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Let R be a ring and n < w. A right R-module T is n—tilting provided

(T1) pdr(T) < n, i.e., there is an Add(R)-resolution of T of length < n.

(T2) Exth(T,T®") =0forall 1 <iandall ks, ie, T isa strong splitter.

(T3) There is a long exact sequence 0 - R — Tg — --- — T, — 0 with
T; € AddT, ie., there is an Add(T)-coresolution of R of length < n.

—

Tilting module = n—tilting module for some n <w.  The tilting class
induced by T is T+ = {M € Mod-R | Extkx(T, M) = 0 for all i > 1}.

A tilting module T is good if (T3) holds with Add T replaced by add T. J

The tilting modules T and T” are equivalent if T+ = (T')*.

Each tilting module is equivalent to a good one.
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The classic case

T is classical if T € mod-R (i.e., T is strongly finitely presented).

Each classical tilting module is good.

Theorem
Let T be a classical n—tilting module. Then for each i < n there is a
category equivalence

, ExtL(T,-)
() KerlExto(T.-)) = () Ker(Tor(—,T))
j<njsti Tors(—,T)  j<nj#i

where S = Endgr(T).

M
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General i-tilting theorem

Let R be a ring and T be a good n-tilting module. Then for each i < n
there is a category equivalence

. Extl(T,-)
[ Ker(Exth(T,-)) = (] Ker(Tor?(—, T))NEL
J<nj#i Torg(—,T)  j<nj#i

where S = Endgr(T), £ = {X € D(S) | Homp(s)(€, X) = 0}, and
& is the kernel of the total left derived functor L(— ®s T).

1\
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Tilting classes and definability

Let R be a ring, n < w, and 7 be a class of modules.

Then 7 is n—tilting, iff there is a set S consisting of strongly finitely
presented modules of projective dimension < n such that 7 = S+
(i.e., T is of finite type).

In particular, each tilting class is definable, i.e., closed under direct
products, direct limits, and pure submodules.
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Tilting for commutative noetherian domains:
the one-dimensional case

Theorem

Let R be a commutative noetherian domain of Krull dimension 1. Then
tilting classes are parametrized by the subsets of mSpec(R).

Given a P C mSpec(R), the corresponding tilting class is
Tp ={M € Mod-R | M -p = M for all p € P}.

This class is induced by the Bass tilting module, i.e., the tilting module
Tp = Rp & RP/R where Rp = ﬂ

qemSpec(r)\p Fa and Ry denotes the
localization of R at q.
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and

G is the submodule of F generated by all (sp,...,Sn)sn — (S0, .-, Sn—1)
where 0 < nand s; € R\ P for all i < n, and by (s)s — w where
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The module Fp is a tilting module of projective dimension < 1, called the
Fuchs tilting module for P.
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Tilting modules over valuation domains

Theorem

Let R be a valuation domain. The Fuchs tilting modules modules Fp
where P runs over all prime ideals in R, classify all tilting modules up to
equivalence.

The corresponding tilting classes are

Tp = {M € Mod-R | Ms = M for all s € R\ P}.
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Then S, is a tilting module of projective dimension < 1,
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Tilting modules over Prifer domains

Theorem

Let R be a Priifer domain. The Salce tilting modules Sy where L runs

over all finitely generated localizing systems in R, classify all tilting
modules up to equivalence.

The corresponding tilting classes are

Tz = {M € Mod-R | Ml = M for all | € L}.

Remark:

These are exactly the the special preenveloping torsion classes
in Mod—R.
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Let R be a 1-Gorenstein ring. Then tilting classes are parametrized by the
subsets of the set P; of all prime ideals of height 1.

Given P C P4, the corresponding tilting class is

Tp = {M € Mod-R | Extk(E(R/p), M) = 0 for all p € P}.
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Let R be a 1-Gorenstein ring. Then tilting classes are parametrized by the
subsets of the set P; of all prime ideals of height 1.
Given P C Py, the corresponding tilting class is

Tp = {M € Mod-R | Extk(E(R/p), M) = 0 for all p € P}.

