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Abstract

In the first part of the thesis, after an introduction of the concept of recollement
and TTF triple in a triangulated category, we consider recollements of derived cat-
egories of differential graded algebras induced by self-orthogonal compact objects
obtaining a generalization of Rickard’s Theorem. Specializing to the case of partial
tilting modules over a ring, we extend the results on triangle equivalences proved
in [B] and [BMT]. After that we focus on the connection between recollements
of derived categories of rings, bireflective subcategories and “generalized universal
localizations”. In the second part of the thesis we give some results in the setting
of monoidal categories and dual qausi-bialgebras. To every dual quasi-bialgebra H
and every bialgebra R in the category of Yetter-Drinfeld modules over H, one can
associate a dual quasi-bialgebra, called bosonization. In this thesis, using the fun-
damental theorem, we characterize as bosonizations the dual quasi-bialgebras with
a projection onto a dual quasi-bialgebra with a preantipode. As an application we
investigate the structure of the graded coalgebra grA associated to a dual quasi-
bialgebra A with the dual Chevalley property (e.g. A is pointed).

Sommario

Nella prima parte della tesi, dopo aver introdotto il concetto di incollamento e
di triple TTF in una categoria triangolata, si considerano incollamenti di cate-
gorie derivate di algebre differenziali graduate indotti da oggetti compatti e auto-
ortogonali, ottenendo una generalizzazione del teorema di Rickard. Considerando
il caso particolare del moduli partial tilting, estendiamo i risultati sulle equivalenze
tra categorie triangolate ottenute in [B] e [BMT]. Segue una parte focalizzata
sulla connessione tra incollamenti di categorie derivate di anelli, sottocategorie bir-
iflessive e localizzazioni universali generalizzate. Nella seconda parte della tesi ven-
gono dati alcuni risultati nell’ambito di categorie monoidali e dual quasi-bialgebre.
Ad ogni dual quasi-bialgebra H e ad ogni bialgebra R nella categoria dei mod-
uli di Yetter-Drinfeld su H, e possibile associare una dual quasi-bialgebra, chiamata
bosonizzazione. In questa tesi, usando il teorema fondamentale, si caratterizza come
bosonizzazione ogni dual quasi-bialgebra con proiezione su una dual quasi-bialgebra
con preantipode. Come applicazione si studia la struttura della coalgebra graduata
grA associata ad una dual quasi-bialgebra A con la proprieta di Chevalley duale (si
vedra che A ¢ puntata).






Introduction

This thesis is a collection of results obtained during the three years of my Ph.D.
studies. In the first year I worked on monoidal categories and Hopf algebras (with
the support of A. Ardizzoni). The “product” of this year is presented in the second
part of this thesis. I spent the other two years doing researches on triangulated
category and tilting theory (first part of this thesis, with the support of S. Bazzoni).
The thesis is structured as follows: the first part of the introduction and the first
three chapters are dedicated to my research on triangulated category and tilting
theory, while the second part of the introduction and the other two chapters are
about monoidal categories and Hopf algebras.

Tilting theory owes its origin to Bernstein, Gelfand and Ponomarev (see [ BGP))
who invented reflection functors (reformulated, some years later, by Auslander,
Platzeck and Reiten in [APR]). The first definition of tilting module is due to
Brenner and Butler (see [BRB]), but the most common one, is due to Happel and
Ringel (see [HR]). Tilting theory was born in the same philosophy as ”Morita the-
ory of equivalence”, to simplify the study of the module category of an algebra A,
by replacing A with another simpler algebra B. A tilting module over an algebra A
is a finitely generated module of projective dimension one, such that Ext (T’ T)=0
and there exists a short exact sequence 0 -+ A — Ty — 17 — 0 with Ty and 7} in
Add T (the class of all direct summands of set index coproducts of 7). So tilting
modules can be viewed as the generalization of progenerators (finitely generated
projective modules in the category of finitely generated modules A-mod). The dif-
ference between tilting theory and Morita theory is that, given a tilting module T’
over a finite dimensional algebra A and indicated with B its endomorphism alge-
bra, the functors Hom4(7', —) and T'®p — do not provide and equivalence between
A-mod and B-mod, but just between two pairs of subcategories (the torsion pairs
(Ker(Homu (4T, —), Ker(Ext (4T, —)) and (Ker(T @5 —), Ker(Tor? (T, —))). This
result, proved by Brenner and Butler ([BRB]), was generalized by Miyaishita in
[Mi]. In fact he considered tilting modules of projective dimension n > 1 (n-tilting
modules) and he proved that, given the classes

KE{(T) ={M € A-Mod | Ext/,(T,M) =0 VY 0<j+#i}
KT,(T) = {N € B-Mod | Tor?(T,M) =0 V0<j#i}

the functors Ext’,(T, —) and Tor?(T, —) induce equivalences between the classes
KE;(T) and KT;(T). In the late 80’s the study of infinitely generated tilting mod-
ules started. An infinitely generated tilting module T" over a ring R is an infinitely
generated module of projective dimension one, such that Ext}%(T, TW)Y = 0 for every

iii



iv INTRODUCTION

set I and such that there are two modules Ty and 77 in Add T and a short exact
sequence 0 — R — Ty — 17 — 0. From now on infinitely generated tilting modules
will be called just tilting modules, while finitely generated tilting modules will be
called classical tilting modules. The study of infinitely generated tilting modules
started for different reasons. In representation theory (in particular for Tame alge-
bras) infinitely generated modules bring a better understanding of the behavior of
finitely generated modules. For example, “generic modules” permit to parametrize
families of finitely generated modules (|[CB, Introduction]). Tilting modules over
a ring R are strongly linked to approximation theory (preenvelopes and precovers),
while such approximations may not be available working only with finitely generated
modules (e.g. [Tr]). Tilting modules are involved also in the finitistic dimension
conjecture (as shown in [AT)]).

In 1988 Facchini ([F], [F2]) proved that, over a commutative domain S, the divis-
ible module 0 introduced by Fuchs ([Fu]) is an infinitely generated tilting modules
and it provides a pair of equivalences between two subcategories of S-Mod and
Endg(0)-Mod.

An important result in this direction was given by Colpi and Trlifaj ([CT))
who studied infinitely generated tilting modules over arbitrary rings and proved a
Brenner Butler type Theorem.

In the same years works by several authors showed that a natural setting to interpret
equivalences induced by classical tilting modules was that of derived categories. The
first result in this direction was proved by Happel:

THEOREM ([H]). Let A be a finite dimensional algebra, T a finitely generated
tilting module over A and set B := Enda(4T). Then there is an equivalence:

L
T®p—

RHom 4 (4T,—)
_

DH(A)

between the bounded derived categories of A and B respectively.

DH(B)

This result was generalized by Cline, Parshall and Scott (they removed the as-
sumption of the finite global dimension) and then it was given in the unbounded
derived categories by Rickard and Keller. In this case the equivalence arises from a
generic “tilting object” as will be defined below. In order to restate Rickard-Keller
Theorem we need to recall that a compact object, in a triangulated category D with
set index coproducts, is an object M such that the functor Homp(M, —) commutes
with coproducts. Let A be a ring and D(A) its unbounded derived category. A
complex in D(A) is called perfect if it is a bounded complex of finitely generated
projective A-modules.

THEOREM. [Ke6] Let k be a commutative ring, A and B be k-algebras which
are flat as modules over k. The following are equivalent:
(1) There is a k-linear triangle equivalence F' : D(A) — D(B).
(2) There is a complex of A — B modules X such that the functor

X G4 — : D(A) = D(B)
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15 an equivalence.
(3) There is a complex T' of B-modules such that the following conditions hold:
i) T is perfect.
ii) T generates D(B) as a triangulated category closed under small co-
products.
iii) T" is self-orthogonal and Hompp (T, T) = A.

A complex T satisfying the conditions in (3) is called tilting complex. If T is a

tilting module over A, with endomorphism ring B, the pair (G, H) := (T’ (%B —,RHom4 (4T, —))
is no more an equivalence. Bazzoni proved that H induces an equivalence with the

quotient between D(A) and D(B) modulo the kernel of G. This result was general-

ized to the n-dimensional case by Bazzoni, Mantese e Tonolo in [BMT] and later,

in the more general setting of dg categories, by Yang in [Y]. In [BMT], denoted by

i the inclusion functor of KerG in D(B), the equivalence of D(A) with D(B)/KerG

can be expressed by the following diagram

J

N T

Ker(G d D(B) ’> D(B)/KerG ~ D(A)

N~

j*

This diagram is an example of recollement of derived categories. A recollement of a
triangulated category 7 can be defined as a diagram

T —T —T"
N e
it J*

where the six functors involved are the derived version of Grothendieck’s functors.

In particular, they are paired in two adjoint triples, i, is fully faithful and 7"
is equivalent to a quotient category of 7 via j* so that the straight arrows can
be interpreted as an exact sequence of categories. The notion of recollements was
introduced by Beilinson-Bernstein-Deligne [BBD] in a geometric context, where
stratifications of varieties induce recollements of derived categories of constructible
sheaves. The algebraic aspect of recollements has become more and more apparent.
Equivalence classes of recollements of triangulated categories are in bijection with
torsion-torsion-free triples, that is triples (X', Y, Z) of full triangulated subcategories
of the central term 7 of a recollement, where (X,)) and (), Z) are torsion pairs
([IN2, Section 9.2]). Torsion pairs in triangulated categories allow to regard a trian-
gulated category as glued together from two other triangulated categories (Y, Z) or
(Y, X). Particular example of recollements are the recollements of derived categories
of module categories (that are generated by a single compact object). The notion
of recollement in compactly generated triangulated categories is strongly linked to
tilting theory. A first result in this direction was proved by Koénig in [K] where nec-
essary and sufficient conditions are given to express the bounded derived category
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of a ring as recollement. This result was generalized by Nicolas and Saorin in [NS]
and by Angeleri, Konig and Liu in [AKL]. In [NS] is proved the following theorem:

THEOREM. |[INS, Proposition 3.4] The following assertions are equivalent:

(1) D is a recollement of triangulated categories generated by a single compact
object.
(2) There are objects P and Q of D such that:
i) P is compact.
ii) Q is self-compact.
iii) Homp(P[n],Q) =0 for each n € Z.
iv) {P,Q} generates D.
(3) There is a compact object P such that Tria (P)* is generated by a compact
object in Tria (P)*.

A non compact version of the same result is proved in [AKL)].
Thanks to Keller theorem, which states that every triangulated category generated
by a compact object is the derived category of a differential graded algebra (a grad-
uated algebra endowed with a differential map that satisfies the Leibniz rule), the
left and right terms of the recollement in the above theorem are derived categories of
suitable differential graded algebra (dg algebra). In the setting of derived categories
a compact object induces a recollement of derived categories of dg algebras. Explicit
instances of this situation are considered by Jgrgensen in [J]. There, starting from
results in [DG], [Mi] and [N], recollements of derived categories of dg algebras are
characterized in terms of derived functors associated to two objects, one compact
and the other self-compact. Moreover, in [NS] is proved that, for every dg category
A, flat over a field k, there is a bijection among TTF triples in D(.A), recollements
of D(A) and homological epimorphisms of dg categories F' : A — B, for a suitable
dg-category B. It is remarkable that in the connection between tilting theory and
recollement there is a natural “involvement” of dg-theory, at least at the level of dg
algebras, otherwise it may not be possible to express recollements induced by tilting
objects as recollements of derived categories of some abelian categories. Let us note
that, establishing the correspondence between tilting modules and recollements, two
different approaches can be found. In [AKL]| they start with a tilting module over
a ring A and then construct a recollement of D(A). Another approach consists in
starting from a (good) tilting module over a ring A and then construct a recollement
of D(End(T)) (instances of this situation can be found in the work of Chen and Xi
[CX] and Yang [Y]). An infinitely generated (good) n-tilting module T over a ring
A with endomorphism ring B becomes a classical partial n-tilting module over B
(see [Mi]), that is a module with a finite projective resolution consisting of finitely
generated projective modules of projective dimension n, such that Exty(T,T) = 0
for every integer ¢ > 0. Hence, in particular, regarded in the derived category, it is
isomorphic to a compact and self-orthogonal complex (partial tilting complex).

One of the results in this thesis can be viewed as a generalization of the Morita-
type theorem proved by Rickard in [R] (see Theorem 2.4.6) from tilting complexes
to partial tilting complexes. In fact, using a quasi-isomorphism between the endo-
morphism ring A of a partial tilting dg-module Pp (that is a complex of abelian
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groups such that the differential is compatible with the action of B) and the dg-

L
endomorphism ring D of P, we show that the functor P ® — induces an equivalence
B

L
between the quotient of D(B) modulo the full triangulated subcategory Ker(P ® —)

B
and the derived category D(A), that is there is the following recollement:

(1) Ker(P ®p —) - D(B) D(A)

If P is moreover a tilting complex over a ring B with endomorphism ring A, then
L

Ker(P ® —) is zero and we recover Rickard’s Theorem. In particular we consider
B

applications to the case of a classical partial tilting right module T" over a ring B.
As examples of this case we start with a possibly infinitely generated left module
AT over a ring A, which is self-orthogonal and such that A € tria T" (that is A is in
the smallest triangulated category containing 7" and closed under finite coproducts
and direct summands). Under these assumptions, 7', viewed as a right module
over its endomorphism ring B, is a faithfully balanced classical partial n-tilting
module and applying Theorem 2.5.6 we obtain a generalization of the result proved
in [BMT] where the stronger assumption that 47 was a “good n-tilting module”
was assumed. Moreover, this setting provides an instance of the situation considered
in [Y]. Finally, we analyze in more details the left end term of a recollement induced
by a classical partial tilting module. It is proved, that under certain hypotheses,
the kernel of the derived functor of T'®p — is the derived category of a dg algebra
concentrated in degree zero, that is a ring, linked to B via a homological ring
epimorphism. The problem is connected with the study of the following subcategory
of B- modules:

& :={M € B-Mod | Tor?(T,M) =0 i >0}.

If T is a 1-good tilting module over A, then the left term of the recollement (1) is
the derived category of the universal localization of B at the projective resolution of
Ts. We generalize this situation and we prove that, for a partial n-tilting modules,
if the kernel of the derived functor of the tensor product is equivalent to the derived
category of a ring via a homological ring epimorphism, then this is the generalized
universal localization of B at the projective resolution of T'. Generalized universal
localizations were introduced by Krause in [Kr] under the name of homological
localization:

DEFINITION. Let B be a ring and ¥ a set of compact objects P € D(B). A ring
S is a “generalized universal localization” of B at the set ¥ if:

L
(1) there is a ring homomorphism \: B — S such that P ® S is acyclic;
B
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L
(2) for every ring homomorphism p: B — R such that P ® R is acyclic, there
B

exists a unique ring homomorphism v: S — R such that vo A = p.

The first part of the thesis is structured as follows.
In Chapter 1 some results concerning recollements of triangulated categories, in par-
ticular for the compactly generated ones, are presented. We give the definition of
triangulated category, the notion of Verdier localization and Bousfield localization.
We recall the definition of recollements and TTF triple in a triangulated category
and the bijection between them.

In chapter 2 we recall the construction of the derived category of an abelian
category, and, in particular, we focus on the derived category of a dg algebra. Then
we present some results on recollements from compact objects in this category.
After that we specialize the situation to the case of partial tilting complexes. When
P is a partial tilting right dg-module over a dg algebra B and (X,), Z) is the
torsion-torsion-free triple connected to the recollement induced by P, we have that )

L
coincides with Ker(P® —), X is the full triangulated subcategory of D(B) generated
B

by the dual RHomg(P, B) of P and Z is equivalent to the derived category of
the endomorphism ring of P (see Theorem 2.4.6). In this setting the following
generalization of Rickard theorem is proved:

THEOREM. Let B be a dg algebra and let P be a partial tilting right dg B-module.
Let A = Homp(per)(P, P), Q = RHompen (P, B). Then there exists a dg algebra E
and a recollement:

i* g
m /*\
p(E) — 2 p(B) ’ D(A)

RHomp (i*(B),—) Jx

where, letting D = RHompes (P, P) there is a triangle equivalence p: D(D) — D(A)
such that:

3) j. = RHomp(P,—) o p~t is fully faithful;
4) if ¥ = Ker (j*) and Z =Im j,., then (Tria Q, ), Z) is a TTF TRIPLE in
D(B) and Y is the essential image of F.;
(5) D(A) is triangle equivalent to D(B)/Ker (5*).
In particular, if P is a tilting right dg B-module, then Y vanishes and

po (P%—): D(B) — D(A)

is a triangle equivalence with inverse RHomp(P, —) o p~!.
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A particular example of a partial tilting complex is given by a classical partial
tilting module over a ring B. In this case the following theorem is proved.

THEOREM. Let B be a ring and let Tz be a classical partial n-tilting module with
endomorphism ring A. There is a dg algebra E and a recollement

i* Jr
4;%\ gl
D(E) = D(B) — 1 —* D(A)
RHom g (i*(B),—) j«»=RHom 4 (T',—)

where:
(1) j. = RHomyu(T, —) is fully faithful;
(2) D(A) is triangle equivalent to D(B)/Ker (Té -).
B

The above theorem can be viewed as a generalization of the result in [BMT].
Moreover the concept of homological epimorphism of dg algebras is recalled and it is
shown explicitly (see Proposition 2.3.9) how to exhibit a homological epimorphism
of dg algebras B — C such that the left end term of the recollement induced by
a compact object is the derived category D(C') (this result is an instance of the
more general theorem proved in [NS]). Anyway, in Corollary 2.2.6 we prove that,
without flatness conditions on B, D(B) is still a recollement of dg algebras, but not
necessarily associated to a homological epimorphism.

In Chapter 3, given a classical partial tilting module Tz over a ring B, we look

L
for conditions under which the class Y = Ker(T ® —) is equivalent to the derived
B

category of a ring S for which there is a homological ring epimorphism A: B — S.
We show that this happens if and only if the perpendicular subcategory £ consisting
of the left B-modules N such that Tor?(7, N) = 0 for every i > 0, is bireflective
and every object of ) is quasi-isomorphic to a complex with terms in £.

Results in [GL] and [GP] show that a full subcategory of a module category
B-Mod is bireflective if and only if it is equivalent to a module category over a ring
S linked to B via a ring epimorphism A: B — S. In the favorable case in which the
left term of the recollement induced by a partial tilting module T is the derived
category of a ring, we prove that \ is moreover a homological ring epimorphism and
S is isomorphic to the endomorphism ring of the left adjoint L(B). Moreover, S is
the generalized universal localization of B with respect to a projective resolution of
Tg.

PROPOSITION. Let B be a ring and let T's be a classical partial n-tilting module

L
with endomorphism ring A. Let ) = Ker(T' ® —), L the left adjoint of the inclusion
B

i: Y — D(B) and & the subcategory of B-Mod defined above.
Then the following conditions are equivalent:

(1) H(L(B)) =0 for every 0 £ i € Z.
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(2) there is a ring S and a homological Ting epimorphism \: B — S inducing
a recollement:

L
*=S®— .
B n
/)\\ '*—Té 3
D(S) - D(B) — L —~ D(A)
i!:RHomB(S,f) jx=RHomy (T,—)

(3) Every N € Y is quasi-isomorphic to a complex with terms in € and £ is a
bireflective subcategory of B-Mod.

(4) Every N € Y is quasi-isomorphic to a complex with terms in € and the
homologies of N belong to &.

Later, some properties of the “generalized universal localization” are proved in
the following proposition:

PROPOSITION. Let P be a compact complex in D(B). Assume that \: B — S
is a generalized universal localization of B at {P}. Let Ep = {N € B-Mod |
P ® N is acyclic }. Then, the following hold:

B

(1) A\(S-Mod) C &Ep.
(2) A(S-Mod) = Ep if and only if Ep is a bireflective subcategory of B-Mod.

