to derived
equivalence of each term.

(2) Let Ko(R) be the Grothendieck group of R, that is, the abelian group generated by isomorphism
classes [P] of finitely generated projective R-modules P subject to the relation [P] + [Q] = [P @ Q], where P
and Q are finitely generated projective R-modules. One can check that Ko (k((x))) ~ Z and Ko(C) ~ Z & Z.
The above example shows that, even if Z(A,) is a recollement of Z(A;) and Z(A3), where A; are rings for
i=1,2,3, we cannot get Ko(Az) ~ Ko(A1) @ Ko(A3) in general.

For a general consideration of stratifications of the endomorphism algebras of tilting modules over tame
hereditary algebras, we shall discuss it in a forthcoming paper.

Finally, we remark that Theorem 1.1(2) can be extended to n-tilting modules. However, since there is not
defined any reasonable torsion theory in module categories for general n-tilting modules, we are not able to
extend Theorem 1.1(1) to n-tilting modules. So we mention the following open question.

Question 1. Is Theorem 1.1(1) true for n-good tilting modules ?

Another question related to our examples is:

Question 2. Is there a ring R such that Z(R) has two stratifications by derived module categories of
rings, one of which is of finite length, and the other is of infinite length ?
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