This class is induced by the tilting module Tp = Rp & @,cp E(R/P)
where Rp is the subring of Q.(R) containing R and satisfying
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Tilting for commutative noetherian rings:
1-Gorenstein rings

Let R be a 1-Gorenstein ring. Then tilting classes are parametrized by the
subsets of the set P; of all prime ideals of height 1.
Given P C Py, the corresponding tilting class is

Tp = {M € Mod-R | Extk(E(R/p), M) = 0 for all p € P}.
This class is induced by the tilting module Tp = Rp & @,cp E(R/P)

where Rp is the subring of Q.(R) containing R and satisfying
Rp/R = @,cp E(R/p). The Tp is called the Bass tilting module.

Moreover, 7p = Sp, where Sp = {F, | p € P}, and F,, is the
Auslander-Buchweitz approximation of R/p.
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Tilting for regular rings of Krull dimension two

The representing tilting modules have been characterized only in the local
case.
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Tilting for regular rings of Krull dimension two

The representing tilting modules have been characterized only in the local
case.

There are of three kinds:

© ordinary 1-dimensional (= generalized Fuchs tilting modules),

© ordinary 2—dimensional (obtained by localization), and

© two exceptional tilting modules T, and Tk.
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Tilting for regular rings of Krull dimension two

The representing tilting modules have been characterized only in the local
case.

There are of three kinds:
© ordinary 1-dimensional (= generalized Fuchs tilting modules),

© ordinary 2—dimensional (obtained by localization), and

© two exceptional tilting modules T, and Tk.

Example

The tilting class Z7 is induced by an exceptional tilting module T, such
that T, is countably generated, torsionfree, and pd T, = 1.
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The dual setting

Definition

Let R be a ring and n < w. A left R—module C is n—cotilting provided
(C1) idr(C) < n.

(C2) Extir(C*, C) =0 forall 1 < i and all cardinals &.

(C3) There is an injective cogenerator W and a long exact sequence
0—-C,—Cho1—---— G — W — 0, with C; € ProdC.

The class ~C = {M € R-Mod | Extk(M, C) = 0 for all i > 1} is the
cotilting class induced by C.

The cotilting modules C and C’ are equivalent if +C = +C'.
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Duality: formal versus explicit
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Duality: formal versus explicit

The notions of a cotilting and tilting module are formally dual, but there is
also an explicit duality:
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Duality: formal versus explicit

The notions of a cotilting and tilting module are formally dual, but there is
also an explicit duality:

Let R be aring, n > 0, and T be an n—tilting right R—module. Then the
dual module C = T* = Homz(T,Q/Z) is an n—cotilting left R—module.
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The notions of a cotilting and tilting module are formally dual, but there is
also an explicit duality:

Let R be aring, n > 0, and T be an n—tilting right R—module. Then the
dual module C = T* = Homz(T,Q/Z) is an n—cotilting left R—module.

The tilting right R—modules T and T are equivalent, iff the dual modules
T* and (T')* are equivalent cotilting left R—modules.
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Duality: formal versus explicit

The notions of a cotilting and tilting module are formally dual, but there is
also an explicit duality:

Let R be aring, n > 0, and T be an n—tilting right R—module. Then the
dual module C = T* = Homz(T,Q/Z) is an n—cotilting left R—module.

The tilting right R—modules T and T are equivalent, iff the dual modules
T* and (T')* are equivalent cotilting left R—modules.

Moreover, if S is a set consisting of strongly finitely presented modules of
projective dimension < n such that T+ = S* is the tilting class induced
by T, then

LT =8T={N e R-Mod | Torf(S,N)=0foralli>1and S € S}

is the cotilting class induced by T*.
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Cofinite type

The cotilting modules and classes of the form T* and - T*, respectively,
are called of cofinite type.
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Cofinite type

The cotilting modules and classes of the form T* and - T*, respectively,
are called of cofinite type.