The situation illustrated above is a generalization of a recent article by Chen
and Xi ( [CX]). In fact, in [CX], completing the results proved in [B] for “good”
1-tilting modules T" over a ring A with endomorphism ting B, it is shown that the
derived category D(B) is the central term of a recollement with right term D(A)
and left term the derived category of a ring S which is a universal localization
of the differential of the projective resolution of Tz. We note that our setting is
different since we fix a ring B and we obtain recollements of D(B) for every choice
of partial tilting modules over B, while, starting with an infinitely generated good
tilting module 4T over a ring A, one obtains a recollement whose central term is
the derived category of the endomorphism ring B of 47" and B might be very large
and difficult to handle. Instead, thanks to our approach, we can choose algebras of
finite representation type and classical partial n-tilting modules (with n > 1) over
them, and define a homological ring epimorphism A\: B — S.

L
Let us set Y := Ker(T ®p —). The following examples are given:

i) A class of classical partial 2-tilting modules such that the class £ is bire-
flective and ) is equivalent to the derived category of a ring (Example
1).
ii) A classical partial 2-tilting module such that £ is not bireflective (Example
2).
iii) A classical partial 2-tilting module such that £ is bireflective but ) is not
equivalent to the derived category of a ring via a homological ring epimor-
phism (Example 3).
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iv) A classical partial n-tilting module that is also a good tilting module over
its endomorphism ring, such that ) is not equivalent to the derived category
of a ring (Example 4).

v) A classical partial n-tilting module that is also a good tilting module over
its endomorphism ring, such that ) is equivalent to the derived category of
a ring (Example 5).

The first three mentioned examples of classical partial n-tilting right modules T are
not arising from good n-tilting modules with endomorphism ring B. The problem
to decide when a recollement induced by a good n-tilting module over a ring A cor-
responds to a homological epimorphism of rings remains open. In the case of good
n tilting module Chen and Xi in [CX2] give some equivalent conditions in terms of
the functor Ext’y (T, —).

In the Appendix we regard the generator M of Ker(T % B —) as a Milnor colimit
(see [AKL]) and we make some computations on the homologies of the dg algebra
RHomp(M, M) as an attempt to prove that only a finite number of homologies are
different from zero.

The second part of the thesis is a collection of results in the setting of monoidal
categories and Hopf algebras. Let H be a bialgebra. Consider the functor T :=
(=)@ H : MM — M from the category of vector spaces to the category of right
Hopf modules. It is well-known that 7" determines an equivalence if and only if H
has an antipode i.e. it is a Hopf algebra. The fact that 7" is an equivalence is the
so-called fundamental (or structure) theorem for Hopf modules, which is due, in the
finite-dimensional case, to Larson and Sweedler, see [Ls, Proposition 1, page 82].
This result is crucial in characterizing the structure of bialgebras with a projection as
Radford-Majid bosonizations (see [Ra]). Recall that a bialgebra A has a projection
onto a Hopf algebra H if there exist bialgebra maps 0 : H - Aand 7 : A - H
such that m o 0 = Idy. Essentially using the fundamental theorem, one proves
that A is isomorphic, as a vector space, to the tensor product R ® H where R is
some bialgebra in the category # YD of Yetter-Drinfeld modules over H. This way
R ® H inherits, from A, a bialgebra structure which is called the Radford-Majid
bosonization of R by H and denoted by R#H. It is remarkable that the graded
coalgebra grA associated to a pointed Hopf algebra A (here ”pointed” means that
all simple subcoalgebras of A are one-dimensional) always admits a projection onto
its coradical. This is the main ingredient in the so-called lifting method for the
classification of finite dimensional pointed Hopf algebras (see [AS]).

In 1989 Drinfeld introduced the concept of quasi-bialgebra in connection with
the Knizhnik-Zamolodchikov system of partial differential equations. The axioms
defining a quasi-bialgebra are a translation of monoidality of its representation cat-
egory with respect to the diagonal tensor product. In [Dr], the antipode for a
quasi-bialgebra (whence the concept of quasi-Hopf algebra) is introduced in order
to make the category of its flat right modules rigid. If we draw our attention to the
category of co-representations of H, we get the concepts of dual quasi-bialgebra and
of dual quasi-Hopf algebra. These notions have been introduced in [Maj3] in order
to prove a Tannaka-Krein type Theorem for quasi-Hopf algebras.
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A fundamental theorem for dual quasi-Hopf algebras was proved by Schauen-
burg in [Sch4] but dual quasi-Hopf algebras do not exhaust the class of dual quasi-
bialgebras satisfying the fundamental theorem. It is remarkable that the functor
T giving the fundamental theorem in the case of ordinary Hopf algebras must be
substituted, in the “quasi“ case, by the functor F' := (—) ® H between the cat-
egory O of left H-comodules and the category #OME of right dual quasi-Hopf
H-bicomodules (essentially this is due to the fact that, unlike the classical case, a
dual quasi-bialgebra H is not an algebra in the category of right H-comodules but
it is still an algebra in the category of H-bicomodules). In [AP, Theorem 3.9], it
is showed that, for a dual quasi-bialgebra H, the functor F'is an equivalence if and
only if there exists a suitable map S : H — H that we called a preantipode for H.
Moreover for any dual quasi-bialgebra with antipode (i.e. a dual quasi-Hopf alge-
bra) it is constructed a specific preantipode, see [AP, Theorem 3.10]. It is worth
to notice that, by [Sch5, Example 4.5.1], there is a dual quasi-bialgebra H which is
not a dual quasi-Hopf algebra and such that it satisfies the fundamental theorem.
Then we get that H has a preantipode (cf. Theorem 4.3.7).

In this thesis we introduce and investigate the notion of bosonization in the set-
ting of dual quasi-bialgebras. Explicitly, we associate a dual quasi-bialgebra R#H
(that we call bosonization of R by H) to every dual quasi-bialgebra H and bialgebra
R in £YD. Then, using the fundamental theorem, we characterize as bosonizations
the dual quasi-bialgebras with a projection onto a dual quasi-bialgebra with a pre-
antipode. As an application, for any dual quasi-bialgebra A with the dual Chevalley
property (i.e. such that the coradical of A is a dual quasi-subbialgebra of A), un-
der the further hypothesis that the coradical H of A has a preantipode, we prove
that there is a bialgebra R in YD such that grA is isomorphic to R#H as a dual
quasi-bialgebra. In particular, if A is a pointed dual quasi-Hopf algebra, then grA
comes out to be isomorphic to R#kG (A) as dual quasi-bialgebra where R is the
diagram of A and G (A) is the set of grouplike elements in A. We point out that
the results are obtained without assuming that the dual quasi-bialgebra considered
are finite-dimensional.

The second part of the thesis is structured as follows.

Chapter 4 contains preliminary results needed in the next sections. Moreover
in Theorem 4.3.10, we investigate cocommutative dual quasi-bialgebras with a pre-
antipode and we provide a Cartier-Gabriel-Kostant type theorem for dual quasi-
bialgebras with a preantipode in the following corollary:

COROLLARY. Let H be a dual quasi-bialgebra with a preantipode over a field k
of characteristic zero. If H is cocommutative and pointed, then H is an ordinary
Hopf algebra isomorphic to the biproduct U (P (H)) #kG (H) , where P (H) denotes
the Lie algebra of primitive elements in H.

In the connected case such a result was achieved in [Hu, Theorem 4.3].

The central part of this chapter is devoted to the study of the category ZYD
of Yetter-Drinfeld modules over a dual quasi-bialgebra H. Explicitly, we consider
the pre-braided monoidal category (gyD,@),k) of Yetter-Drinfeld modules over
a dual quasi-bialgebra H and we prove that the functor F', as above, induces a
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functor F : YD — 9Nk (that is an equivalence in case H has a preantipode, see
Proposition 4.4.9).

In the end this chapter we prove that the equivalence between the categories
A and #YD becomes monoidal if we equip B9 with the tensor product ®g
(or Oy) and unit H (see Lemma 4.5.5 and Lemma 4.5.9). As a by-product, in
Lemma 4.5.12, we produce a monoidal equivalence between (91 @y, H) and
(Bt 0, ).

Chapter 5 contains the main results of this part of the thesis. In the following
theorem (Theorem 5.1.1), to every dual quasi-bialgebra H and bialgebra R in 2D
we associate a dual quasi-bialgebra structure on the tensor product R ® H that we
call the bosonization of R by H and denote by R#H.

THEOREM. Let (H,mpy,uy, Ay, ey, wy) be a dual quasi-bialgebra.
Let (R, pig, pr, AR, g, mpg, ur) be a bialgebra in YD.
Let us consider on B := F (R) = R® H the following structures:

wﬁl(r—2 ® h ® S,le)wH(hQ ®Ss_1&® ]{Zg)
mB[(T X h) X (8 (059 k’)] = w;ll[(hg > 80)_2 X h4 & k:3]wH(7"_1 & (hg > SQ)_1

7o 'r (h3 > 80)o ® heks
up(k) = klp®ly
) = wi(rl, ®@r’, @ h)rg @12 hy @15 @ hs
) = er(r)en(h)
) er(r)er(s)er(t)wy(h @ k®1).

1s a dual quasi-bialgebra.

Ap(r®
ep(r®

we((roh) @ (s®k) @ (t®l)
)

Then (B AB, Ep,Mp,up,wWp

® h
® h

Now, let (A, H,o,m) be a dual quasi-bialgebra with projection and assume that
H has a preantipode S. In Lemma 5.2.3, we prove that such an A is an object in
the category EOME. Therefore the fundamental theorem describes A as the tensor
product R ® H of some vector space R by H. Indeed, in Theorem 5.2.4, we prove
that the dual quasi-bialgebra structure inherited by R ® H through the claimed
isomorphism is exactly the bosonization of R by H.

THEOREM. Let (A,ma,ua, Aa,ea,wa) and (H,mg, ug, Ay, g, wp) be dual quasi-
bialgebras such that (A, H,o,7) is a dual quasi-bialgebra with projection onto H.
Assume that H has a preantipode S. For all a,b € A, we set a; ® as :== Ay (a) and
ab=my (a®Db). Then, for all a € A we have

7(a) :=wala; ® 0S7(az); @ aglasoSm(az)s

and R = G (A) is a bialgebra ((R, ig, pr) , Mg, Ur, Ar, €, wr) in YD where, for
allr,s € R,h € H, k € k, we have

h>r:=puph®@r):=71o(h)r], r_1 ®ry:=pr(r) =m(r) @ry,
r(r®s):=rs, up (k) == kly,
r@rti=Ar(r)=7(r) @7 (rs), er(r):=cea(r).

Moreover there is a dual quasi-bialgebra isomorphism €5 : R#H — A given by
€a(r®h)=ro(h), et (a) =7 (a1) ® 7 (ay) .

® hsky)
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The analogue of this result for quasi-Hopf algebras, anything but trivial, has
been established by Bulacu and Nauwelaerts in [BN], but their proof can not be
adapted to dual quasi-bialgebras with a preantipode.

In the end of the chapter we collect some applications of our results. Let A be
a dual quasi-bialgebra with the dual Chevalley property and coradical H. Since A
is an ordinary coalgebra, we can consider the associated graded coalgebra grA. In
Proposition 5.3.2, we prove that grA fits into a dual quasi-bialgebra with projection
onto H. As a consequence, in Corollary 5.3.3, under the further assumption that
H has a preantipode, we show that there is a bialgebra R in 2D such that grA is
isomorphic to R#H as a dual quasi-bialgebra. When A is a pointed dual quasi-Hopf
algebra it is in particular a dual quasi-bialgebra with the dual Chevalley property
and its coradical has a preantipode. Using this fact, in Theorem 5.3.9 we obtain
that grA is of the form R#kG (A) as dual quasi-bialgebra, where R is the so-called
diagram of A.

Acknowledgements. This work is the result of a useful contribution, helps
and supports given me by different people I want to thank.
My supervisor, Professor Silvana Bazzoni, for the important support given me in the
these three years and for the stimulating research process we have shared. Alessan-
dro Ardizzoni for the collaboration and for the incitement in proceeding my research
work. The two parts thesis referees for the useful observations and for the interest-
ing suggestions. Professors Pedro Nicolas, Manolo Saorin, Gabriella D’Este, Chang
Chang Xi, my collegue Nicola for the profitable discussions and explanations refer-
ring to some contents of the thesis. My family, for the unconditional and always
inventive support. Giulia and Cecilia, for the good times spent together, inside and
outside the department. All of my friends that still wonder what I have been re-
searching in the last three years. Michele, who has accompanied me in every single
moment of this “path”.

Ringraziamenti. Questo lavoro e il frutto di collaborazioni, aiuti e stimoli
datemi da diverse persone, che, qui di seguito, voglio ringraziare. La Prof.ssa Silvana
Bazzoni per il grande sostegno datomi in questi tre anni e per gli stimoli che mi ha
offerto. Alessandro Ardizzoni per la collaborazione e le spinte ad andare avanti. I
referee delle due parti della tesi per le utili osservazioni e per gli spunti interessanti.
I professori Pedro Nicolas, Manolo Saorin, Gabriella D’Este, Chang Chang Xi e
il mio collega Nicola per le utili discussioni e spiegazioni su parte degli argomenti
di questa tesi. La mia famiglia, per 'appoggio incondizionato e sempre originale.
Giulia e Cecilia, per i bei momenti insieme, dentro e fuori dal dipartimento. Tutti
gli amici che ancora si chiedono cos’abbia “ricercato” in questi tre anni. Michele,
che mi ha accompagnato in ogni singolo momento di questo percorso.



Part 1

Recollements of triangulated categories






CHAPTER 1

Triangulated categories, recollements and TTF triples

This chapter aims to be a presentation of some tools in the context of triangulated
categories, that will be useful later on. Some results on recollements and torsion-
torsion free triple are proved; in particular we will focus on compactly generated
triangulated categories.

1. Localizations in triangulated categories

In this section we define a triangulated category and we briefly present the two
main approaches to localization in triangulated categories: the Verdier localization
and the Bousfield localization. Moreover we illustrate the strict connection between
them. We will follows the exposition of [N2] and [Kr2].

DEFINITION 1.1.1. Let C be an additive category and [1] : C — C an additive
automorphism. A candidate triangle in C (with respect to [1]) is a diagram of the
form

X5y -5 7% X[
such that the composites vou, wov and u[l]ow are zero. A morphism ® := (f, g, h)
of candidate triangles is a commutative diagram

Xty ez X[1].

1

X ey e 7 X

This defines the category of candidate triangles in C (with respect to [1]).

DEFINITION 1.1.2. A pretriangulated category is an additive category T together
with an additive automorphism [1] called shift functor, and a class of candidate
triangles (with respect to [1]) called distinguished triangles, satisfying the following
axioms:

[TRO | Any candidate triangle which is isomorphic to a distinguished triangle is
a distinguished triangle. For any object X the candidate triangle
X2 x 20— X1

is distinguished.
[TR1 ] For any morphism f: X — Y in T there exists a distinguished triangle
of the form

XLy —z—x[q

3
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[TR2 | (The “rotation axiom”) Suppose we have a distinguished triangle
X5y -5 7% X[
Then the following two candidate triangles are also distinguished
X5y 5 x ~yp

Z[-1] "y =y =%z

[TR3 ] For any commutative diagram of the form

Xty Yoz X[1] .

|,

X ey g X

where the rows are distinguished triangles, there is a morphism A : Z —
Z', not necessarily unique, which makes the following diagram commute

Xty Yoz X[1] .

1

X ey ez X

NotATIONS 1.1.3. Let (T, [1]) be a pretriangulated category.

e In what follows, distinguished triangles will be called just "triangles”.
e The opposite category T°P is a pretriangulated category with shift functor

[—1] .= [1]7%.
e [n] will indicate the composition [1]" for each n € Z.

The functor [1], being an equivalence, preserves arbitrary products and coprod-
ucts (whenever they exist in 7).

DEFINITION 1.1.4. Let (7,[1]) be a pretriangulated category and
H : T — A a covariant functor from 7 to some abelian category A. H is called
homological if, for every triangle

X5y -5 7% X[
the sequence
HXO) ™M my)y Y gz
is exact in \A. The definition of cohomological functor is given dually.

DEFINITION 1.1.5. Let (7, [1]) be a pretriangulated category. Given a morphism
¢ of candidate triangles
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(i )

DEFINITION 1.1.6. A triangulated category is a pretriangulated category (7T, [1])
satisfying the extra axiom:
[T R4'] Given any commutative diagram in which the rows are triangles

the mapping  cone of ¢ is the candidate triangle

—v 0 —w 0
g v h v
YeX ""— ' ZeoY ' —  X[l]leZ Y1 & X[1)

Xty ez X[

R

/ /

X ey e 7 X

the morphism h : Z — Z’' making the diagram commute, given by axiom [TR3],
may be chosen so that the mapping cone of the morphism ® := (f, g, h) is a triangle.

REMARK 1.1.7. [TR4] can be substituted by the Octahedral Axiom, that is,
given a pretriangulated category (7T,[1]), T is triangulated if the following holds:
[T R4] For each composable morphisms f : X — Y and g : Y — Y there is a
commutative diagram:

X Y Z X[1]
1 g 1
Xy 7z X1
0 Y 1 Y 0
X Ev) —- 21— X2

where every row and column is a triangle.

DEFINITION 1.1.8. A triangulated subcategory T of a triangulated category D is
a subcategory such that:

o M[n] €T, foral MeT.
e Every object C' such that there is a triangle in D, A - B — C — A[l]
with A, B € T,isin 7.

In particular 7 is a triangulated category with the structures inherited by D

DEFINITION 1.1.9. A functor F': 71 — 75 between two triangulated categories
is a triangulated functor if there is an isomorphism

Oy F(X][1]) ~ F(X)[1]
and, for every distinguished triangle in 7y

X 5y 5 75 X1,
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F(x) 2 piyv) 2 pz) "EEY pxq)
is a distinguished triangle in 7.

DEFINITION 1.1.10. Let F': T — D be a triangulated functor. The kernel of
F is defined to be the full subcategory C of T whose objects are mapped to 0 by F.

REMARK 1.1.11. It turns out that, for every triangulated functor
F:T — D, Ker F is a triangulated subcategory of T.

DEFINITION 1.1.12. A subcategory C of a triangulated category 7T is called thick
if it is triangulated and closed under direct summands.

In what follows we need the concept of localizing subcategory and the connection
with perpendicular subcategories and recollement. We are working in the setting
of triangulated categories, therefore we will give definitions and results in this par-
ticular context, even if some of them could be given also more generally. At this
step we will ignore set-theoretic issues. From now on D will indicate a triangulated
category with the shift functor indicated by [—].

1.1. Verdier localization. The notion of localization of triangulated cate-
gories was introduced by Grothendieck, and then axiomatised by Verdier in [V].
Here we will follows the presentation of [Kr2].

DEFINITION 1.1.13. [Kr2, Section 2.2] Let ¥ be a set of morphisms of D. Con-
sider the category of fractions D[], whose objects are the same of D and mor-
phisms are defined as follows (note that, at this stage, we ignore set-theoretic issues,
that is, the morphisms between two objects of D[¥ 1] need not to form a small set).
Let us consider the quiver where the vertices are the objects of D and the class
of arrows is made by the disjoint union (MorD) U X7, Let C be the set of finite
sequences of composable arrows (with the composition that is the concatenation of
paths indicated with o¢). Then MorD[X71] is the quotient of C modulo the following
relations:

(1) The composition of paths in C coincide with the composition in D.
(2) ideX =idpX for each X € D.
(3) 07l oc o =ideX and 0 o¢c 07! = idcY, for each o : X — Y in X.
The associated quotient functor
Qs : D — DX
is such that:
(Q1) @s makes the morphisms in ¥ invertible, that is Qx-1(f) is invertible in

D[] for each f € X.
(Q2) If a functor F' : D — B makes the morphisms in ¥ invertible in B, then

there is a unique functor F D[X7'] — B such that F = Fo Qs.