The map T — T7* induces a bijection between equivalence classes of
tilting modules on the one hand, and equivalence classes of cotilting
modules of cofinite type on the other hand.
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Cofinite type

The cotilting modules and classes of the form T* and - T*, respectively,
are called of cofinite type.

The map T — T7* induces a bijection between equivalence classes of
tilting modules on the one hand, and equivalence classes of cotilting
modules of cofinite type on the other hand.

Similarly, the maps
T — (*7T Nmod-R)T

and
C — (TC N mod-R)*

provide for a 1-1 correspondence between tilting classes, and cotilting
classes of cofinite type.
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Valuation domains and cofinite type

Theorem

Let R be a valuation domain. Then all cotilting classes are of cofinite

type, iff R is strongly discrete (that is, R has no non—zero idempotent
prime ideals).
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Valuation domains and cofinite type

Theorem

Let R be a valuation domain. Then all cotilting classes are of cofinite

type, iff R is strongly discrete (that is, R has no non—zero idempotent
prime ideals).

Example

Let R be a maximal valuation domain with an idempotent maximal ideal
m. Then the class of all modules M whose torsion part is annihilated by m
is 1—cotilting, but not of cofinite type.
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A subset P C Spec(R) is closed under generalization provided that (P, C)
is a lower subset in (Spec(R), Q). J
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is a lower subset in (Spec(R), Q).
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The role of associated primes in the noetherian setting

A subset P C Spec(R) is closed under generalization provided that (P, C)
is a lower subset in (Spec(R), Q).

Theorem (The structure of 1—cotilting classes)

Let R be a commutative noetherian ring. Then there is a 1-1
correspondence between

© the 1—cotilting classes C in Mod-R, and

@ the subsets P of Spec(R) containing Ass(R) and closed under
generalization.
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The role of associated primes in the noetherian setting

A subset P C Spec(R) is closed under generalization provided that (P, C)
is a lower subset in (Spec(R), Q).

Theorem (The structure of 1—cotilting classes)

Let R be a commutative noetherian ring. Then there is a 1-1
correspondence between

© the 1—cotilting classes C in Mod-R, and

@ the subsets P of Spec(R) containing Ass(R) and closed under
generalization.

It is given by the inverse assignments C — Ass(C) and
P — {M € Mod-R | Ass(M) C P}.
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The Auslander—Bridger transpose

Let C € mod—R and P; LA Py — C — 0 be a projective presentation of C.
The transpose of C, denoted by Tr(C), is the cokernel of fT, where
(=)t = Homg(—, R).
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The Auslander—Bridger transpose

Let C € mod—R and P; LA Py — C — 0 be a projective presentation of C.
The transpose of C, denoted by Tr(C), is the cokernel of fT, where

(=)t = Homg(—, R).

That is, we have an exact sequence

P 5 P - Tr(C) — 0.
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The Auslander—Bridger transpose

Let C € mod—R and P; LA Py — C — 0 be a projective presentation of C.
The transpose of C, denoted by Tr(C), is the cokernel of fT, where

(=)t = Homg(—, R).

That is, we have an exact sequence

P 5 P - Tr(C) — 0.

Tr(C) is uniquely determined up to adding or splitting off a projective
summand. )
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The Auslander—Bridger transpose

Let C € mod—R and P; LA Py — C — 0 be a projective presentation of C.
The transpose of C, denoted by Tr(C), is the cokernel of fT, where

(=)t = Homg(—, R).

That is, we have an exact sequence

P 5 P - Tr(C) — 0.

Tr(C) is uniquely determined up to adding or splitting off a projective
summand.