The description of the morphisms in D[¥ 1] is particularly nice when X satisfies the
conditions illustrated below. In this case it is said that ¥ admits a “Calculus of frac-
tions”. The techniques arising generalize the Ore localization for non commutative
rings. In the categorical setting, this concept was introduced by Grothendieck and
developed also by Gabriel and Zisman in [GZ].
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DEFINITION 1.1.14. Let ¥ be a set of morphisms in D. Then we say that X
admits a calculus of left fractions if the following hold:

(LF1) X is closed under the composition of morphisms (whenever it exists) and,
for all M € D, Idy € X.

(LF2) Each pair of morphisms X’ Jdx 25 v with f € X can be completed to
a commutative square

such that ' € ¥.

(LF3) Let a, 5 : X — Y morphisms in D. If there is a morphism o : X’ — X
in ¥ with & oo = oo, then there exists a morphism 7 : Y — Y’ in X
with Toa =70 f.

REMARK 1.1.15. Dually, we say that ¥ admits a calculus of right fractions if it
satisfies (LF1) and the dual of (LF2) and (LF3). If ¥ admits a calculus of left and
right fractions we say that it is a multiplicative system.

DEFINITION 1.1.16. A multiplicative system ¥ of a triangulated category is said
to be compatible with triangulation if

e given o in X, the morphisms o[n] is in ¥ for all n € Z.
e Given a morphism of triangles (f,g,h) with f,g € X then there is also a
morphism between the same triangles given by (f, g, h’) with b’ € 3.

PROPOSITION 1.1.17. Let X be a multiplicative system compatible with trian-
gulation. Then D[X7Y is a triangulated category such that the quotient functor is
triangulated.

The following theorem defines Verdier localization and gives the connection with
the calculus of fractions. Verdier proved this result in [V] for thick subcategories
of a triangulated category, and Neeman generalized it in [N2, Theorem 2.1.8], for
every triangulated subcategory.

THEOREM 1.1.18. [V] Let T C D be a triangulated subcategory. Then there is
a universal functor F': D — C with T C Ker(F). In other words, there exists a
triangulated category denoted by D/T and a triangulated functor Fiu, : D — D/T
such that T is in the kernel of Fyuniw and F, 18 universal with respect to this prop-
erty, that is, if G : D — C is a triangulated functor such that T C Ker(F'), then
G factors uniquely as

p L DT
Gl /
C

REMARK 1.1.19. [Kr2, 4.6.1 and 4.6.2] With the same notations as in the the-
orem, let us denote by X(7) the set of morphisms X — Y in D which fit into
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a triangle X — Y — Z — X|[1] with Z € 7. Then X(7) is a multiplicative
system compatible with the triangulation. Then the quotient D/T can be defined
as D/T = D[S(T) 7Y (see [V, 2.2.10]).

Let us recall this key result of Gabriel and Zisman that connects pair of adjoint
functors with the category of fractions.

PROPOSITION 1.1.20. [GZ, Proposition 1.1.3] Let (F,G) a pair of triangulated
adjoint functors, between two additive categories C and D, and denote by X the set
of morphisms in C, such that F(o) is invertible in D for every o € ¥. Then the
following are equivalent:

(1) The functor G is fully faithful.

(2) The counit of the adjunction € : FG — Idp is invertible.

(3) The functor F : C[Y7Y] — D satisfying F = F o Qy, is an equivalence.
Dually, let us set I' the set of morphisms in D such that G(v) is invertible in C for
every v € I'. Then the following are equivalent:

(1) The functor F is fully faithful.

(2’) The unit of the adjunction n : Ide — GF is invertible.

(3") The functor G : D[T™Y] — C satisfying G = G o Qr is an equivalence.

1.2. Bousfield localization.

DEFINITION 1.1.21. A triangulated functor L : D — D is a localization functor
if there exists a morphism 7 : Idp — L with Ln : L — L? being invertible and,
for each M € D, Ly = np -

Dually, a triangulated functor G : D — D is a colocalization functor if the opposite
functor G : D’ — D is a localization functor.

Let us note that to every pair of triangulated adjoint functor (F, G) between two
triangulated categories C and D such that G is fully faithful (or F' is fully faithful),
it is possible to associate a localization functor (or a colocalization functor).

ProproSITION 1.1.22. Let F' : C — D a triangulated functor and G its right
adjoint, then:
(1) if G is fully faithful then the functor L := GF is a localization functor.
(2) If F is fully faithful then the functor H :== F'G is a colocalization functor.

PROOF. (1) The morphism 7 of the definition of localization functor is given
by the unit of the adjunction: n : Ide — GF. Now we conclude using
proposition 1.1.20.

(2) The pair (G, F°?) is and adjoint pair between D and C? and F is fully
faithful, then by point (1) we conclude.
0

We illustrate now the connection between localization functors and orthogonal
classes.

NOTATIONS 1.1.23. Let C be a class of object in D. We define respectively the
right and the left orthogonal subcategories of C in the following way:

Ct ={X € D | Homp(C[n], X) =0 for all C € C, for all n € Z};
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+C = {X € D | Homp(X,C[n]) = Ofor all C € C, for all n € Z}.

ProposITION 1.1.24. [Kr2, Proposition 4.9.1] Let C be a thick subcategory of
D. Then the following are equivalent:
(1) There exist a localization functor L : D — D with KerL = C.
(2) The inclusion functor ic : C — D admits a right adjoint.
(3) For each X in D there exists an exact triangle X' — X — X" — X"[1]
with X' € C and X" € C*+.
(4) The quotient functor Q : D — D/C admits a right adjoint.

(5) The composite C* Sp 9 D/C is an equivalence.
(6) The inclusion functor C+ < D admits a left adjoint and +(C+) = C.

2. TTF triples and recollements

The important notion of t-structure in a triangulated category was introduced by
Beilinson, Bernstein and Deligne in the celebrated paper [BBD]. We will recall the
definition and its connection with the localization theory. Let D be a triangulated
category with shift functor [—].

DEFINITION 1.2.1. A t-structure on D is a pair (A, B) of full subcategories of D
that satisfies the following conditions:
(1) If A€ Aand B € B then Homp(A, B) = 0.
(2) A[l] € A, for all A € A and B[-1] € B for all B € B.
(3) For each M € D there exists a triangle

with AM € A and BM € B[—l]

REMARK 1.2.2. From the definition it turns out that A and B are maximal with
respect to property (1).

ProrosiTION 1.2.3. [BBD, 1.3.3] For each n € Z the inclusion functor of A[n]
in D admits a right adjoint R, and the inclusion functor of Bl—n] admits a left
adjoint Ly,

R A(n)

L]
/_\

5[n)

B[n] D

Moreover, for each M € D there is a unique morphism d € (Homp(Lg_11(M), Ra(M)[1])
such that there is a triangle

RA(M) — M — Lg_y(M) -5 Ra(M)[1],
that is isomorphic to (2).
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REMARK 1.2.4. So, given a t-structure (A, B) in D, for each M € D the associ-
ated triangle has the form

Ra(M) — M — Lp[-1](M) — Ra(M)[1]

DEFINITION 1.2.5. A torsion pair in D is a pair (X,)) of full subcategories of
D, closed under isomorphisms, satisfying the following conditions:

1) Homp(&X,Y) = 0.

2) X[1]e X and Y[—-1] € Y for each X € X and Y € );

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

in D with X, € X and Y, € ).
In this case X is called a torsion class and Y a torsion free class. If X is trian-
gulated then (X', )) is called heditary.

REMARK 1.2.6. From the definition it turns out that X and ) are maximal with
respect to property 1) that is X = +Y and ) = X*. Hence they are thick and we
can apply Proposition 1.1.24, to conclude that

X~DJYy and Y~D/X

The following Proposition shows that in a triangulated categories t-structures
and torsion pairs are in bijection.

ProposITION 1.2.7 ([BR], [Ke5]). Given a torsion pair (X,Y) the pair (X, Y[1])
is a t-structure. Conversely given a t-structure (A, B), the pair (A, B[—1]) is a tor-
S10M. Pair.

DEFINITION 1.2.8. A torsion torsion-free triple (TTF triple) in D is a triple
(X,), Z) of full subcategories of D, where (X,)) and (), Z) are torsion pairs.

REMARK 1.2.9. Let us note that (X, Y, Z) = (*, Y, V+). Moreover (X,Y) and
(¥, Z) are hereditary.

In what follows we will consider triangulated categories closed under set-indexed
products and coproducts, that is, using Neeman’s notations, satisfying the axiom
[TR5].

From 1.2.3 and 1.2.7 we have the following pairs of adjoint functors:
xX—2* .p

\_/
Ry
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DEFINITIONS 1.2.10. A localizing (colocalizing) subcategory of D is a triangu-
lated subcategory of D closed under coproducts (or products). An aisle (coaisle) in
D is a full triangulated subcategory of D such that the inclusion functor admits a
right (left) adjoint.

A strictly localizing (strictly colocalizing) subcategory is an aisle (coaisle) that is
also closed under coproducts (products).

Since, by definition, every localizing subcategory of D is closed under coproducts,

then it is thick (see [R]).

ProrosiTIiON 1.2.11. ([BR, Corollary 2.9]) If (X, Y, Z) is a TTF triple in D,
then:

(1) X and Y are closed under coproducts and Y and Z are closed under prod-
ucts. Moreover X is a strictly localizing subcategory, Z is strictly colocaliz-
ing and Y is strictly localizing and strictly colocalizing.

(2) The pairs of adjoint functors (Rx,ix),(Ly,iy), (Ry,iy),(Lz,iz) are such
that:

1) Rgg’i)( = ]d)(,Lyiy = Idy = Ry’iy and Lgiz = ]dg
ii) If we consider the Verdier quotient D/Y we have the equivalences
X — D/Y «— Z that are explicitly given by the functors
Lzix

v

Rxiz
iii) The functors iy,ix and izLziy are fully faithful.

PROOF. (1) Since X = KerHomp(—,)Y) and Y = KerHomp(—, Z) then X
and Y are closed under coproducts , so they are localizing. Dually Z and

Y are colocalizing. Moreover (X, Y[1]) and (), Z[1]) are t-structures, then

by Proposition 1.2.3 we conclude.

(2) i) Let us prove that, for each X € X, Ryix(X) = X. Indeed, by Propo-
sition 1.2.3 and part (1), for each M € D, and in particular for X, we
have a triangle

Re(X) = X L Ly(X) = Ru(X)[1].
Since X € X, then f =0 and Ry (X) ~ X & Ly(X)[1]. But Ly(X)[1]
is in Y then Ry(X) ~ X. In the same way it can be proved that
Lyiy = Idy = Ryiy and Lgiz = [dz

ii) See [BR|[Corollary 2.9]

iii) Ryiy = Idy implies that the counit of the adjunction (Ry,ix) is
invertible. Then iy is fully faithful by Proposition 1.1.20. The same
holds for 7y and iz. Now it remains to prove that izLziy is fully
faithful. But, for the previous point, Lziy is an equivalence, then we
can conclude.

O

COROLLARY 1.2.12. The functorsiyRyx,iyRy are localization functors and iyLy,1zLz
are colocalization functors.



12 1. TRIANGULATED CATEGORIES, RECOLLEMENTS AND TTF TRIPLES

PROOF. See Propositions 1.2.11 and 1.1.22. O

COROLLARY 1.2.13. There is a bijection between strictly localizing subcategories,
hereditary t-structures and hereditary torsion pairs:

X — (XX = (x,xh)
(X, ) = (X)) — X.

PROOF. If X is a strictly localizing subcategory then X and X'+ are closed under
shifts and by proposition 1.1.24 there exists a localization functor L : D — D such
that X = KerL. Moreover, for every M € D, there exists a triangle X, - M —
Y — Xy with Xy € X and Yy, € X+, Hence (X, X1) is a t-structure. By
Proposition 1.2.7 we conclude. In particular if (X)) is a hereditary torsion pair if
and only it is a hereditary t-structure. ([l

From the proof of Proposition 1.2.11 we have the following.
COROLLARY 1.2.14.
Lyiy(X) = Ryiy(Y) = Ryiz(Z) = Lziy(Y) =0
foreach X e X, Y €Y and Z € Z.
Let us recall the concept of recollement.

DEFINITION 1.2.15. [BBD] Let D, D’ and D” be triangulated categories. D is
said to be a recollement of D’ and D”, expressed by the diagram

¥ Jt
’L' j*

if there are six triangle functors satisfying the following conditions:
i) (1%, 1), (i1,7'), (j1,5') and (j*, j.) are adjoint pairs;

i1) iy, jx and j; are fully faithful functors;

ii1) j'iy = 0 (and thus also i'j, = 0 and i*j, = 0);

iv) for each object C' € D, there are two triangles in D :

(4) ii'(C) — C — 5,5°(C) — 0i' (C)[1],
(5) 3 (C) — C—ii*(C) — 4 (O)[1].

The notion of recollements was introduced by Beilinson-Bernstein-Deligne (see
[BBD)]) in a geometric context, where stratifications of varieties induce recollements
of derived categories of constructible sheaves. They can be seen as “short exact
sequences” of triangulated categories, in the sense that the first and the third terms
are triangle equivalent respectively to a subcategory and to a quotient category of
the central one. Indeed i, is fully faithful then D” ~ Imi, and, from j*i, = 0 and i,
fully faithful, we have D' ~ D/i.(D").
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DEFINITION 1.2.16. T'wo recollements defined by the data
(D, D', D",i*,is,i', j', 41, j.) and (D, T', T",i"™, i, i", 5", i/, j.) are said to be equiva-
lent if the following equality between essential images holds :

(im(jr), im(iv), im(j.)) = (im(5), im(i%), im(3))

PROPOSITION 1.2.17. Let D be a triangulated category. Then there is a bijection
between TTF triples and equivalence classes of recollements.

PROOF. Let (X,), Z) be a TTF triple in D. Let us use notations as in Propo-
sition 1.2.11. Then the following diagram is a recollement:

Ly tx
¥ /Z\ D /RX\ ¥
Ry izLzix

Indeed, the third property of recollements is verified thanks to Corollary 1.2.14.
Moreover, by Proposition 1.2.11, the functors iy, iy,izLziy are fully faithful. We
have also that the pairs of functors (Ly,iy), (ix, Rx) and (iy, Ry) are adjoint pairs.
Let us prove that (Ry,izLziy) is and adjoint pair too. For each M € D, apply the
functor Ry to the triangle

Then we have Ry (M) ~ RxyizLz(M), since RyiyRy(M) = 0. Hence Homp(M,izLziy(X)) =
Homz(Lz(M), Lzix(X)). Recall now that the pair (Rxiz, Lziy) is an equivalence

between Z and X. Then

HOIIlz(LZ(M), Lgl;\((X)) = Homx(R/\{inguw), X) = HOIIl)((R/\{<M), X), for each

Xex.

Conversely, given a recollement as in (3) the triple

(71(D),ix(D"), j«(D"))

is a TTF triple. In fact, let us set (5i(D'),1.(D"), (D)) = (X, Y, Z), then X,y
and Z are triangulated subcategories, because ji, i, and j, are triangulated functors.
Moreover Homp (j;(M), i,(N)) = Homp (M, j'i.(N)) = 0 (for each M, N € D), that
is Homp(X,Y) = 0. In the same way it can be proved that Homp(Y, Z) = 0.
Finally, using the fourth property of recollements, we have that, for each M € D
there are two triangles of the form

Xy —-M-—=Yy and Yi, = M — Zy

with Xy € X, Y, Vi, € YV and Zy € Z. O
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REMARK 1.2.18. Note that, to a TTF triple (X, ), Z) are associated two equiv-
alent recollements, expressed by the diagrams:

Ly ix
. /W\ ) /R_X\ N
\/ \/
Ry izLzix
Ly ixRyiz
. /:\ ) /LZ\ .
\/ \/
Ry iz

3. Recollements of compactly generated triangulated categories

Let D be a triangulated category with set indexed coproducts (i.e. satisfying
axiom [TR5]).
We want to focus on recollements of compactly generated triangulated categories.
In this setting there are useful results by [NS] and [AKL] that allow us to construct
a correspondence between set of compact objects in the category and recollements
(and then, also TTF triples).

DEFINITION 1.3.1. D is said to be generated by a set of objects P of D if, given
X € D, Homp(P[n], X) =0 for each n € Z and P € P implies X = 0.

Given a class C of objects in D there are two triangulated subcategories of D
associated to this class.

DEFINITION 1.3.2. (1) Tria C denotes the smallest full triangulated subcat-
egory of D containing C and closed under set indexed coproducts.
(2) tria C denotes the smallest full triangulated subcategory of D containing C
and closed under finite coproducts and direct summands.

REMARK 1.3.3. Note that, by [R], Tria C, being closed under coproducts, is
thick.

DEFINITION 1.3.4. X € D is called compact if the functor Homp(X, —) com-

mutes with set indexed coproducts. M in D is called self-compact if M is compact
in Tria M.

DEFINITION 1.3.5. D is said compactly generated if it is generated by a set of
compact objects. A TTF triple (X, Y, Z) in D is compactly generated if so is X as
a triangulated category.

DEFINITION 1.3.6. Let C be a class of objects in D. We say that D satisfies the
principle of infinite devissage with respect to C if D = Tria (C).

LEMMA 1.3.7. [NS, Lemma 2.2]
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(1) Let D be a triangulated category and D' be a full triangulated subcategory
generated by a class of objects C. If Tria (C) is an aisle in D contained in
D', then D' = Tria (C).

(2) Let D be a triangulated category and let (X,)) be a t-structure on D such
that X s triangulated. Let Ly be the left adjoint of the inclusion functor of
Y inD. Then

i) If C is a class of generators of D then Ly(C) is a class of generators
of Y.
ii) A class C of objects of X generates X if an only if the objects of Y are

precisely those which are right orthogonal to all the shifts of objects of
C.

PROOF. (1) By Proposition 1.1.24, for each M € D’ there exists a triangle
Qu — M — QM — Qu1]

with Qs € Tria (C) and QM € Tria (C)*. Moreover, D' is triangulated,
then also Q™ is in D’. But C generates D’ so Homp(C[n], Q™) = 0, for all
C € C and for every integer n, implies Q™ = 0 then M € Tria (C).
(2) Let (X,Y) be a t-structure such that X" is triangulated.
i) Let C be a class of generators of D and C € C. Let Y € . Then

Homp(Ly(C)[n],Y) = Homy(Ly(C)[n],Y’) = Homp(C[n],iy(Y)),

where the last equality is given by the adjunction. Then Homy(Ly(C)[n],Y) =
0 if and only if Homp(C,iy(Y)[n]) = 0 for every n and for every C € C,
if and only if Y = 0. So Homy(Ly(C)[n],Y) = 0 if and only if Y = 0,
that is, Ly(C) is a class of generators of ).
ii) If C is a class of generators of X" let us set
A :={M € D | Homp(C[n], M) = 0,Yn € Z,for each C in C}. Then
it is clear that ) is contained in A. On the other hand, let M € A.
Then we have the triangle

with Xy € X and Yy, € Y. Let C € C. If we apply Hom(C[n], —) to
the above triangle we obtain
Homp(C[n], X)) = 0, for all C € C and n € Z, then Xy = 0 and
Me).
Conversely, if ) = A then, for each X in X such that
Homp(C, X[n]) = 0 for each integer n and for each C' in C, we have
X e Y, that is X = 0.

O

From now on D will denote a triangulated category compactly generated.

LEMMA 1.3.8. A full triangulated subcategory Y of D is closed under small co-
products if and only if the inclusion functor of Y in D admits a right adjoint. That
18, 1n D every localizing subcategory is strictly localizing.
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PROOF. By the dual of [Kr2, Corollary 10.2], we have that the inclusion functor
of Y preserves small coproducts (that is ) is closed under small coproducts) if and
only it has a right adjoint. 0

DEFINITION 1.3.9. [BNE],[Kr| A subcategory C of D is called smashing if it is
the kernel of a localization functor L : D — D which preserves small coproducts.

REMARK 1.3.10. If X is a localizing subcategory then it is smashing if and only if
X+ is closed under coproducts. Indeed if X is localizing, then, by [Kr2, Proposition
4.9.1] there exists a localization functor L, such that X = KerL and ImL = X+, Tt
is clear that X is smashing if and only if ImZL is closed under coproducts.

The following result shows that smashing subcategories can be constructed start-
ing from sets of compact objects.

THEOREM 1.3.11. [TLS, 4.5] Let C be a set of objects in D. Then Tria C is
a localizing subcategory of D. If C is consists of compact objects then Tria C is a
smashing subcategory.

PROOF. By definition, for each set of objects C in D, Tria C is localizing. Sup-
pose now that C is a set of compact objects. Then Tria C is a localizing sub-
category by the first part of the statement. We want to prove that C* is closed
under coproducts. Let I be a set, and (Y;);e; a family of objects in Ct. Then,
by Proposition 1.3.7, [[,.;Y; € C* if and only if Homp(C[n],[],., Y:) = 0 for ev-
ery C € C, n € Z. But now, for the compactness of the objects in C', we have:
Homp(C[n],[1,c; Yi) = [1, Homp(C[n],Y;) = 0. Hence [[,.;Y; € C*. O

PROPOSITION 1.3.12. [Ni, Proposition 4.4.3] Let X be a triangulated subcategory
of D, then the following are equivalent:

i€l

(1) X is a smashing subcategory.
(2) X is closed under small coproducts and the quotient functor

Q : D — D/X admits a right adjoint that preserves small coproducts.
(3) X is the first class of the TTF triple (X, X+, X+4).

PROOF. 1) = 2) X = KerL and L preserves small coproducts, then X" is closed
under small coproducts. Let us set ) := D/X = X L. We claim that the in-
clusion functor ¢ : Y — D is the right adjoint of ). We want to prove that
Homy(Q(M),Y) = Homp(M,i(Y)) for each M € D and Y € ). By Remark 1.2.13
we have that (X, Y[1]) = (X,)) is a torsion pair. Then there is a triangle in D:

with Xy, in X and Yj; in Y. Applying the functor @ to the triangle, we get
Q(M) ~ Yy Apply now the functor Homp(—,Y") to the triangle

Xy — M — QM) — X[1],

recalling that ) = X+ we obtain Homy (Q(M),Y) = Homp(M,Y). So Q is the left
adjoint of the inclusion functor of ) and, by [Kr2, Proposition 3.5.1] it preserves
coproducts. Moreover, thank to [NS, Lemma 2.3] @) preserves compact objects.
Now we use [Kr2, Lemma 11.2] to conclude that iy preserves coproducts.
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2) = 3) Set Y := D/X. From the proof of 1) = 2) we can argue that (X,)) is a
torsion pair. Moreover Y is closed under small coproducts, then by [Be, Proposition
5.14], we can conclude that there exists a triangulated subcategory Z such that
(X,),2) is a TTF triple.

3) = 1) Given the TTF triple (X,), Z), one has X = Ker(iyLy) and it is easy to
see that iyLy is a localization functor. Moreover Ly has a right adjoint (iy) then
it preserves coproducts. So & is the kernel of a localization functor that preserves

coproducts (see Proposition 1.3.8).
U

The following result illustrates a connection between compact objects in D and
compact and self-compact objects in the classes of a TTF triple.

PROPOSITION 1.3.13. [NS] Let (X,Y, Z) be a TTF triple in D. Then:

(1) If M is compact in D then Ly(M) is compact in Y. In particular, if Y =
Tria (Ly(M)) then Ly(M) is self-compact.
(2) If N is compact in X then M is compact in D.

PROOF. (1) [NS, Lemma 2.4]
(2) Let (M;);er a family of objects in D and, for each i let

be the triangle for the M; associated to the torsion pair (X, )). Then the co-
product of these triangles [ [, X; — [[, M; — [, Y, is the triangle for [ [, M;
with respect to the torsion pair (X,)). If we apply the homological functor
Homp(N, —) to both triangles, from J = X+, Y closed under coproducts,
and N compact in X', we obtain Homp (N, [ [, M;) >~ [[, Homp (N, M;).

In what follows we will focus on recollements of derived categories of dg algebras
(or rings), which are particular cases of recollements of triangulated categories gen-
erated by a single objects. So we recall some well known results on singly generated
triangulated categories.

DEFINITION 1.3.14. An object X € D is called self-orthogonal if
Homp(X, X[n]) =0, for every 0 # n € Z.

THEOREM 1.3.15. [NS, Proposition 3.4] The following assertions are equivalent:

(1) D is a recollement of triangulated categories generated by a single compact
object.
(2) There are objects P and Q of D such that:
i) P is compact.
ii) Q is self-compact.
iii) Homp(P[n],Q) =0 for each n € Z.
iv) {P,Q} generates D.
(3) There is a compact object P such that Tria (P)* is generated by a compact
object in Tria (P)*.
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PROOF. 1) = 2) Consider a recollement of D as (3), then we have a TTF triple
(X, ), Z2) = (ji(D),i(D"), j.(D')) and set P for the compact generators of X and
@ for the compact generator of ). Then, @) is self-compact and by Proposition
1.3.13, part (2), P is compact in D. Then we have points i) and ii). Point iii) is
obvious since P € X and @) € ). Let us prove point iv). Let M € D such that
Homp(P[n], M) = 0 = Homp(Q[n], M) for every integer n. Thus, since X = Tria P
and Y = Tria @), by Proposition, 1.3.7 M € YN Z, so M = 0.

2) = 3) Let us set (X,)) := (Tria P, Tria P*). Then, by Proposition 1.3.7
{Ly(P),Ly(Q)} is a class of generators of V. Now, Ly(P) = 0 and, using again
Proposition 1.3.7, @ is in Tria P*, then Ly(Q) = Q. Moreover Tria @ is an aisle in
Y, then by Proposition 1.3.7, ) = Tria Q.

3) = 1) We have that Tria (P) is a smashing subcategory by Proposition 1.3.11,
and the TTF triple associated is (Tria P, Tria P+, Tria P++) where Tria P+ is gen-
erated by a single object that is compact in Tria P-. Then by Proposition 1.2.17
there is a recollement where the first and the third terms are triangulated categories
generated by a single, compact object. 0

REMARK 1.3.16. In Theorem 1.3.15, if we assume, in point 1),2) or 3) that the
compact objects are self-orthogonal, then they will be self-orthogonal also in the
other points.

In a similar way, using the characterization of smashing subcategories in a com-
pactly generated triangulated category, an alternative version of the above theorem
can be proved in a “non compact” version.

THEOREM 1.3.17. [AKL, Theorem 1.6] The following assertions are equivalent:

(1) D is a recollement of triangulated categories generated by a single compact
object.
(2) There is an object P such that Tria (P) is a smashing subcategory of D.
(3) There is an object P in D such that KerHomp(Tria (P), —) is closed under
coproducts.
(4) There are objects P and Q of D such that:
i) KerHomD(Tria (P),—) s closed under coproducts.
ii) Q is self-compact.
iii) Homp(P[n],Q) =0 for each n € Z.
iv) {P,Q} generates D.



CHAPTER 2

Recollements of derived categories of dg algebras

In this chapter we want to introduce the well known concept of derived category
of an abelian category, in particular the derived category of a ring and of a dg
algebra.

1. Derived categories of dg algebras

DEFINITION 2.1.1. Let A be an abelian category. Let us denote by C(A) the
category of cochains of objects of A

oy X Gy et gl 2

where the morphisms are the chain maps.
The homotopy category H(A) is the category whose objects are complexes in A and
whose morphisms are homotopy equivalence classes of morphisms of complexes.

THEOREM 2.1.2. [W, Section 10.9] In the additive category H(A) it can be de-
fined a class of distinguished triangles such that (H(A),[1]) is a triangulated category
where [1] is the shift of complexes.

REMARK 2.1.3. For any n in Z the additive cohomology functor
H":C(A) — A

induces an additive functor H(A) — A which we also denote H™. If we set H = H°
then it is easy to check that H™ = H o [n] for any n € Z.

DEFINITION 2.1.4. A morphism of complexes f : X — Y is a quasi-isomorphism
if the morphism H"(f) : H"(X) — H™(Y') is an isomorphism in A for every n € Z.
Since this property is stable under homotopy equivalence, it makes sense to say that
a morphism in H(A) is a quasi-isomorphism.

PROPOSITION 2.1.5. A morphism of complexes f : X — Y is a quasi-isomorphism
if and only its mapping cone is exact.

REMARK 2.1.6. The exact complexes form a thick triangulated subcategory Z
of H(A) where the morphisms are the quasi-isomorphisms in H(A). In particular,
if we denote by X the class of quasi-isomorphisms in H(A), then every o € ¥ has
its mapping cone in Z, so, by definition, we have H(A)/Z = H(A)[Z7!].

DEFINITION 2.1.7. Let A be an abelian category. The derived category of A is
the Verdier quotient D(A) := H(A)/Z = H(A)[X™!] with the canonical triangulated
functor H(A) — H(A)/Z = D(A)

19
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A classical example of derived category is given by the derived category of a
module category. We start from a ring R, then we consider the abelian category of
its left (or right) modules R-Mod, then the category of R-complexes and we quotient
the homotopic category H(R) by the class of quasi-isomorphisms.

Now we briefly introduce the concept of dg categories, dg functors and we focus
on derived categories of dg algebras.

Let k£ be a commutative ring.

DEFINITIONS 2.1.8. A graded category A is a k-linear category whose morphisms
spaces are Z-graded modules. A graded functor is a functor of graded categories
F : A — B such that the map

sy - AM, N) = B(F(M), F(N)), f = F(f)
is homogeneous of degree 0.
A differential graded category (dg category) is a graded category A whose morphisms

spaces are complexes of k-modules, that is they are endowed with a differential such
that, for each M, NP e A, f: N — P,g: M — N we have:

d(fg) = (df)g + (=1)"f(dg)
where f is homogeneous of degree p.

The simplest dg category is the dg category A with one object * and space of
endomorphism B := Hom 4(x, *). Then B is not just a complex of k-modules but it
has also a "multiplicative structure”. It is an example of differential graded algebra
over k.

DEFINITION 2.1.9. A differential graded algebra over k (dg algebra) is a Z-graded

k-algebra B = & BP endowed with a differential d of degree one, satisfying the
pEZ

Leibniz rule:
d(ab) = d(a)b+ (—1)Pad(b)
for all a € BP,b € B.

In particular, a ring is a dg Z-algebra concentrated in degree 0.

DEFINITION 2.1.10. Let B be a dg algebra over k with differential dg. A differen-
tial graded (left) B-module (dg B-module) is a Z-graded (left) B-module M = @& M?

PEL
endowed with a differential d,; of degree 1 such that

for all m € M?, b € B.

In the sequel we will simply talk about a dg algebra without mentioning the
ground ring k.

NoOTATIONS 2.1.11. We denote by B°P the opposite dg algebra of B. Thus, dg
right B-modules will be identified with left dg B°?-modules. Also D(B°P) will denote
the derived category of right dg B-modules.

M is a B-A dg-bimodule if it is a left dg B-module and a left dg A°P-module,
with compatible B and A°® module structure. In this case we also write gM 4.
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DEFINITION 2.1.12. A morphism between dg B-modules is a morphism of the
underlying graded B-modules, homogeneous of degree zero and commuting with
the differentials.

A morphism f: M — N of dg B-modules is said to be null-homotopic if there exists
a morphism of graded modules s: M — N of degree —1 such that f = sdy; + dys.

The category of left dg B-modules is abelian and it will be denoted by C(B). If
B is concentrated in degree zero, then C(B) is the usual category of complexes over
the algebra B.

REMARK 2.1.13. (1) The homotopy category H(B) is the category with
the same objects as C(B) and with morphisms the equivalence classes of
morphisms in C(B) modulo the null-homotopic ones. The derived category
D(B) is the localization of H(B) with respect to quasi-isomorphisms, that
is morphisms in C(B) inducing isomorphisms in homology.

(2) H(B) and D(B), as in the case of rings, are triangulated categories with
shift functor [1] (the usual shift of complexes).

(3) D(B) is a compactly generated triangulated category generated by the sin-
gle object B.

DEFINITION 2.1.14. Cy4y(B) denotes the category of dg B-modules where the
morphism space Home, (p)(M, N) between dg B-modules M, N is the complex
Homp(M, N) with [Homg(M, N)|" = Homg(M, N[n]) (here Homg(M, N) denotes
the group of morphisms of graded B-modules, homogeneous of degree zero) and
differential defined, for each f € Hompg(M, N),

d(f) =dno f— (-1 fody.

Observe that, if X is a dg B-module, then Hompg(X, X) is a dg algebra called
the dg-endomorphism ring of X.

DEFINITION 2.1.15. A dg B-module is acyclic if it has zero homology.

REMARK 2.1.16. Let Z°Cy,(B) and H°(C4y(B)) the categories having exactly the
same objects as C(B) and morphisms, for each f: M — N in C4y(B), respectively
Z%(f) and H°(f). Then the following equalities hold:

7Z°Cyy(B) = C(B) and H(C4y(B)) = H(B).

DEFINITION 2.1.17. H,(B) indicates the category of the H-projective modules,
that is a full subcategory of H(B) consisting of the dg modules M such that
Homypy(M,N) = 0 for each acyclic module N. Dually we define the category
Hi(A) of the H-injective modules as the full subcategory of H(B) of all modules [
such that Homyp) (N, I) = 0 for each I € H;(B) and for each acyclic module N.

PropPOSITION 2.1.18. [Ke2, Theorem 3.1] Let us denote by inc, and inc; re-
spectively the inclusion of H,(B) and H;(B) in H(B), then there are two pairs of
adjoint functors

H(B) & H(B)  and  Hi(B) S H(B)

incy inc;
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such that p oinc, = Idy,(p) and i o inc; = Idy, ). Moreover there are two triangle
equivalences

H,(B) - H(B) — D(B)  and  H;(B) - H(B) — D(B).

REMARK 2.1.19. For each M in H(B), pM and iM will indicate the H-projective
and H-injective resolution of M. Proposition 2.1.18 tells us that for each M in D(B)
projective and injective resolutions always exist and we have the quasi-isomorphisms:

pM ~ M ~iM.
DEFINITION 2.1.20. Let A and B two dg algebras over k and
F:C(A) — C(B)

an additive functor. Then F' induces a functor on the homotopy category which we
still denote by F'. It also induces a functor between Cyy(A) — Cyy(B). With abuse
of notations we denote by F' the functor induced at the level of homotopic categories.
We recall the definition of the total right derived functor of F, RF : D(A) — D(B)
as RF(X) = F(iX) and of the total left derived functor of F', LF : D(A) — D(B)
as LF(X) = F(pX), for every X in D(A4).

NOTATIONS 2.1.21. (1) Let M be an A-B° bimodule, then the total right
derived functor of Homa(M, —) is denoted by RHom (M, —) and it is de-
fined by:

RHom (M, N) = Homa(M,iN) = Homa(pM, N).
(2) the following equalities hold, for each M,N in D(A):
H"(RHomu(M,N)) = H"(Homa(M,iN)) =
= H(Hom(M,iN|n])) = Homyya)(M,iN[n]) = Homp(a) (M, N[n]).
(3) Let T be a left B dg-modules with dg-endomorphism ring A. The total left

L
derived functor of T @p — is denoted by T' ®@p — and, for every N in D(B)
L
T®N=T®®pN in D(A).
B B=

DEFINITION 2.1.22. (see [Kel, Sec 2.6]) Let A be a dg algebra. A dg A-module
X is called perfect if it is H-projective and compact in D(A). The full subcategory
of H(A) consisting of perfect dg A-modules is denoted by per A; it coincides with
the subcategory tria A of H(A).

By Ravenel-Neeman’s result, an object of D(A) is compact if and only if it is
quasi-isomorphic to a perfect dg B-module.

If A is an ordinary algebra, then the perfect complexes are the bounded com-
plexes with finitely generated projective terms, that is HZ(A).

Let us recall that if we take a compact object @) in the derived category D(A) of
a dg algebra A, then the triangulated subcategory Tria () is a smashing subcategory
by Proposition 1.3.11. We want to recall a fundamental result proved by Keller (in
the more general setting of dg-categories in [Ke2, Theorem 4.3]) that establishes
a triangle equivalence between Tria () and the derived category of a suitable dg
algebra.
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THEOREM 2.1.23. [Kel, Theorem 3.3] Let A be a dg algebra and Q be a self-
compact and H-projective object in D(A). Set B := RHoma(Q,Q), then there is a
triangle equivalence

F :D(B) — Tria Q
with H"(B) ~ Homp4)(Q, Q[n]).

PROOF. Let us set Y := Tria (). Then ) is a triangulated category. Consider
the functor

Fi:Y—C(B): M~ Homa(Q,M).
Set F' for the composition of F; with the quotient functor C(B) — D(B). We want

to prove that F' is an equivalence. First of all we can see that F' commutes with
coproducts, indeed, for every set of objects (M) ec; of Y we have:

Homa(Q, [T M;) = [] Homa(Q, M;)

since ) is compact in ) and H-projective in H(A). Moreover F'(Q)) = B and
Hompp)(F(Q), F(Q[n])) = Hompp)(B, Bln]) = H"(B) =

= H"F(Q) = Homp(4)(Q, Q[n]) = Homy(Q, Q[n]).
Then F' commutes with coproducts, sends a generator of ) in a generator of D(B)
and it is fully faithful on the compact objects of J). Thanks to [Ke2, Lemma 4.2],
we can conclude that F'is an equivalence. [l

REMARK 2.1.24. Let us note that, if @) is perfect in D(A) then it is in particular
H-projective, then RHom4(Q, Q) = Homa(Q, Q).

2. Recollements from compact objects

Now we have all the necessary notions to explain some results on the construction
of recollements of derived categories of dg algebras arising from compact objects.
Our approach follows the exposition in [J] which generalizes to dg algebras the
situation considered in [DG] for derived categories of rings.

Let B be a dg algebra and let () be a perfect left dg B-module. Consider the
dg-endomorphism ring D of @, that is D = Homp(Q, Q); then @ becomes a B-D dg-
bimodule and, by Theorem 2.1.23, Tria @) ~ D(D). Let P = Q* = RHomp(Q, B),
then P is a D-B dg-bimodule.

REMARK 2.2.1. Let @ be a perfect left dg B-module with dg-endomorphism ring
D and P = Q* = RHomp(Q, B). Then P is a perfect right dg B-module and the
following hold

(1) ([DG, Sec 2.5] or [J, Sec 2.1]) The functors

H = RHomp(Q, —), G = P % —.D(B) - D(D).

are isomorphic.
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(2) The functor Homp(—, B) induces an equivalence
Homp(—, B): per B — per B°?

with inverse Hompor(—, B). Thus, P* = RHomg(P, B) is isomorphic to
Q). Moreover, it follows that the functor Homg(—, B): C(B) — C(B°P)
induces a quasi-isomorphism between the dg algebras Homp(Q, Q) and
Hompor (P, P). So we can identify Hompgos (P, P) with D.

REMARK 2.2.2. By Proposition 1.3.11, given a compact object @ in D(B), Tria @
is a smashing subcategory of D(B) and so (Tria Q, Q+, Q1) is a TTF triple. Hence
there is the recollement:

Ly ix
Ry izLzix

Thank’s to Keller theorem and to some observations on derived functors we
can rewrite the above recollement in a different way. The following result appears
in different forms in papers by Dwyer and Greenless [DG, Sec. 2], Miyachi [Mi,
Proposition 2.7] and Jgrgensen [J, Proposition 3.2]. We restate it and give an
alternative proof following the arguments used by Yang in the proof of [Y, Theorem
1].

PROPOSITION 2.2.3. Let B be a dg algebra and let () be a perfect left dg B-module.
Let D = Homp(Q,Q) and P = RHompg(Q, B). Then the following diagram is a
recollement:

. Q ®—

i* D
e D(D)

3! RHomp (P,—)

L
Proor. We first show that the functor j; = QQ ® — is fully faithful.
D

L
By construction we have that () ® — induces an equivalence between tria D —
D

tria Q. In other words the pair (D, pQ@p) is a standard lift (see [Ke2, Sec.7]).
The functor j, commutes with set index coproducts, its restriction to tria D is fully
faithful and jj(D) = @ is a compact object. Thus by [Ke2, Lemma 4.2 b] we
conclude that j is fully faithful, since D is a generator of D(D).