Lemma
Let p € Spec(R) be such that Ass(R) N V(p) = 0. Then

(i) pde(Tr(R/p)) <1,
(i) Homg(R/p,—) and TorX(Tr(R/p),—) are isomorphic functors.
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A classification of 1-tilting classes

Corollary

Let R be a commutative noetherian ring. Then all 1—cotilting classes are
of cofinite type, so there is a bijection between 1-tilting classes and the
subsets P of Spec(R) containing Ass(R) and closed under generalization.
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A classification of 1-tilting classes

Corollary

Let R be a commutative noetherian ring. Then all 1—cotilting classes are
of cofinite type, so there is a bijection between 1-tilting classes and the
subsets P of Spec(R) containing Ass(R) and closed under generalization.
For such P, the corresponding 1-tilting class is

T= (] Tx(R/9)".

geSpec(R)\P
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Characteristic sequences

Definition

Let R be a commutative noetherian ring. A sequence P = (P, ...

of subsets of Spec(R) is called characteristic provided that
(i) Pjis closed under generalization for all i < n,

(i) PhC Py C---CPp_yq,and

(i) Ass(Q~/(R)) C P; for all i < n.
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Characteristic sequences

Definition
Let R be a commutative noetherian ring. A sequence P = (Po,...,Pn_1)
of subsets of Spec(R) is called characteristic provided that
(i) Pjis closed under generalization for all i < n,
(i) PhC Py C---CPp_yq,and
(i) Ass(Q~/(R)) C P; for all i < n.

For each characteristic sequence P, we define the class of modules

Cp = {M € Mod-R | Ass(Q'(M)) C P; for all i < n}
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A classification of n—cotilting classes

Theorem

Let R be a commutative noetherian ring, n > 1, and P = (Po, ..., Pn_1)
be a characteristic sequence.
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A classification of n—cotilting classes

Theorem

Let R be a commutative noetherian ring, n > 1, and P = (Po, ..., Pn_1)
be a characteristic sequence. Then Cp is an n—cotilting class,
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A classification of n—cotilting classes

Theorem

Let R be a commutative noetherian ring, n > 1, and P = (Po, ..., Pn_1)
be a characteristic sequence. Then Cp is an n—cotilting class, and the
assignments

C — (Ass(Cp), ..., Ass(Ch-1))

and
’P:(Po,...,Pn_l)HCp

are inverse bijections.
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A classification of n—cotilting classes

Theorem

Let R be a commutative noetherian ring, n > 1, and P = (Po, ..., Pn_1)
be a characteristic sequence. Then Cp is an n—cotilting class, and the
assignments

C +— (Ass(Co), ..., Ass(Cho1))

and
’P:(Po,...,Pn_l)HCP

are inverse bijections.

Lemma

Let R be a ring and C be an n—cotilting module with the induced class C.
For each i < n, let C; = +Q~/(C).
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A classification of n—cotilting classes

Theorem

Let R be a commutative noetherian ring, n > 1, and P = (Po, ..., Pn_1)
be a characteristic sequence. Then Cp is an n—cotilting class, and the
assignments

C +— (Ass(Co), ..., Ass(Cho1))

and
’P:(Po,...,Pn_l)HCP

are inverse bijections.

Lemma

Let R be a ring and C be an n—cotilting module with the induced class C.
For each i < n, let C; = +Q~/(C). Then C; is an (n — i )—cotilting class.
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The transpose revisited

Lemma

Let p € Spec(R) and n > 1 such that Ass(Q~/(R)) N V(p) = () for each

i < n. Then

(i) pdg(Tr(R/p)) < n.

(ii) Extp *(R/p,—) and Torf(Tr(Q~Y(R/p)), —) are isomorphic
functors.

(iii) Exth(Tr(Q("=D(R/p)), =) and Tor? ;(R/p,—) are isomorphic
functors.
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Complete classification for commutative noetherian rings

Theorem

Let n > 1. Then there are bijections between:
(i) the characteristic sequences in Spec(R),
(ii) n—tilting classes T,

(iii) n—cotilting classes C.
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Complete classification for commutative noetherian rings

Theorem

Let n > 1. Then there are bijections between:
(i) the characteristic sequences in Spec(R),
(ii) n—tilting classes T,

(iii) n—cotilting classes C.

A characteristic sequence (Po, ..., Pn—1) corresponds to the n—tilting class

T ={M € Mod-R | TorX(R/p, M) =0Vi < n¥p ¢ P;} =
{M € Mod-R | Exts(Tr(Q)(R/p)), M) = 0Vi < nVp & P;},
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Complete classification for commutative noetherian rings

Theorem

Let n > 1. Then there are bijections between:
(i) the characteristic sequences in Spec(R),
(ii) n—tilting classes T,

(iii) n—cotilting classes C.

A characteristic sequence (Po, ..., Pn—1) corresponds to the n—tilting class
T ={M € Mod-R | TorX(R/p, M) =0Vi < n¥p ¢ P;} =
{M € Mod-R | Exth(Tr(Q(R/p)), M) = 0Vi < nVp ¢ P;},
and the n—cotilting class

C ={M € Mod-R | ExtL(R/p, M) =0Yi < nVp ¢ P;} =
{M € Mod-R | Tor{(Te(Q'(R/p)), M) = 0Vi < n¥p ¢ P;}.
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Minimal cotilting modules

Definition

A cotilting module C is minimal provided that C is a direct summand in
each cotilting module equivalent to C.
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Minimal cotilting modules

Definition
A cotilting module C is minimal provided that C is a direct summand in
each cotilting module equivalent to C.

Lemma (uniqueness)

If C and C' are minimal cotilting modules such that C is equivalent to C’,
then C = C'.

v
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Minimal cotilting modules

Definition
A cotilting module C is minimal provided that C is a direct summand in
each cotilting module equivalent to C.

Lemma (uniqueness)
If C and C' are minimal cotilting modules such that C is equivalent to C’,
then C = C'.

v

Example

Let R be a commutative noetherian ring and C = ®m€m8peC(R) E(R/m).
Then C is a minimal 0-cotilting module (= minimal injective cogenerator).

.
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Iterated injective covers

Definition

Let R be commutative noetherian, and P = (Py, ..., P,_1) be a
characteristic sequence. Define P_; = () and P, = Spec(R).
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Iterated injective covers

Definition
Let R be commutative noetherian, and P = (Py, ..., P,_1) be a
characteristic sequence. Define P_; = () and P, = Spec(R).

For each i < n, let Z(P;) be the class of all injective modules / with
Ass(1) C P;.
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Iterated injective covers

Definition
Let R be commutative noetherian, and P = (Py, ..., P,_1) be a
characteristic sequence. Define P_; = () and P, = Spec(R).

For each i < n, let Z(P;) be the class of all injective modules / with
Ass(1) C P;.

For each i < n and each non-empty subset S C P; \ P;_1, let
Es = @,es E(R/p) and consider the long exact sequence

05 C—E B2, ."2FE "5 Es—0
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Iterated injective covers

Definition

Let R be commutative noetherian, and P = (Po, ..., Pp_1) be a
characteristic sequence. Define P_; = () and P, = Spec(R).

For each i < n, let Z(P;) be the class of all injective modules / with
Ass(1) C P;.

For each i < n and each non-empty subset S C P; \ P;_1, let
Es = @,es E(R/p) and consider the long exact sequence

0-C—oEB38 .. . "5E 195 Es—0
such that ¢;_1 is a Z(Pj_1)-cover of Eg, and for each 0 < j < i—1,

©j = pj o j, where p; is the inclusion of K; = Ker(yj1) into Ej;1, and
Yj : Ej — Kj is a Z(Pj)-cover.
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The structure of minimal cotilting modules

Theorem

Let R be a commutative noetherian ring. Let P = (Py,...,Pn_1) be a
characteristic sequence and C be the corresponding n-cotilting class.
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The structure of minimal cotilting modules

Theorem

Let R be a commutative noetherian ring. Let P = (Py, P,—1) be a
characteristic sequence and C be the corresponding n-cotilting class.