L
So the functor RHomp(Q, —) = (P ® —) has a fully faithful left adjoint and a
D

right adjoint RHomp (P, —). By [Mi, Proposition 2.7], the functor RHomp (P, —) is
fully faithful, so the right part of the diagram in the statement can be completed to
a recollement with left term the kernel of the functor RHomp(Q), —), which coincides
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with the category pQ*, since Q is a compact object. Moreover we have that this
recollement is equivalent to the one in Remark 2.2.2 so Q@+ = Y and i* = Ly and
.|

1 = Ry. O

COROLLARY 2.2.4. In the same notations as in Proposition 2.2.3 the following
hold:

(1) Q4 = Ker(P & -);

L
(2) The functor P ® — induces an equivalence
B

D(B)/Ker(P

TR

—) = D(D);

(3) (Tria Q, Q@+, Im RHomp (P, —)) is the same TTF triple in D(B) shown in
Remark 2.2.2.

ProOOF. (1) It follows by well known results about recollements [BBD, Propo-
sition 1.4.5]). Let M € Q*, that is Homp(5)(Q, M[n]) = 0 for all integer n. Now,

L :
P ® M ~ RHompg(Q, M) and H*(RHomp(Q, M)) = Hompp)(Q, M[i]) = 0 for all
B
L
integer ¢, that is P ® M ~ 0 in D(D).
B

L ,
On the other side, if P ® M ~ RHomp(Q, M) ~ 0, then H'(RHompg(Q, M)) =
B

Homp ) (Q, M[i]) = 0 for all integer i, i.e. M € Q™.
(2) and (3) As recalled in Proposition 1.2.17, if

i* Jt
LS EFT
'D/ . D o 'D//
v \_/

it Jx

gives D as a recollement of D’and D", then the data (5,(D"),i.(D), j.(D")) is a
TTF triple on D .
Thus to conclude the proof of (2) and (3) it remains to show that Tria @ is the

L
essential image of the functor j; = Q ® —. This follows from the facts that the fully
D

L
faithful functor ) ® — is a triangle functor which commutes with coproducts and
D
sends the generator D of the category D(D) to the object @) of D(B), hence its image
L
is Tria (). Then, from 1.2.11, we have that the Verdier quotient D(B)/Ker(P ® —)
B

is equivalent to Tria @, that is triangle equivalent, by 2.1.23, to D(D). We conclude
that the recollements in Remark 2.2.2 and in Proposition 2.2.3 are equivalent then
the T'TF triples associated are the same. O

REMARK 2.2.5. From the proof of Theorem 1.3.15 we have that the central class
YV is generated by the self-compact and H-projective object Ly(B). Let us write
simply L for Ly, then, if we set £ := RHomp(L(B), L(B)), by Keller’s Theorem
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there is a derived equivalence D(E) ~ ); moreover, from [J, Theorem 1.6], there is
an adjoint pair of functors:

RHompg(L(B),—)
whose restriction to ) gives the equivalence D(E) ~ Y

Keeping the same notation for the restriction and the corestriction to ) of the
adjoint pair and composing with the functors in the recollement of Proposition 2.2.3,
we deduce the following corollary.

COROLLARY 2.2.6. In the same setting as in Corollary 2.2.4 and Remark 2.2.5

there is a recollement

L
RHom g (L(B),—)oL @8-

iyo(L(B)®r—) D(B) RHom g (Q,—) =P 5 —

\—/\/

RHomp (L(B),—)oR RHomp (P,—)

D(E) D(D)

3. Homological epimorphisms

Let B be a dg algebra and D(B) its derived category. From the previous section
we know that, given a compact object in D(B) we have a TTF triple (X,), Z)
where the central class Y is equivalent to the derived category of a dg algebra. In
this section we prove that if B is a k-flat dg algebra every TTF triple gives rise
to a homological epimorphism F : B — C for a suitable dg algebra C'. The main
theorem of this section can be viewed as a generalization of [J, Theorem 3.3] (in the
case of k-flat dg algebras), since it characterizes the left term of the recollement as
the derived category of a dg algebra obtained by a homological epimorphism.
We recall the notions of homological epimorphisms of rings and dg algebras.

DEFINITION 2.3.1. A morphism f : R — S between two rings is called a ring
eptmorphism if, for every morphisms g,h : S — T of rings such that ¢gf = hf,
one has g = h. Equivalently ([GL, Theorem 4.4]), f is a ring epimorphism if and
only if the multiplication map S ®z S — S is an isomorphism of S right, S left
bimodules.

DEFINITION 2.3.2. Two ring epimorphisms f : R — S and g : R — S’ are
said to be equivalent if there exists an isomorphism of rings h : S — S’ such that

hf=g.

DEFINITION 2.3.3. [GL, Section 4] Let f : R — S be a ring epimorphism, then
f is said to be homological if one of the following equivalent conditions holds:

1) S®r S =S in D(R):
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L
2) for all S°?-modules N and all S-modules M, the canonical map N ®p M —

N ég M is an isomorphism;

3) for all S-modules M, M’ the canonical map RHomg(sM,s M') — RHomg(rgM,r M')
is an isomorphism;

4) the induced functor f, : D(S) — D(R) is a full embedding of derived
categories.

DEFINITION 2.3.4. Two homological epimorphisms of rings f : R — S and
g : R — 5" are said to be equivalent if they are equivalent as ring epimorphisms.

The concept of homological epimorphism of rings can be “naturally” generalized
to the setting of dg algebras ([P]) and to the more general setting of dg categories
([NS]). Here we give the definition of homological epimorphism of dg algebras and
its characterization at the level of derived categories.

THEOREM 2.3.5. [P, Theorem 3.9] Let C' and D be dg k-algebras and F : C' —
D a morphism of dg algebras. Then the following are equivalent:

L
1) there is an isomorphism pD ®c D — pDp given by the canonical map;

L

2) for all dg D-C module M, the canonical map pD ®c M — pM is an iso-
morphism;

3) for all dg right D-modules N and all left dg D-modules M , the canonical map

N¢ éc cM — N (%)D M is an isomorphism;

4) for all dg D-C'" modules M, the canonical map pM — RHomec(cDp,cM)
18 an isomorphism;

5) for all dg D-modules M, M', the canonical map RHomp(pM,pM') —
RHome(cM,cM') is an isomorphism;

6) the induced functor F* : D(D) — D(C) is a full embedding of derived

categories.
PROOF. 1) = 2)
L L L L L L
pM =pD ®@p M ~ (pD ®c Dp) ®p M ~p D ®c (Dp @p M) ~ pD @c M
2) = 3)
L L L L L L
ND®DM2N®D(DD®CM) ~ (N@DDO>®CM2N0®CM
3)=1)
L L
Dc®0DED®DDEDDD
L
1) = 4) Let us note that there is an adjoint pair (pD ®¢ —, RHomp(D, —)):

L
pD®c—

RN

D(D) RHomp(D,—) D(C)

Then: .
DM ~ RHOHID(DDD,C M) ~ RHOHID(DD KR DDaD M) ~
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~ RHOIHC'(CDD, RHOHID(DDc, DM)) ~ RHOmc(CDD, CM>
L
4) = 5) Let us note that there is an adjoint pair (¢D ®p —, RHome(cD, —)):

L
cD®p—

N

D(O) RHom¢ (C,—) D(D)

Then:
RHomp(pM, pM') ~ RHomp(pM,RHomc(cDp, cM')) ~

L
~ RHOInc(CD (2905) M, CM,) ~ RHOch(CMD,C M/)

L
5) = 6) the assertion in 5) is a reformulation of the fact that F, = D ®p — is a
full embedding.

6) = 4) If F, is fully faithful, then, for each D-C' module M:
RHOmc<CDD, CM) ~ RHomD(F*(CDD), F*<DM)) ~
~ RHomD(DDD, DM) ~ DM'

L
5) = 1) Recall that (¢D ®p —, RHome (¢ D, —)) is an adjoint pair, hence we
have, for each C-D module M:

RHOIHD<DD, DM) >~ RHOIIlc(CD, CM) >~

L
RHOmc<CD,RHOII1D(CDD, DM)) ~ RHOIHD<DD Qc CDD,D M)

L
So, for each D-module M, RHomp(D, M) ~ RHomp(D ®c D, M) then pDp ~
L
D®D. O

DEFINITION 2.3.6. A morphism of dg algebras F' : C' — D is a said to be a
homological epimorphism if it satisfies one of the equivalent conditions of Theorem
2.3.5.

DEFINITION 2.3.7. Two homological epimorphisms of dg k-algebras F' : C' — D

and G : C — D’ are said to be equivalent if there exists an isomorphism of dg
k-algebras H : D — D' such that HF = G.

REMARK 2.3.8. From the definition it is clear that a homological epimorphism
of rings is exactly a homological epimorphism of dg algebras over Z concentrated in
degree 0.

In [NS, Theorem 5| it is proved that for a flat small dg-category B there are
bijections between equivalence classes of recollements of D(B), TTF triples on D(B)
and equivalence classes of homological epimorphisms of dg-categories F': B — C.

Moreover, in [NS, Lemma 5] it is observed that every derived category of a small
dg-category is triangle equivalent to the derived category of a small flat dg-category.
To achieve this last result ones uses the construction of a model structure on the
category of all small dg-categories defined by Tabuada (see [T].)
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We now state [NS, Theorem 4] for the case of a flat dg k-algebra and we give a
proof, since in this case the construction of the homological epimorphism becomes
more explicit and it will also be used later on in Theorem 3.1.13.

PROPOSITION 2.3.9. Let B be a dg algebra flat as k-module and (X,Y,Z) be a
TTF triple in D(B). Then there is a dg algebra C and a homological epimorphism
F: B — C such that Y is the essential image of the restriction of scalars functor
F.:D(C) — D(B).

PROOF. Since (X,), Z) is a TTF triple in D(B) there exists a triangle
(6) X—B2Y —X[l], withXecXand Y ).

where @p is the unit morphism of the adjunction. Without loss of generality, we
may assume that Y is an H-injective left dg B-module and that ¢p is a morphism
in C(B).

Let £ = RHomp(Y,Y) = Homp(Y,Y), then gYg is a dg B-E-bimodule. Apply-
ing the functor RHompg(—,Y") to the triangle (6) we obtain a triangle in the derived
category D(E°P):

RHomp(X[1],Y) — RHomp(Y,Y) = RHomp(B,Y) — RHomp(X,Y).

where f = RHompg(¢p,Y) = ¢.. Since X € X, Y € Y and Y is H-injective, we
have, for each i,n € Z:

H"RHomp(X[i],Y) = Homp(p) (X[i],Y[n]) =0

Therefore we deduce that § is a quasi-isomorphism, so we have

(7) E = RHomp(Y,Y) £ RHomp(B, Y)Y in D(E®).

Let £:'Y — Y’ be a quasi isomorphism of dg B-FE-bimodules such that Y’
is an H-injective resolution of Y as a dg B-FE-bimodule. Since B is assumed to
be k-flat, we have that the restriction functor from dg B-FE-bimodules to dg E-
modules preserves H-injectivity. In fact, its left adjoint B ®; — preserves acyclic-
ity. Then, Y} is an H-injective right dg E-module. Consider the dg algebra
C = Hompge (sYs, 5Yr) = RHomper (5Y], 5YZ) and a morphism of dg algebras
defined by:

F:B—C

b—s F(b): y*I¥

where | - | denotes the degree.
Since Y}, is H-injective we have quasi-isomorphisms:

C = RHomger (Y}, 5Y}) 5 RHompe (5Ye, 5Y%) 25 RHompge (E, 5Y}) 2 Y.

We regard C' as a dg B-B-bimodule with the action induced by F', so F' is also
a morphism of dg B-B-bimodules and the morphism 3, o &: C — Y’ is a quasi-
isomorphism of left dg B-modules; moreover, £ o pg = 5, 0 &, o F'. Now define the
morphism ¢ := £ Yo B, 0&,: C — Y in D(B). Then ¢ is a quasi isomorphism of left
dg B-modules such that € o F' = ¢ and we get an isomorphism of triangles:



30 2. RECOLLEMENTS OF DERIVED CATEGORIES OF DG ALGEBRAS

B—L~¢C X[1].

X
X

B2ty X[

Consider the restriction of scalars functor F, : D(C) — D(B). Fi is a triangu-
lated functor admitting a right adjoint, hence it commutes with small coproducts.
Moreover, F,(C) = gC = Y' =Y € ), hence F,(Tria C) = F.(D(C)) is a sub-
category of ), closed under coproducts and containing the generator gY. Now we
notice that, F' being a morphism of dg B-B-bimodules, one has a triangle of B-B
bimodules:

(8) X —B-5 00— X1
Consider the adjunction:
L
C @—
B
—
D(C) = D(B)

and let M € X and N in D(C), then

L
HOIHD(C)(O% M, N) = HOHID(B)(M, F*(N)) =0

L
since F*(N) € Y. Then C ® M = 0 for each M € X. Hence, applying the functor
B

L
C ® — to the triangle (8), we obtain
B

L L
C®B=CxC,
B B

which shows that F' is a homological epimorphism of dg algebras. In particular,
Im F, is a triangulated subcategory of ), hence Im F, = ), by the principle of
infinite dévissage. 0

THEOREM 2.3.10. [NS, 5.4.4] Let B be a k-flat dg algebra then there exists a
bijection between.:

(1) Smashing subcategories X of D(B).

(2) TTF triples (X,Y, Z) on D(B).

(3) Equivalence classes of recollements of D(B).

(4) Equivalence classes of homological epimorphisms of dg algebras of the form
F:B—C.

PRrROOF. The bijection between recollements, TTF triples and smashing subcat-
egories in D(B) is given by Theorem 1.2.17 and Proposition 1.3.12. Moreover, given
a homological epimorphism F' : B — C, we have that F.(D(C)) is a localizing and a



3. HOMOLOGICAL EPIMORPHISMS 31

colocalizing subcategory of D(B) closed under products and coproducts. Then it is
the central class of a TTF triple. On the other hand, given a recollement of D(B):

i*

Y—DB)—=X
N~ ~

.|
i

we have that M := i*(B) is a self-compact generator of ) and, by Proposition 2.3.9,
since pp(B) = i.*(B) ~ i*(B), there exists a dg algebra C' and a homological
epimorphism F': B — C, such that J ~ D(C).

O

REMARK 2.3.11. Is it possible to prove the same result as in the above theorem
without assuming that B is flat over k7 In the particular case in which B is a ring

the answer might be yes, as proved in the following proposition by Angeleri, Konig,
Liu.

ProrosiTION 2.3.12. [AKL, Proposition 1.7] Let B be a ring. Then there is a
bijection between the equivalence classes of homological epimorphisms starting in R
and the equivalence classes of recollements such that i*(B) is a self-orthogonal object

of Y.
Proor. If F': B — (' is a homological epimorphism of rings then we have the
recollement:
i*=C®—
B
D(C) ——~ D(B) X
RHomp (C,—)

Moreover i*(B) ~ C that is exceptional in D(C).
Conversely, let us take the recollement

such that Y :=i*(B) is self-orthogonal in ). Thus, by Keller’s Theorem 2.1.23, we
have ) ~ D(F), where E := RHomp(Y,Y) has homology concentrated in degree
zero and H°(E) = Hompp) (Y, Y).

Consider a triangle

(9) X —B2Y — X[1], with X € *).
where ¢p is the unit of the adjunction morphism and set C' = Hompp)(Y,Y). Let

us define a ring homomorphism A\: B — C by A(b) = L(b), where b denotes the
right multiplication by b on B. We have gC' = Hompp)(Y,Y) = Hompp)(B,Y) =
H°(Y) =Y. So we have a quasi-isomorphism
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e: gC — gY and from the definition one sees that € o A = ppg. Thus we have an

isomorphism of triangles:
X B-—2-(C X[1].
X B2y X1

Now we can continue arguing as in the last part of the proof of Proposition 2.3.9
to conclude that X is a homological epimorphism and that ) is the essential image
of \,.

O
Combining the previous results we can state the main theorem of this section.

THEOREM 2.3.13. Let B be a k-flat dg algebra and let Q) be a perfect left dg B-
module. Let D = Homp(Q, Q) and P = RHompg(Q, B). Then there is a homological
epimorphism of dg algebras F: B — C' and a recollement:

L L
*=CR— Q ®—
B D
L T e
i'=RHomp (C,—) RHomp (P,—)

Moreover, the following hold:
L
(1) The triple (Tria @, Y, Z) with Y = Ker (P®—) and Z = Im (RHomp(P, —))
B
is a TTF triple in D(B);
(2) the essential image of Fy is Y;
(3) the functor RHomp (P, —) is fully faithful;
L
(4) D(D) is triangle equivalent to D(B)/Ker (P ® —).
B
In particular, if B € tria Q, then ) vanishes and the functor RHomp (P, —) induces

L
an equivalence between D(D) and D(B) with inverse P & —.
B
PRrROOF. (1) See Corollary 2.2.4.
(2) See the last part of the proof of Proposition 2.3.10.
(3) and (4) follow by definition of recollement. O

4. Partial tilting complexes

In this section we specialize the situation illustrated by Theorem 2.3.13 to the
case of self-orthogonal compact objects.

Our next result, Theorem 2.4.6, can be viewed as a generalization of the Morita-
type theorem proved by Rickard in [R] in the sense that we consider partial tilting
complexes instead of tilting complexes and dg algebras instead of algebras.
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REMARK 2.4.1. Note that some generalizations were obtained also by Konig
in [K] in the case of right bounded derived categories of rings. One of the tools
used by Konig is the following: for bounded derived category, there is the following
characterization of perfect objects (|R, Proof of Proposition 8.1]): let A be a ring and
D~ (A) its right bounded derived category. Then X in D~(A) is a perfect object
if and only if, for each Y in D~ (A), there exists a natural number N such that
Homp-(4)(X,Y[n]) = 0 for each n > N. Unfortunately, in the case of unbounded
derived category this criterion is no more valid.

By Remark 2.2.1 we have that if g@ is a partial tilting left dg B-module, then
P = RHomp(Q, B) is a partial tilting right dg B-module and P* = RHompges (P, B)
is isomorphic to Q). Moreover, D = RHomp(5Q,5 @) = RHompes (Pg, Pp).

Let us recall the important result proved by Rickard and then by Keller and try
to "generalize” it using the considerations above.

THEOREM 2.4.2. [Ke6] Let k be a commutative ring, A and B be k-algebras
which are flat as modules over k. The following are equivalent:
(1) There is a k-linear triangle equivalence F': D(A) — D(B).
(2) There a complex of A — B modules X such that the functor

X G4 — : D(A) = D(B)

1 an equivalence.
(3) There is a complex T' of B-modules such that the following conditions hold:
i) T is perfect.
ii) T' generates D(B) as a triangulated category closed under small co-
products.
iii) 1" is self-orthogonal and Homp ) (T,T) = A.

The hypotheses of flatness is essential to prove that the complex g7 is isomorphic
in D(B) to a complex of A°?-B bimodule. In fact the action of A is global on the
complex, not on the terms. Thus we need the flatness condition.

REMARK 2.4.3. Rickard’s Theorem states that if B is a flat k-algebra over a
commutative ring k and Ppg is a tilting complex of right B-modules with endomor-
phism ring A, then there is a complex 4Xp, with terms that are A-B bimodules,

L
isomorphic to Pg in D(B), and such that X ® —: D(B) — D(A) is an equiva-
B

lence with inverse the functor RHom (X, —). Equivalences of this form are called
standard equivalences (see [Kel, Sec. 1.4]). It is still an open problem to decide
if all triangle equivalences between derived categories of rings (or dg algebras) are
isomorphic to standard equivalence (see [Ke4, Sec.6.1]).

In the same assumptions as in Rickard’s Theorem, but without any flatness
condition on B, our next Theorem 2.4.6 provides an equivalence between D(B) and
D(A). An analysis of the way in which this equivalence is constructed, shows that

L L

it is induced by the composite derived functor A ® (p_ P ® —) where D_ = 7<¢(D)
D_ B =

and P is viewed as a dg D_-B-bimodule. Let us note that, without the flatness
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assumption (or, in particular, without assuming that k is a field, as in Yang’s paper,
see [Y]), we cannot conclude that there is an A-B dg-bimodule 4Xp such that

L L L L
A® (p. P®—)= 2Xp®—. In fact, in general, the notation A ® p_Pp may not be
D_ B B D_

regarded as an A-B dg-bimodule, because to have it we would need an H-projective
resolution of A (or of P) as A-B bimodule that is also an H-projective resolution
just as B-module. But without flatness condition this H-projective resolution may
not exist.

DEFINITION 2.4.4. Let B be a dg algebra. A right (left) dg B-module P is called
partial tilting if it is perfect and self-orthogonal. A right (left) dg B-module P is
called tilting if it is partial tilting and B € tria P (B € tria P).

NOTATIONS 2.4.5. Let P be a partial tilting right dg B module. Let D =
RHomper (Pp, Pg) and A = Homp(ger)(P, P). Then, H"(D) = Hompgery(P, P[n|) =
0, for every 0 # n € Z, hence the dg algebra D has homology concentrated in de-
gree zero and H°(D) = A. Thus, by [Ke4, Sec. 8.4 there is a triangle equivalence
p: D(D) — D(A). For later purposes we give explicitly the functors defining this
equivalence and its inverse.

Stalk algebras

Let 7« be the truncation functor and consider the subalgebra D_ = 7<o(D).
Then the inclusion f: D_ — D and 7: D_ — H°(D) = A are quasi-isomorphisms
of dg algebras, inducing equivalences f, and m, between the corresponding derived
categories. Thus we have the following diagrams:

RHOIHD_ (D,—) RHOIHD_ (A,—)

L L
Sop=(A® —)o f. (with its inverse p~! = (D ® —) om,) is an equivalence
D_ D_
between D(D) and D(A).
L L
Note that f, 2 p D® —and 1, Z p A® —
D A
THEOREM 2.4.6. Let B be a dg algebra and let P be a partial tilting right dg

B-module. Let A = Hompgery(P, P), @ = RHompes (P, B). Then there exists a dg
algebra E and a recollement:

@ /\
D(E) s D(B) : D(A)
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where, letting D = RHompges (P, P) there is a triangle equivalence p: D(D) — D(A)
such that:

(1) ji= Q& —)op™;

(3) j. = RHomp(P,—) o p~t is fully faithful;

(4) if Y = Ker (j*) and Z = Im j., then (Tria Q,Y, Z) is a TTF triple in
D(B) and Y is the essential image of F.;

(5) D(A) is triangle equivalent to D(B)/Ker (j*).

(6) Moreover, if B is k-flat there exists a homological epimorphism of dg alge-
bras F': B — C such that the above recollement becomes:

L
i*:C%_ Jt
D(C) r D(B) - D(A)
i'=RHompg(C,—) Jx

(7) In particular, if P is a tilting right dg B-module, then ) vanishes and
L
po (P% —): D(B) — D(A)

is a triangle equivalence with inverse RHomp (P, —) o p~1.

PrOOF. By Remark 2.2.1 we can identify P with RHompg(Q, B) and RHom ges (P, P)
with RHomp(Q, Q).
By Stalk algebras 2.4.5 there is an equivalence p: D(D) — D(A) given by p =

L L
(A ® —)o f., with inverse p~! = (D ® —) om,. Hence, if we compose the functor
D_ D-
L
in the right side of the recollement ( 2.3.13 we get the functors j; = (Q ® —) o p~ 1,
D

L
j*=po(P®—) and j, = RHomp(P,—) o p~! (that is fully faithful since it is the
B

composition of two fully faithful functors). So points (1), (2), (3) are proved. Now,
an application of Corollary 2.2.6 proves points (4) while point (5) derives from the
properties of recollements. Finally, if B is k-flat we use Theorem 2.3.13 to prove
point (6).

Finally, if P is tilting, then ) vanishes. In fact, assume that there exists M € D(B),

L
such that M € Y. Then, since B € triaP, B®p M =0, thatis M = 0in D(B). O

5. Tilting and partial tilting modules

In this section we concentrate on the connection between recollements and tilt-
ing (or partial tilting) modules. Indeed, using the results of the previous sections
we characterize recollements induced by partial n-tilting modules. Moreover we
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recall results in [AKL]| that show the correspondence between tilting objects and
recollements.

We recall the definition of (partial) tilting modules over a ring R by using the
canonical embedding of the category of R-modules into the derived category D(R)
and we restate the various definitions using the terminology of derived categories
theory.

DEFINITION 2.5.1. Let R be a ring and 7" an R-module. Consider the following
conditions on 7" viewed as an object of D(R) under the canonical embedding:

(T1) T is isomorphic to a bounded complex with projective terms;

(T1’) T is a compact object of D(R);

(T2) T is orthogonal to coproducts of copies of T', that is Hompg) (T, T [n]) = 0
for every 0 # n € Z and every set a.

(T2") T is self-orthogonal, that is Hompg) (T, T'[n]) = 0 for every 0 # n € Z.

(T3) R e Tria T.

(T3") R € tria T.

If the projective dimension of T is at most n, then T is called a classical n-tilting
module if it satisfies (T1%), (T2’) and (T3’), and a classical partial n-tilting module
if it satisfies (T1’) and (T2’). T is called an n-tilting module (possibly infinitely
generated), if it satisfies (T1), (T2) and (T3) and it is called a good n-tilting module
if it satisfies (T1), (T2) and (T3’).

In [H] and [CPS] it was shown that a classical n-tilting module over an artin
algebra A with endomorphism algebra B induces a triangle equivalence between
D(A) and D(B).

The following theorem shows the construction of a recollement in the derived
category of the ring A, starting from an infinitely generated 1-tilting module on A.

REMARK 2.5.2. Let T be a 1-tilting module over a ring A. Then there is a short
exact sequence: 0 = A — Ty — T7 — 0 with Ty, Ty € Add T. Tt is well known,
by results in [BH], that to every 1-tilting module 47" in A-Mod is associated a
class C of finitely presented modules of projective dimension one (in particular C
consists of perfect objects) such that Ct = GenT. Then in [AA] it is proved that
Ct = GenT = KerExt!, (T}, —). So Tria C is a smashing subcategory of D(A) and
C*+ = KerExt!, (T1, —).

THEOREM 2.5.3. [AKL, Theorem 4.8] Let A be a ring and T a 1-tilting A-
module. Then there is a class C of finitely presented modules of projective dimension
one and a module Ty € Add (T) such that, there is a recollement:

where Y = KerExt!(T1, —) and X = Tria C.
PROOF. See Remark 2.5.2 and Proposition 1.2.17. OJ
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Infinitely generated tilting modules do not provide equivalences between derived
categories of rings, but Bazzoni proved in [B] that, if 7" is a good 1-tilting module

L
over a ring A with endomorphism ring B, then the total left derived functor T'® —
B

L
induces an equivalence between D(B)/Ker(T @ —) and D(A). This result has been
B

generalized in [BMT] to the case of good n-tilting modules and in [Y] in the more
general setting of dg categories. Let us note that, in [AKL] the recollement is given
in D(A), with T tilting over A. In [BMT] they start with a good n-tilting module
T over A, and they exhibit a TTF triple in D(End4(T)).

THEOREM 2.5.4. [BMT] Let 4T be a good n-tilting module and B := End(4T).
Then the following hold:

(1) The counit of the adjunction morphism

L

(TB & —) ¢} RHOHIA(AT, —) — IdD(A)

is invertible. .
(2) Let us set Y := Ker(Tp ® —). Then there is a triangle equivalence
D(B)/Y — D(A).
L
PROOF. (1) We prove that Tg ® RHomy (47, M) ~ 4 M for all M € D(A).
Let iM a H-injective resolution of M in D(A), then:
L
TB X RHOHIA(AT, M) = TB Xp HOHIA(AT,ZM).

Now, by [Mi, Lemma 1.8], for each integer n there is a natural isomorphism:
Tp ®@p Homy (4T, (iM)™) ~ (iM)™. Hence Tg ®@p Homy (4T, iM) ~ iM.
(2) By point (1) and [GZ, Proposition 1.3].
O

COROLLARY 2.5.5. Let 4T be a good n-tilting module and B := End(,T). Let
L
us set Y = Ker(Tp ® —). Then there is a recollement of the form.:

D(B)/Y ~D(A)

PROOF. We have that Y is the central class of a TTF triple (), ), Y1), where
1Y ~ D(B)/Y, then, by Proposition 1.2.17, we can conclude. O

We will prove now the same result as in the previous theorem, but with weaker
hypotheses, namely without asking that it is a good n-tilting A-module, but only
that it satisfies conditions (T2’) and (T3’). In our approach, indeed, we can fix a
ring B and obtain recollements of D(B) for every choice of classical partial tilting
modules.
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Moreover we want to point out that the disadvantage of starting with an infinitely
generated n-tilting module 47T over a ring A, is that a good n-tilting module 7"
equivalent to 47 is obtained as a summand of a possibly infinite direct sum of
copies of T and this procedure produces a very large endomorphism ring B of T".
So the recollement induced by 7" concerns the derived category of a ring which
is hardly under control. More precisely an instance of Theorem 2.4.6 yields the
following generalization of Theorem 2.5.4.

THEOREM 2.5.6. Let B be a ring and let Ty be a classical partial n-tilting module
with endomorphism ring A. There is a dg algebra E and a recollement

i* J
‘/L(Bé—\ *=T
D(E) 2 D(B) — 12" . P(A)
RHom g (L(B),—) j«=RHom 4 (T,—)

where:
(1) j. = RHomyu (T, —) is fully faithful;
(2) D(A) is triangle equivalent to D(B)/Ker (T é -).
B

Moreover, if B s k-flat, there is a homological epimorphism of dg algebras F: B —
C' and the recollement above becomes

L
*=CR— .

B Wi
/—\ m
D(C) i D(B) ST D(A)
i!:RHomB (C,—) Jx»=RHom 4 (T,—)

PROOF. Let P be a projective resolution of the module 7" in Mod-B. Then P is
a partial tilting complex of D(B) so that we may apply Theorem 2.4.6 which states
that there is a triangle equivalence p: D(D) — D(A) where D = RHompo» (P, P).
As shown in Stalk algebras 2.4.5 we have:

L
p=(A8 —)ofu

where f,: D(D) — D(A) is the restriction of scalar functors induced by the quasi-
isomorphism of dg algebras f: D_ — D
To conclude the proof we must show that

PIL ’\’T]L
() po(PO-)=TE&—,

(b) RHomp(P,—)op ' = RHomyu (T, —).
We first prove (a).

Let 0: P — T be a morphism of complexes inducing a quasi-isomorphsm in
D(B). From the dg algebra morphisms f: D_ — D and 7: D_ — A we have that P
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and T are left dg D_-modules. Checking the action of the dg algebra D_ on P and
T we see that o is a morphism of dg D_-modules. Thus, ¢ is a quasi isomorphism
between P and T as dg D_-B-bimodules.

L L
This implies that the functors P ® — and T'® — from D(B) to D(D_) are
B B

isomorphic (see [Ke2, Lemma 6.1 b]). Consequently, , in the notations of Stalk
algebras 2.4.5, we have:

J=po(PE-)=(A§ —)of.o(PE-)= (A4S —)o(p. P&-)=

L
Since (A ® —) o m, is isomorphic to the identity of D(A), we conclude that j* =4
D_

TS -.
BNext, from the uniqueness of right adjoint up to isomorphisms, we also get
RHomp(P, —) o p;* = RHom (T, —).
O
NOTE 2.5.7. In the assumption of Theorem 2.5.6 if we let Q = RHomper (P, B),

L
then, by Remark 2.2.1 (1) we have RHompg(Q, —) = P ® —, hence also
B

L L
f* ORHOHIB(Q,—) = f* o (P% _) = AT% -

We translate now the recollement of Theorem 2.5.6 in terms of its associated
TTF triple.

COROLLARY 2.5.8. Let B be a ring and let Tg be a classical partial n-tilting
module with endomorphism ring A. Let Q = RHompg(T, B). The triple:

L
(X, ),2) = (Tria Q, Q* =Ker(T ® —), Im RHom (T, —))
B
is a TTF triple in D(B) and the left adjoint of the inclusion functor of Z in D(B)
L
is given by Lz = HG where H = RHom (T, —) and G =T ® —.
B

Proor. Follows by Corollary 2.2.4, Theorem 2.5.6 and the properties of recolle-
ments.

0

Let us conclude this section with the result by Angeleri, Konig and Liu on
the possibility to construct tilting objects, starting from recollements of derived
categories. These results cover and generalize the concept of Bongartz complement
([Bo]).

Recall that an object T in D(B) is called tilting if it is perfect, self-orthogonal
and B € Tria T
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REMARK 2.5.9. A tilting object concentrated in degree zero is a finitely generated
tilting module over a ring B.

THEOREM 2.5.10. [AKL, Theorem 2.4] Let D be a triangulated category with
small coproducts, admitting a TTF triple (X,), Z) and so a recollement of the form:

Ly iy
S /Zy\ - /R_X\ N
Ry tzLzix

Suppose, moreover, that there exists a self-orthogonal generator (QQ of X and a tilting
object P in Y such that Homp(P,Q[n]) = 0 for every integer n # 0,1. Set I :=
Homp(P, Q[1]). Consider the map f : PY — Q[1] and let

Q—T—PD L

be the triangle determined by f in D. Then T & P is a self-orthogonal generator of
D.

REMARK 2.5.11. The condition Homp(P, @[n]) = 0, for every integer n # 0, 1,
is a generalization of the projective dimension one of a tilting module.



CHAPTER 3

Recollements of derived categories of rings

In this chapter we are interested in characterizing the case in which the subcat-
egory )V := Q+ in the TTF triple of Lemma 2.5.8 is the derived category of a ring.
The problem is related to the notion of bireflective and perpendicular categories.
In particular we will prove that, if ) ~ D(S) for a ring S via a homological ring
epimorphism, then S is the “generalized universal localization” of B at P, where P
is the projective resolution of T'z.

1. Bireflective subcategories and ring epimorphisms

In this section we will recall the notion and the characterization of bireflective
subcategories and the well known bijection existing between equivalence classes of
ring epimorphisms and bireflective subcategories of module categories.

DEFINITION 3.1.1. Let £ be a full subcategory of R-Mod. A morphism f :
M — E, with E in &, is called an &-reflection if for every map g : M — E’, with
E’" in &, there is a unique map h : E — E’ such that hf = g. A subcategory £
of R-Mod is said to be refiective if every R-module X admits an £-reflection. The
definition of coreflective subcategory is given dually. A subcategory that is both
reflective and coreflective is called bireflective.

REMARK 3.1.2. It is clear that a full subcategory &£ of R-Mod is reflective if and
only if the inclusion functor ¢ : £ — R-Mod admits a left adjoint

l

£ ' . R-Mod

Moreover, in this case, [(R) is a generator of £ (i.e. every object M in £ can be seen
as the image of a homomorphism I(R)Y) — M). Indeed, for every Y € &:

Homg (I(R),Y) = Homg(R,i(Y)) = 0

if and only if Y = 0. Dually, a subcategory X is coreflecting if and only if the
inclusion functor 57 : X — R-Mod admits a right adjoint:

X ! R-Mod

N 7

r

ProprosSITION 3.1.3. (|GL] and [GP]) Let € be a full subcategory of B-Mod.
The following assertions are equivalent:
1) € is a bireflective subcategory of B-Mod;

41
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2) there is a ring epimorphism f : B — S such that & is the essential image of
the restriction of scalars functor f, : S-Mod — B-Mod.

3) € is closed under isomorphic images, direct sums, direct products, kernels and
cokernels.

In particular there is a bijection between the bireflective subcategory of B-Mod
and the equivalence classes of ring epimorphisms starting from B. Moreover the
map f: B — S as in 2) is an E-reflection.

PROOF. 1) = 2) Set [ : B-Mod — & the left adjoint of the inclusion functor
of £ in B-Mod. Then Homg(B, M) = Homp(l(B), M) = Homg(I(B), M) for every
M € £. Thus I(B) is a progenerator of £, that is a finitely generated projective
module in £ and every object N € £ can be seen as the image of an homomorphism
f:U(B)Y — N for some set I. Set S := Endp(I(B)). Then there is an equivalence

between £ and S-Mod:
I(B)Y®p—

g “1omslBl Mod

Let us regard B as Endg(B) and denote by b the multiplication by the element
b € B. We want to prove that the ring homomorphism

f:B — S :bw I(b)is a ring epimorphism. In particular we have to prove
that the restriction of scalars functor is fully faithful f. = [(B) ®g —, that is:
Homg(M, N) = Hompg(f.(M), f«(N)) for every M, N € S-Mod. We have:

Hompg({(B)®s M,l(B)®s N) = Homg(M,Homp(I(B),l(B) ®s N)) = Homg(M, N)
where we have used that (I(B) ®s —, Hompg(I{(B), —)) is an equivalence.

2) = 3) Since f, is fully faithful, f.(S-Mod) is an abelian subcategory of B-Mod.
3) = 1) See [GP].
0

THEOREM 3.1.4. [Sc| Let X be a set of morphisms between finitely generated
projective left B-modules. Then there are a ring By, and a morphism of rings f :
B — By, such that:

(1) f is ¥ inverting, that is if g : M — N is in 3, then
g®pldp, : By ®p M — By, @ N

15 an isomorphism of left By.-modules.

(2) f is universal with respect to this property, that is if S is a ring such that
there exists a Y-inverting morphism ¢ : B — S, then there exists a unique
morphism of rings ¢ : By, — S such that ¥ f = ¢.

REMARK 3.1.5. The ring By is called universal localization of B at ¥ and the
morphism f is a ring epimorphism. If ¥ is a set of maps between finitely generated
projective B-modules, let us set C the set of these objects. Then By will also be
denoted by B¢ and we call it the universal localization of B with respect to C. If
£ is a class of finitely presented B-module of projective dimension one, then, for

every M in £, we have a projective resolution 0 — Fy,, y Py — M — 0 with
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Poyr and Ppy, finitely generated projective modules. Then we can regard & as the
class of maps dj; between the projective modules Py, Pis, with M in £, and thus
it makes sense to consider the universal localization Bg.

NOTATIONS 3.1.6. Let C be a class of left B-modules. We denote with C* the
subcategory of B-Mod

Ct = {M € B-Mod | Homp(C, M) = Ext%(C, M) =0, ¥V C € C}.

PROPOSITION 3.1.7. [AA, Proposition 1.7] Let C be a set of finitely presented
left B-modules of projective dimension at most 1. Then C* coincides with the es-
sential image of the restriction functor Be-Mod — B-Mod induced by the universal
localization at C. In particular C* is bireflective.

COROLLARY 3.1.8. If the subcategory € of Lemma 3.1.3 is the perpendicular
subcategory of a class C of finitely presented B-modules of projective dimension
one, then &€ coincides with the essential image of the restriction functor Be-Mod —

B-Mod .

Let us recall the following result that connects recollements of triangulated cat-
egories with universal localization.

ProprosITION 3.1.9. ([CX, Proposition 3.5]) With the same notations as in
Corollary 3.1.8, let us denote by f : B — B¢ the ring epimorphism defining the
universal localization and set

Y={MecD|H"(M)eC, VnelZ}

Then there is a recollement:

D(B) Tria C

\_/\/

such that Ly is the left adjoint of the inclusion functor iy. Moreover the following
are equivalent:

(1) f: B — Bc is homological.

(2) f determines an equivalence f. : D(Bc) — V.

(3) L(B) =~ B¢ in D(B).

(4) L(B) is quasi-isomorphic in D(B) to a complex with terms in E.