There is a minimal n-cotilting module C inducing C.
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The structure of minimal cotilting modules

Theorem

Let R be a commutative noetherian ring. Let P = (Py,...,Pn_1) be a
characteristic sequence and C be the corresponding n- cot//tmg class

There is a minimal n-cotilting module C inducing C.

J
|
Moreover, C = Cs, @ - - - @ Cs, where S; is the set of all maximal elements
in P;\ Pi_1, for all i < n. }

-
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Cotilting and colocalization

Troubles with localization of cotilting modules ...
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Cotilting and colocalization

Troubles with localization of cotilting modules ...
Definition

Let R be a commutative ring, M an R-module, and m € mSpec(R).

Denote by M™ the Ry-module Homg(Rm, M); it is called the
colocalization of M at m.

Jan Trlifaj (Univerzita Karlova, Praha) Tilting for commutative rings

29 / 32



Cotilting and colocalization

Troubles with localization of cotilting modules ...
Definition
Let R be a commutative ring, M an R-module, and m € mSpec(R).

Denote by M™ the Ry-module Homg(Rm, M); it is called the
colocalization of M at m.

Theorem

Let R be a commutative noetherian ring, n < w, and C be an n-cotilting
R-module.
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Cotilting and colocalization

Troubles with localization of cotilting modules ...
Definition
Let R be a commutative ring, M an R-module, and m € mSpec(R).

Denote by M™ the Ry-module Homg(Rm, M); it is called the
colocalization of M at m.

Theorem

Let R be a commutative noetherian ring, n < w, and C be an n-cotilting
R-module.

Then for each m € mSpec(R), C™ is an n-cotilting Rm-module, and
D= HmemSpec(R) C™ is an n-cotilting R-module equivalent to C.
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Cotilting and colocalization

Troubles with localization of cotilting modules ...
Definition
Let R be a commutative ring, M an R-module, and m € mSpec(R).

Denote by M™ the Ry-module Homg(Rm, M); it is called the
colocalization of M at m.

Theorem

Let R be a commutative noetherian ring, n < w, and C be an n-cotilting
R-module.

Then for each m € mSpec(R), C™ is an n-cotilting Ryw-module, and
D= HmemSpec(R) C™ is an n-cotilting R-module equivalent to C.
Moreover, (C™ | m € mSpec(R)) is a compatible family of n-cotilting
modules, and cotilting R-modules correspond 1-1 to such compatible
families.
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Tilting and localization
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Tilting and localization

Theorem

Let R be a commutative ring, n < w, and T be an n-tilting R-module.
Then for each m € mSpec(R), Tw is an n-tilting Ryw-module.
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Tilting and localization

Theorem

Let R be a commutative ring, n < w, and T be an n-tilting R-module.
Then for each m € mSpec(R), Tw is an n-tilting Ryw-module.

Remark

If R is moreover noetherian, then (T, | m € mSpec(R)) is a compatible
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Then for each m € mSpec(R), Tw is an n-tilting Ryw-module.

Remark

If R is moreover noetherian, then (T, | m € mSpec(R)) is a compatible
family of n-tilting modules. Tilting R-modules correspond 1-1 to such
compatible families.

However, there is no simple way to recover T from the compatible family
(T | m € mSpec(R)). !
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A research outlook

1. Describe the structure of tilting modules over commutative noetherian
rings.

Known only in very particular cases: for one dimensional rings (the Bass
tilting modules), and for regular local rings of Krull dimension two.
However, the two dimensional (global) regular case is open.

2. Describe the structure of tilting and cotilting modules over Matlis
domains.

\ .

The APD and Priufer cases are done.
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