REMARK 3.1.10. Under the same hypotheses as in Proposition 3.1.9, the recolle-
ment 3.1.9 of D(B) is equivalent to:

L
Be®p—

D(Be) ! D(B) Tria C

\_/\/

RHomp(Bc,—)
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Let us take now a classical partial n-tilting module T and set A := Endg (7).
How can we use these results on bireflective subcategories and homological epimor-
phisms to study the recollement induced by Tz? Associated to Ts we can define the
following full subcategory of B-Mod (consider the canonical embedding of B-Mod
in D(B)):

L
E={NeB-Mod|NeY}={NecB-Mod|T®N =0}
B

Then, £ = {N € B-Mod | Tor?(T, N) =0 for all i > 0}.

REMARK 3.1.11. Note that £ is closed under extensions, direct sums and direct
products (since T is a perfect object in D(B)). So & is bireflective if and only if
it is closed under kernel and/or cokernels. Moreover, if n = 1, then £ is always
bireflective. Indeed, for every morphism f : M — N in &, if we apply the functor
(T ®p —) to the short exact sequences

0—Kerf - M —=Imf —0
0 —Imf — N — Cokerf — 0
we have that Kerf and Cokerf are in £.
In the case of n = 1, if 4T is a good 1-tilting module, we have the following

L

important result proved in [CX] that characterizes Ker(Ts ® g —) in terms of £ and
prove that the left term of the recollement induced by T'g is the derived category of
a ring.

ProposITION 3.1.12. [CX, Proposition 4.6, Theorem 1.1] Let 4T be a good
1-tilting module over a ring A, with endomorphism ring B. Then:

L
YV=Ker(Tg®p—)={Y'€eD(B)|Y' =Y suchthat Y"€E VneZ}

Moreover there is a ring S := Endg(L(B), L(B)) and a homological ring epimor-
phism

F:S—B
that gives the recollement

L

F=5SQ— .
B Jt

/—*\ -*_Té B
D(S) - D(B) —————=D(4)
ilzRHomB(S,f) j*:RHomA(va)

Moreover S s the universal localization of B at the projective resolution P of Tg.

We partially generalize these results to a classical partial n-tilting module 75
(with n possibly grater than one). When n > 1 the problem is that £ may not
be bireflective (indeed for the non vanishing of Tor? (T, —) the techniques used in
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Remark 3.1.11 are now not sufficient). In the last section we will present some
examples of this situation.

THEOREM 3.1.13. Let B be a ring and let Ty be a classical partial n-tilting
L
module with endomorphism ring A. Let Y = Ker(T ® —), L the left adjoint of the
B
inclusion i: Y — D(B) and £ the subcategory of B-Mod defined above.
Then the following conditions are equivalent:
(1) H(L(B)) =0 for every 0 #1i € Z.
(2) there is a ring S and a homological ring epimorphism A: B — S inducing
a recollement:

L
*F=S®— .

B n
/)\\ ‘/'*—T—é—\
D(S) - D(B) — L —~ D(A)
i’:RHomB (S,,) j+»=RHom 4 (T,*)

(3) Every N € )Y is quasi-isomorphic to a complex with terms in € and £ is a
bireflective subcategory of B-Mod.

(4) Every N € Y is quasi-isomorphic to a complex with terms in € and the
homologies of N belong to £.

PROOF. Note that the equivalence between (1) and (2) was somehow known to
topologists, as shown for instance in [D].
(1) = (2) Let Y = L(B). First note that, by adjunction, we have Homp g (Y, Y[i]) =
Hompp)(B,Y[i]) = H'(Y). Thus, by [Ke4, Theorem 8.7], condition (1) implies that
the dg algebra E = RHompg(Y,Y") has homology concentrated in degree zero and
HO(E) = HOIHD(B)(}/, Y)

Consider a triangle

(10) X —B2Y — X[1], with X et .

where ¢p is the unit of the adjunction morphism and set S = Homp(p)(Y,Y). As
in [AKL, Proposition 1.7], define a ring homomorphism A: B — S by A(b) = L(b),
where b denotes the right multiplication by b on B. We have 55 = Hompp) (Y,Y) =
Hompp)(B,Y) = H°(Y) = Y. So we have a quasi-isomorphism ¢: 5pS —p5 Y and
from the definition one sees that ¢ o A = pp. Thus we have an isomorphism of

triangles:
X B8 X[1].
X B2y X[1]

Now we can continue arguing as in the last part of the proof of Proposition 2.3.9
to conclude that X is a homological epimorphism and that ) is the essential image
of . So condition (2) follows.
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L
(2) = (3) Y = Ker(T®—) is the essential image of the functor A., hence the
B

image of S-Mod under A, is the category £. Every object in ) is quasi-isomorphic to
a complex with S-modules terms, hence in £. Moreover, since A is an epimorphism
of rings, the differentials are S-module morphisms. Hence, Lemma 3.1.3 tells us that
& is bireflective.

(3) = (4) Clear from the fact that £ is closed under kernel and cokernels.

(4) = (1) We first show that condition (4) implies that £ is bireflective. Indeed,

let Ey EN E; be a morphism in €. Then, the complex ' = ...0 — FEjy EN E —
L
0— ... has (T® )-acyclic terms so T® E = T®E’ = 0. By (4) the kernel and the

cokernel of f belong to €. Thus € is blreﬂectlve by Remark 3.1.11. By Lemma 3.1.3
there is a ring S and a ring epimorphism A\: R — S such that £ = \,(S-Mod) where
A1 S-Mod — B-Mod is the restriction functor.

We show now that L(B) = \.(S5).

To this aim we follows the arguments used in [CX, Proposition 3.6]. Let Y; be

a complex in Y with terms in € and quasi-isomorphic to L(B). Let B > Y; be the
unit adjunction morphism associated to the adjoint pair (L,7). Since S viewed as a
left B-module belongs to Y we have that Homy(Yp, S) = Hompp) (B, S), so there
is a unique morphism f: Yy — S such that A = f o .

We have Homyp(S,Yy) = H°(Hompg(S,Yy)) and, since A\: B — S is a ring
epimorphism, Homp(S,Y;) = Homg(S,Y)), and the terms of Yy are S-modules.
Thus, Homyp(S,Yy) = H°(Yy) = Homyp(B,Y;). Now, every morphism in
Homp(p) (S, YO) is the image under the canonical quotient functor of a morphism in
HomH(B)(S, Y1), hence going through the construction of the above isomorphisms,
we conclude that there is ¢ € Homp(p) (S, Yp) such that g o A = ¢. Consequently,
gofop=ywand A\ = fogo A Since X is an E-reflection of B and ¢ is the unit
morphism of the adjunction, we conclude that f o g = idg and go f = idy,. So
S =Y, = L(B), hence (1) follows.

OJ

REMARK 3.1.14. Note that if condition (2) of Proposition 3.1.13 holds, then
there is a homological ring epimorphism A: B — S even without the assumption of

flatness on B. The key point is the existence of a quasi-isomorphism between the
ring S and L(B) (compare with Remark 2.3.11).

We add another property related to the situation considered above.

PROPOSITION 3.1.15. In the notations of Theorem 3.1.13 consider the following
condition:

(a) a complex of D(B) belongs to Y if and only if all its homologies belong to
E.

(b) & is bireflective.

(¢) There is a ring R and a ring epimorphism u: B — R such that pR € £ and
YV is contained in the essential image of the restriction functor u.: D(R) —
D(B).
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Then (a) implies (b) and (a) together with (c) is equivalent to any one of the
conditions in Theorem 3.1.13.

In particular, if AT is a good n-tilting module with endomorphism ring B, then
(a) is equivalent to any one of the conditions in Theorem 3.1.13 .

PROOF. Assume that condition (a) holds. Arguing as in the first part of the
proof of (4) = (1) in Theorem 3.1.13, we see that £ is bireflective.

Condition (¢) imply u.(R-Mod) C &, hence every complex in Y is quasi-isomorphic
to a complex with terms in €. Thus, assuming both (a) and (c), we have that con-
dition (4) in Theorem 3.1.13 is satisfied.

Conversely, if condition (2) of Theorem 3.1.13 is satisfied, then by [AKL, Lemma
4.6] (a) holds; moreover, (c) is satisfied by choosing the ring epimorphism A: B — S.

To prove the last statement it is enough to show that, if 47" is a good n-tilting
module then condition (¢) holds. This follows as in the proof of [CX, Proposition
4.6], which is stated for the case of 1-good tilting module, but the argument used

there works also in case of higher projective dimension.
O

2. Generalized universal localization

As recalled in the previous section, Chen and Xi in [CX] consider the case of a
good 1-tilting module 4T with endomorphism ring B. In particular Tz becomes a

L
classical partial 1-tilting module over B. They show that Ker(Tp®p —) is equivalent
to the derived category of the universal localization of B at the projective resolution
P of T (see Theorem 3.1.12).

If S is a universal localization for a morphism P; EN Py between finitely generated
projective right modules, then the morphism f ®pg S is an isomorphism, hence the
complex

...%0—>P1®Sf®3SPO®S%O—>...
B B

is acyclic.

Inspired by the above interpretation of universal localization, there is a natural
way to generalize this notion as follows. We define the concept, which was first
introduced by Krause under the name “homological localization”. This notion was
given in connection with the Chain map lifting problem, presented by Neeman and
Ranicki in [NR].

DEFINITION 3.2.1. (See [Kr, Section 15]) Let B be a ring and X be a set of
perfect complexes P € H(B). A ring S is a generalized universal localization of B
at the set X if:

(1) there is a ring homomorphism A: B — S such that P ® S is acyclic;
B

(2) for every ring homomorphism p: B — R such that P ® R is acyclic, there
B

exists a unique ring homomorphism v: S — R such that v o A = p.

LEMMA 3.2.2. If \: B — S is a “generalized universal localization” of B at a
set 3 of perfect objects P of D(B), then X is a ring epimorphism.
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PROOF. Let 0: S — R be a ring homomorphism. Then, for every P € ¥ we
have:

PRR=(P®S)®R.
B B S

Now P ® S is split acyclic (that is null-homotopic, see [W, pag. 17]) and since its
B
terms are finitely generated projective right S-modules, the complex (P ® S)® R is
B 'S

still split acyclic. By the universal property satisfied by S we conclude that ¢ is the
only possible ring homomorphism extending 1 = § o . U

Now we can relate the result stated in Theorem 3.1.13 with the notion of “gen-
eralized universal localization”.

PROPOSITION 3.2.3. Let B be a ring and let T be a classical partial n-tilting
module with endomorphism ring A. Let P be a projective resolution of T in D(B).

If condition (2) in Theorem 3.1.13 is satisfied, then A\: B — S is a “generalized
universal localization” of B at the set {P}.

L L
PROOF. As usual let ) = Ker(T'® —). By assumptions \.(S) € Y, thus T® S =
B B

0, so P®S is acyclic. Moreover, Y N B-Mod = €& is bireflective and, by [GL,
B

Proposition 3.8], we have that \.(S) = [(B), where [: B-Mod — & is the left adjoin
of the inclusion of i: &€ — B-Mod. Let u: B — S’ be a ring homomorphism such

L
that PS5’ is acyclic, then also T'® S" = 0, hence S’ € £. Thus, Homg(I(B),S") =
B B

Hompg(B,S’), hence there is a unique morphism p: I[(B) — S of right B-modules
such that p ong = p, where ng: B — [(B) is the unit morphism of the adjunction.
Using the fact that S = Endg(l(B)) and the naturality of the maps induced by the
adjunction (I, j), it is not hard to see that p induces a unique ring homomorphism
v: S — S such that vo A\ = p. O

REMARK 3.2.4. Note that the converse of the above statement does not hold in
general. In fact, as shown in [AKL, Example 5.4] even in the case of a classical
1-tilting module over an algebra, the universal localization does not give rise to a
homological epimorphism.

We now illustrate another property of the “generalized universal localization” .

PROPOSITION 3.2.5. Let P be a perfect complex in D(B). Assume that \: B — S
is a “generalized universal localization” of B at {P}. Let Ep = {N € B-Mod |
P ® N is acyclic }. Then, the following hold:

B

(1) A(S-Mod) C Ep.
(2) A(S-Mod) = Ep if and only if Ep is a bireflective subcategory of B-Mod.

PROOF. (1) Let pM € A\ (S-Mod). We have
PRIM>P®(S@M)~(P®S) oM
B B S B s
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and (P®S) is a complex in D(S) whose terms are finitely generated projective right
B
S-modules and by assumption it is acyclic. Thus, P ® M is acyclic too, so M € Ep.
B

(2) By Lemma 3.2.2, X is a ring epimorphism, hence, if \,(S-Mod) = Ep, then
Ep is bireflective, by Lemma 3.1.3.

Conversely, assume that Ep is bireflective. By Lemma 3.1.3, there is a ring R
and a ring epimorphism p: B — R such that u,(R-Mod) = £p. In particular,
t«(R) € Ep, hence P ® R is an acyclic complex. Thus, by the universal property

B

satisfied by S, there is a unique ring homomorphism v: S — R such that vo A = pu.
By Lemma 3.1.3, u: B — R is an Ep-reflection of B and S € Ep by part (1). We
infer that there is a unique morphism p: R — S such that popu = A. By the
unicity of the rings homomorphisms v and p it follows that they are inverse to each
other. U

Let A be a ring and 4T be a good n-tilting module with n > 2 and denote by
B its endomorphism ring. Then Xi and Chen give the following characterization of

L
the fact that ) := Ker(T ®p —) is equivalent to the derived category of a ring.

THEOREM 3.2.6. [CX2, Theorem 1.1] Let A be a ring and AT be a good n-tilting
module with n > 2 and denote by B its endomorphism ring. Set

E:={Y eD(B) | Ta?(T,Y)=0 foral i>0}
and
M:=0—M,—..>M > M 5>T—0
the projective resolution of AT. Then the following are equivalent:
L
(1) there exists a ring S such that Y = Ker(Tp ®p —) ~ D(S).
& s bireflective.

(2)
(3) H™(Homa(M,A)®4Tg) =0 for allm > 2.
(4) Let us regard 4T as Homa(A,T) and set, fori=0,1:

@i : Homy(M;, A) ® 4 Homy (A, T) — Homy(M;, A) : f @t~ to f.
Consider the map
1 : Coker(py) — Coker(¢1)
induced by o : My — My. Then the kernel K of ¢ satisfies
Extl., (T, K) = 0
fori1>0.
In particular, if n = 2 then (1) holds if an only if Ext}(T, A) @4 T = 0.

COROLLARY 3.2.7. [CX2, Corollary 1.2] With the hypotheses of the previous
theorem, the following statement are true:

(1) if AT decomposes into M @ N such that the projective dimension of s M is
at most 1 and the first syzyqgy of aN is finitely generated, then the category
Y is equivalent to the derived category of a ring.
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(2) If A is commutative and Homy(Ti11,T;) = 0 for all T; as in (T3") with
1<i1<n-—1, then Y is equivalent to the derived category of a ring if and
only if the projective dimension of AT is at most 1, that is AT is a 1-tilting
module.

3. Examples

Using the notations of the previous section, we give some examples of different
behavior of n-partial tilting modules with respect to the class €. In what follows k
will indicate an algebraically closed field.

ExaMPLE 1. We exhibit a class of examples of classical partial tilting modules
T of projective dimension two over an artin algebra B such that there exists a “gen-
eralized universal localization” S of B at the projective resolution of Tz and the
class ) is triangle equivalent to D(S).

Consider a representation-finite type algebra A := kQ/I of an acyclic connected
quiver () (with n > 1 vertices) with a unique sink j and the category of its finite
dimensional right modules mod-A. Let Ty = 771(S(5))® (€ P(i)) be an APR tilting

i#]

module over A (see [APR]). Then pdT) = 1 and its projective resolution is given
by
0— S(j) — (EPPG)®E — Tx — 0
i#]
where
0— S(j) — E—7'(S@)) —0
is an almost split exact sequence with E a projective A-module. Let S(j)? :=

Homy(S(7), k) and consider B := S(];')d R) the one point coextension of A by

the non injective simple S(j)a (see [ASS]). In particular B ~ kQ'/J where Q' is
exactly @ with the adjoint of a sink * and of an arrow j — *. Let I(x) and S(x)
be respectively the indecomposable injective B-module and the simple B-module

at the vertex x, then I(x) = ‘i and letting P(*) = I(x)? = Homy(I(*), k) be the
indecomposable projective at the vertex * ( regarded as right module on B°), then

P(x) = j .
Every A-module can be regarded as a B-module via the natural embedding
¢ : mod-A — mod-B.

ProOPOSITION 3.3.1. The following hold:
(1) Tg has projective dimension 2.
(2) Tp is self-orthogonal.
(3) Ex = {M € A-Mod | Tor(T, M) =0, Vi > 0} =0 and
Ep ={M € B-Mod | Tor?(T, M) =0 Vi > 0} = Add I(*)* = Add P(»)
where for every module M, Add M denotes the class of all direct summands
of arbitrary direct sums of copies of M.
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PROOF. (1) We have that S(j) regarded as B-module is non projective and
its projective cover is given by
I(x) — S(j) — 0.
Hence a projective resolution of T is
0 — S(x) — I(x) — (P PG) @ E— 7 (S()) @ (P Pi) — 0
i#j i#]
(2) To prove the self-orthogonality of Tz we can observe that mod-A is equiva-

lent to the class mod-B () KerHomp(—, I(x*)), then, in particular, it is closed
under extensions in mod-B. Then it is clear that

Extp(Tg, Tg) ~ Exty (Th, Ty) = 0.
Moreover
Ext}(Tp, Tp) = Extp(S(j)s, Tp) = Exty(S(5), Ta) = 0.
(3) €A = 0 because T} is a tilting module. Now, ind-B\ind-A = {I(x),S(x)}
and [(x) = i . We want to compute the class

Es = {M € B-Mod such that Tor?(T, M) = 0 for each i > 0}
= {M € Mod-B® such that Extl,, (M, T?) = 0 for each i > 0}

where T¢ := Hom,,(Tg, k). We can regard B-Mod as Mod-B® and B is
the one point extension of A% by the simple S(j)¢ = S(j). Let P(*) be
the indecomposable projective at the vertex * (the dual of I(x), regarded
as right module on B°), then we claim that £ = Add (P(x)). Note that,

as in the previous case, ind-B°\ind-A? = {P(x), S(x)} and P(x) = *

From the fact that £4 = 0 and that every A-module can be regarded as a
B-module, only Add {P(x),S(*)} could be contained in Ep.

We prove that S(x) ¢ KerExty(—, T). Since S(j) is the first cosyzygy
of the injective resolution of T = 7 1( ()¢ @ (@ I(i)), we show that

S(*) ¢ KerExty(—, S(5)). Indeed there is the non spht short exact sequence
0— S(j) — ;k — S(x) — 0.

Hence S(x) ¢ Ep. To show that P(x) € &g we only have to check that
Homper (P(*), T2) = 0, since P(x) is projective. It is true from the fact
that topP(x) = S(*) does not belongs to any composition series of T4.
Then £ = Add (P(x)).

0

Set now A := Endg(Tg) = Ends(Ty), then A = Enda(4T) because Ty is tilting

(hence balanced) over A. So AT is 1-tilting but Enda(aT) # B. Let € = Ep.



52 3. RECOLLEMENTS OF DERIVED CATEGORIES OF RINGS
LEMMA 3.3.2. For each projective left B-module P the unit morphism of the
adjunction (T'®p —, Hom (4T, —))
Mp: P — Homu(T,T ®p P)
is surjective and Ker7jp € € = Add (P(x)).
PROOF. Let us note that we can regard
Mg : B — Homyu (4T, Tp ®p B) ~ A

as the projection 7 : B — A ~ B/Be,B, hence it is surjective and the kernel is
the annihilator of Tz as right B-module, that is Ker7p is the projective B-module
P(x). Now, since &£ is closed under direct summand, we can prove the statement
just for free modules. Let a be a cardinal, then the map

Tpw : B — Hom(T,T @5 B@) = A@
is exactly 7(® and the kernel of fz) is P(*)(@). O
PROPOSITION 3.3.3. There is a homological ring epimorphism
A B— S
with n = dimy, P(x) and S = End(P(x)®").
PROOF. £ being bireflective, there exists an object M € &£ such that S :=
Endg(M) ~ M as B-modules and £ ~ S-Mod. If n = dimy, P(x), then M = P(x)®"

and S ~ M, (k) and there exists a ring epimorphism A : B — S. We now prove
that A is homological. In view of Theorem 3.1.13 we have just to prove that every

L
object in Y = Ker(T ®p —) is quasi-isomorphic to a complex with terms in £. Set
L
H =RHomy(4Tp, —) and G = 4T ®p —and consider the triangle
B2 HG(B) — Y — B1].
We have
L

HG(B) = RHOHIA(ATB,A TB KB B) = RHOHIA(ATB,A TB) = HOHIA(ATB,A TB) =A
(because T ~ T, that is self-orthogonal in A-Mod, hence Hom4 (4T, —)-acyclic).
Then np = Ny and, considering the long exact sequence of the homologies, we can
conclude that Y is quasi-isomorphic to the stalk complex Kerng[l], that is P(x)[1].
We now follow [CX, Prop. 4.6]. Let M be an object in D(B), then there is the
triangle
(11) M 25 HG(M) — Yar — M[1]

where

L
HG(M) =RHomy(aTp,4Tp ®p M) = Homa(aTp,a Tp@pW)

with W a H-projective resolution of the complex M. Therefore Hom (475,41 T®@W)
has terms of the form Hom 4 (7', T;) with T; € Add (4T'). AT being finitely generated,
we have that the module Hom,(7',7;) is in Add (Ap). Regard the triangle in (11)
as the triangle

(12) W 2% Hom(T,T*) — Yar — W1
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where T is the complex (475 ®p W). Therefore the morphism n,; can be regarded
in C(B) as the family (77');ez with n; : W* — Homu (T, T;). Then for Lemma 3.3.2,
noting that (Kerny,)' = Ker' € £, we can conclude that Yy, ~ Kerny,[1] has terms
in £. Now, for every Y in ), there is the triangle

Y 250 —Y — Y[1]
then Y is exactly Kerny that has terms in £. 0J

Let us show a particular instance of the situation just described. Using the same
notations, set A equal to the path algebra of the quiver ° N . Then B is the path

algebra of the quiver: o = o LN ° with the relation ab = 0. So

1
Ty = 9
and
T = 1 o1
B— 92
Moreover

£ = Add {g} C B-Mod,

S = Ms(k) and we can express B as the matrix
E 0 0
E kO
E k k

Then there exists a homological ring epimorphism A : B — S defined by, for all

a,b,c,d,e, f €k,
a 0 O
N :(z ?C)
d e f

Moreover, since T is classical tilting over A we have that the functor RHom4 (47", —) : D(A) — D(A)
is an equivalence. Let us express A as the triangular matrix

k0
k k
and consider the natural projection of B over A,
E 0 0
|k kE 0] — <Z 2)
k k k

7 is a ring epimorphism and the restriction of scalars functor =, : D(A) — D(B) is
fully faithful. Then the composition 7, o RHomy (47T, —) : D(A) — D(B) is fully
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faithful and we have the following recollement:

L
*=S®— .
B J
/)\\ »*,Télé B
D(S) - D(B) —— D(A)
i!:RHomB(S,—) m«oRHom 4 (T',—)

REMARK 3.3.4. The previous example can be generalized considering a situation
similar to [Mi, Corollary 5.5]. Let us point out the key steps used in the previous
Example 1. Assume that [ is a non-zero projective, idempotent two-sided ideal of
an ordinary k-algebra B. Then the projective dimension of A, viewed as a right
B-module, is one. By [NS, Example in Section 4] the canonical projection 7 :
B — A := B/I is a homological ring epimorphism and Ag is self-orthogonal. Let
now T be a classical n-tilting module over A and view T as a right B-module
via m. Then [ is the annihilator of Tp (and of Ag) and Ty is a classical n + 1-
partial tilting module, since proj.dim(7Ty) < proj.dim(Tg) < proj.dim(Ty) + 1.
Set A := Endy(7h) = Endp(Ts) (where the last equality holds since 7 is a ring

L
epimorphism). The functor 47" ®x —: D(A) — D(A) is a triangle equivalence, since
L
T is a classical n-tilting module. Moreover the functor 47 ®p —: D(B) — D(A)
L L
is given by the composition of functors (47°®x —) o (AA ®p —), so the kernel of

L L L
AT ®p — is exactly the kernel of (\A ®p —). Thus, Ker(47 ®p —) is equivalent to
the derived category of a ring via a homological ring epimorphism if and only so is

L
Ker(,A ®p —). But, Ap is a classical 1-partial tilting module with Endg(A) = A,
L
so the class £ = Ker(,A ®p —) N B-Mod is bireflective. Now, similarly to the
L
proof of Proposition 2, we let G = (\A ®p —) and H = RHomy(yAp,—). Then,

a complex Y € Ker(,A %B —) if and only if Y is quasi isomorphic to HG(Y).
Computing HG(Y') by means of an H-projective resolution of Y in D(B) we obtain
that HG(Y) is a direct summand of complex with terms of the form A for some set
I, viewed as left B-modules, hence in the class £. By Theorem 3.1.13, we conclude

L
that the kernel of the functor 47" ® g — is triangle equivalent to the derived category
of a ring via the homological epimorphism 7.

ExAMPLE 2. Now we give a simple example of a finitely generated partial
tilting module 7" over a finite dimensional algebra B, such that the class & =
'QOKerTorZB (T, —) is not bireflective (in particular there are no homological ring
>

L
epimorphisms B — S such that Ker(T ®p —) ~ D(5)).

Let us take the quiver ° -4 c2>L> ° with relation ab = 0 and the right mod-

ules over its path algebra B. Consider the simple injective right module S;. The
projective dimension of 57 is two and its projective resolution is given by:

0— P, —PFP,—P —5 —0
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It is easy to see that S; is partial tilting over B. A calculation shows that the class

& =Add { ? , g } is not bireflective. In fact there is a morphism

[\]

3

f: —>2

—_

such that the kernel is not in £€.

EXAMPLE 3. Let us consider the quiver

b
VR
0O—o0
1 2

; of projective
dimension 2. Here, as shown in [B2, Example 1], £ = 0 then it is bireflective but,
obviously, the complexes in ) don’t have terms in £.

with relation ab = 0 and consider the partial tilting module

EXAMPLE 4. [CX2, Section 7.1] The following is an example of a good n-tilting

module 47" with B = Enda(47T), such that Ker(Tp % B —) is not triangle equivalent
to the derived category of a ring via a homological ring epimorphism.

Let A be a commutative n-Gorestein ring and consider a minimal injective res-
olution of the regular module 4A of the form:

0—+A— @ EA/) — ...~ @ EA/p) =0

pEPo PEPn

where P; is the set of all prime ideals of A of height i (see [Bas, Theorem 1, Theorem

6.2]). Then, the module
AT = EB GBE(A/I?)

0<i<n pePp;
is an n-tilting module by [GT, Example 5.16] and it is moreover good. Set, for all
0<i<nT:= @pepiE(A/p), then we have Hom4 (7}, T;) = Oforall0 <i < j <n.
Assume that n > 2 and that the injective dimension of A is exactly n; then T
has projective dimension n (see [B2, Proposition 3.5]). Note that T; # 0 for every

L
2 < i < nso T satisfies the hypotheses of [CX2, Corollary 1.2], hence Ker(1Tp®p —)
cannot be realized as the derived category D(S) of a ring S linked to B via a
homological ring epimorphism B — S.

EXAMPLE 5. [CX2, Section 5] An easy application of Corollary 3.2.7 leads to the
construction of a class of good n-tilting modules such that the Kernel of the tensor
functor is equivalent to the derived category of a ring. Let us take T a classical
n-tilting module over a ring A with endomorphism ring B, such that T'= M & N
with M a nonzero A-module of projective dimension at most one. Let J be an
infinite set and take T} := M@ @ N. Then T} is a good n-tilting module and, by

L
Corollary 3.2.7, there exists a ring R such that Ker(T; ® 5 —) ~ D(R).






Appendix A

Recall that, if Tz is an n-partial tilting module, of projective resolution P and
with endomorphisms ring A, then @ := RHompge (P, B%) is a perfect and self-
orthogonal object of D(B) (see Theorem 2.4.6) and moreover, by Proposition 2.5.8,
there is a TTF triple

(X, 9, 2) = (Tria Q, Ker(Tj &5 —), InRHom 4 (4T, —)).

Let us denote by L the left adjoint of the inclusion functor i : Y — D(B). Then,
by Theorem 2.1.23, the central class ) is triangle equivalent to D(E) where E =
RHompg(L(B), L(B)) and H'(E) = H'(L(B)). If Tp is a classical partial 1-tilting
module then £ ~ H°(L(B)), that is L(B) is concentrated in degree zero and it can
be expressed directly as a universal localization as Chen Xi shows in [CX, proof of
Proposition 3.9]. If the projective dimension of Tp is greater than one, in [AKL,
Appendix] is proved that L(B) is a Milnor colimit of a sequence of morphisms in
D(B). In what follows we adapt the results in [AKL] to our case and we present
some computations on the homologies of L(B) in order to understand when it is
quasi-isomorphic to a bounded complex.

DEFINITION 3.3.5. [N2, Definition 1.6.4] Let D be a triangulated category and
let

Mo 2% py L5 a2
be a sequence of morphisms of D such that the coproduct [, . M; exists in D. The
Milnor colimit (or homotopy colimit) of this sequence, denoted by McolimM,,, is
given, up to non-unique isomorphism, by the triangle
[T =3 T] M: = Meolimds, — [T Mi[1]
ieN ieN ieN
where the morphism ¢ has components
M, 2% My < T M
ieN
We specialize the situation of Lemma A.2 in [AKL] to the case of the perfect
self-orthogonal object Q).

PROPOSITION 3.3.6. [AKL, Lemma A.2] Given a partial tilting module Tg, there
exists a sequence of maps in D(B)

(13) BO Z:BgBl g...%BnﬁanJrl—)...
such that:
(1) Homp(p)(Qli], Bn) = 0 for every i # n.
57
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(2) L(B) is isomorphic to the homotopy colimit B, of the sequence (By,)nen

(14) @B, —> ® B, = Bx

neN neN
where (I — o)(bo, ..., bx) — (bg, b1 — oobg, bo — 01b1, ..., —okby).

PrOOF. Thank’s to Lemma A.2 in [AKL] the only thing that remained to prove
in this particular case is that Hompp)(Qli], B,) = 0 for every i # n. Let us prove
it by induction. Let n = 0 and set Iy = Hompp)(Q, B). The sequence (13) is
constructed recursively, starting from the triangle

QU X% BN B — QW]
Apply Homp(p) (Q[i], —) to get the long exact sequence

= HOHID(B)(Q[Z], Q(IO)) — HOHID(B)(Q[Z], B) — HOHI'D(B)(Q[Z], Bl) — HOHI'D(B)(Q[Z], Q(IO)[1]> — ...

Now we have: Hompg)(Q[i], B) = 0 for every i # 0, Homp(z)(Q[i], QU [5]) = 0 for
every i # j and moreover the map Hompg)(Q[i], QU©)) =3 Hompp)(Q[i], B) is an
epimorphism. Then Hompp)(Q, B1) = 0 for every i # 1.

n=n+1

Set I,, := Hompp)(Q[n], B,) and apply the functor Homp)(Q[i], —) to the triangle

Q") — B, B Buy — QUM

Analogously to the zero step of the induction we can conclude that Hompy(Q[i], B,) = 0
for every ¢ # n.

LEMMA 3.3.7. With notation as in the previous proposition, we have:
H'(B) = limH"(B,), for each n € Z.
_>

neN

PRrROOF. For each i € Z there is the following long exact sequence

— ® Hz(Bn) Hfj D Hz(Bn+1) — hmHZ(Bn) — P H’H—l(Bn) — ...
—

neN neN neN
neN

Now, for each fixed i € Z, the map
& H'(B,) =% & H'(B,.1)

neN neN
is a monomorphism since { H'(B,,), H'(0,,)} is a countable direct system, thus, from
the long exact sequence in homology from the triangle (14), we have the following
short exact sequence:
0— @ H(B,) =3 @® H'(Bps1) — H'(Bs) — 0.

neN neN

Therefore:
H'(By) ~ limH*(B,,), for each i € Z.
—

neN
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Let us suppose now that 7', seen as left module over A, is a good n-tilting module.
Then there exists the exact sequence:
0—-1Ty—-T1—..—1,—0

with T; € add 4T In this case the projective resolution of Tz is given by the complex
obtained applying the contravariant functor Homa(—,T) to the sequence above.
Then, indicated with P the projective resolution of Tz, one has: P_; = Homu(7T;, T
for each 0 < i < n. Then, for each 0 < j < n we have @, = RHompge (P, B) =
HOIIlA(AT, TZ) and RHOIHA<AT, A) = Q

NoOTATIONS 3.3.8. Set ko := Homyu (A, T). Regarding T as e left A-module we
have the following short exact sequences:

0 — k —AD T —0;
0 — kg — AHomaldb)) s k) s 0;

Homa(Akm—-1)) — k1 — 0.

0 — k, — Al
When m > n we have that k,, s projective as A-module.
PROPOSITION 3.3.9. There is the following isomorphism of abelian groups:
Hompp)(Q[n], By) =k, forn >0

PROOF. Let us prove it by induction. Since P_; = Homu (T}, T'), then Hompz)(Q, B) = H°(P) =
Set Homyp)(Q[n], Bn) = ky. Let us apply the functor RHomp(Q, —) to the triangle

(15) Q[n]*) 22 B, — B,y — Qn + 1)),
Looking at the long exact sequence of the homologies we obtain
Homys)(Q[n], QIn))*) — ky — Homays)(Q[n], Buy1) — Homas)(Q[n], Qn-+1])*)

We know that Homyp)(Q[n], Bpt1) = 0, hence
(16) 0 —> Homus(QIn], Busi[~1]) — Homiyy (QIn], Q) — k, — 0.
Moreover Homyp)(@, Q) = A, that is (16) becomes

0 — Homyp)(Qn], Buya[—1]) — A®) — &, — 0.
O

L
LEMMA 3.3.10. Denote by G the functor T ®p —. For every n, the map G(«y,)
induced by G(ay,) in homology is surjective.

PROOF. Apply G to the triangle (15) and consider the long exact sequence in

L
homology. Using the isomorphisms of the functors RHompg(Q, —) and G =T ®p —
(see Remark 2.2.1) we have:

(17) 0 — Homsy() (Q[n], Bya[—1]) — Homyyp)(Q[n], Q") [n])
RHOHﬂ)Q’an) HomH(B)(Q[n]a Bn) — HOHIH(B)(Q[”]? BnJrl) — 0.

But we have proved that Hompg)(Q[n], Byt1) = 0 then we can conclude that
RHomp(Qa,) = G(ay,) is surjective. O
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PROPOSITION 3.3.11. we have
G(B,) = ky[n] for each n > 0.

PROOF. For n = 0 it is obvious.

Suppose G(B,,) = ky[n|. Since H is fully faithful, the counit of the adjunction
(G, H) an isomorphism (see Theorem 2.5.6), then G(Q[n]*")) = G(Q[n])*») ~
Aln]®*n). Consider the long exact sequence

(an)

0 — H"G(Bp1)[~1] — H"Aln]®) Y% k1] — HG(Bysr) — 0.

From the previous Lemma we have that G(«,) is surjective, than H "G (B,+1) =0
and H "G(Bp41)[—1] = kpia[n + 1]. O

COROLLARY 3.3.12. From the triangle above we obtain the short exact sequence

0 — kyppq —> An) Ay 0.

We make now some computations in order to try to understand when it may
happen that L(B) has bounded homologies. We suppose that 4T is a good 2-tilting
module. It is possible to consider also the general case n > 2 but in order to simplify
the index notation we show the calculations just in the case n = 2.

REMARK 3.3.13. By construction we have, for each i > —1:

i) B = By,
NOTATIONS 3.3.14. Let 6,6 be the differentials of the complex By, B, re-

spectively. For every n > 2 consider the exact sequence of complezes

(*) 0= 1<y n(B,) = B, — B, — 0.
By Remark 3.3.13 we have 625" = 627" so
_ B..
B = T§2—n(BOO)'
Thus we also have a short exact sequence of complexes:
(@) 0— T<o_n(Bs) = Boo — B, — 0.
In general
a For every n > 2, B, is quasi-isomorphic to the complex
0 — Cokerd>™ — Bi™ — ... - B> -+ B -0

in degrees 3 —n,4—n,...,—1,0,1..
b Let X, =0— B — ... B~ Bl -0
i degrees 4 —mn, ..., —1,0,1.

X, has projective terms so G(X,) 2T ®@p X,.
c H(G(X,)) =0, for every —i <3 —mn (i.e. i >n—3).
d We have a triangle
(b) Cokerd>"[n —4] — X,, — B, —

LEMMA 3.3.15. In the previous notations the following hold true for everyn > 2.
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(1) H (G (_)) oreveryzsén—l
(2) H¥"(G(B,)) =T r2 2(T, Cokers?™).

(3) H*™(G(B,)) = Tor?(T, Coker(52 ") =0

PROOF. (1) We have that 7<5_,, (B ) has terms in degrees < 2—n, so H/(G(7<2_n(Bwx))) =
0 for every 7 > 2—mn; and H’(G(By)) = 0, for every j. From sequence (a) we obtain
the exact sequence

0 — H/(G(B,)) — HY(G(r<a-n(B,))) = 0
so we conclude that H7(G(B,))

Secondly, we show that H~(G(B,,)) = 0 for every i > n.
From the triangle (b) we obtain the exact sequence
(

HY(G(X,)) = H Y(G(B,)) — H " (G(Cokerd> ")[n — 4])

and H~""1(G(Cokerd?™)[n — 4]) = H""3(G(Cokerd> ™)) = 0, for every i > n
since Tor;(T,—) = 0, for every j > 3. Moreover, we already noticed in 3 that
H7(G(X,)) =0 for every i > n — 3.

In conclusion, H*(G(B,)) = 0 for every i > n and i < n — 2, so G(B,,) has
cohomology at most in degree 1 — n.

(2) From triangle (b) we have

H™™(G(X,)) = H™(G(B,)) — H""™"3(G(Cokerd> ")) — H* "(G(X,))
where H'™"(G(X,,)) =0 = H*"(G(X,)) and
~2(G(Cokerd?™™)) = Tory(T, Cokerd>™™).
(3) From triangle (b) we also have
0= H™"(G(X,) —» H*(G(By) » H™ (G(Cokerd2™) — H™(G(X,)) = 0
so H>(G(B,)) & H'(G(Cokerd?>™")) and by part (2) they are zero.

0, for every j > 2 —n.

O

LEMMA 3.3.16. In the previous notations the following hold true.
(1) Tory(T, H3>"(B,,)) = Tory(T, Cokerd>™") = Tory (T, Im 62~™).
(2) Tor((T, H3>"(B,,)) = Tor, (T, Cokerd*™") = 0.

PRroOOF. (1) Note that TorZ (T, Im &%) = 0, for every i < 0, since Im &/, is a sub-
module of a projective module and Tors(7, —) = 0. Thus, from the exact sequences:
0 — H*>™(B,) — Cokers?™ — Im §°°" — 0,

0 — Im 627" — B> — Cokerd> ™" — 0,

we obtain
0 — Tory(T, H* ™(B,,)) = Tory(T, Cokerd> ™) — 0,

0 — Tory(T, Cokerd> ™) = Tory (T, Im 627") — 0.
(2) From the above exact sequences we obtain also
0 — Tory (T, H* ™(B,,)) — Tor; (T, Cokerds>™"),
and Tor; (T, Cokerd?>~") = 0 by Lemma 3.3.16 (2).
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LeEMmMA 3.3.17. If gN € B-Mod, then
TorZ (T, N) = Homg(H*(Q), N).

PrOOF. We have Tor? (T, N) = H-2(G(N)) = H~%(
Homp(Q,N) = Ker(
Homp(d, N) =
Hompg(H?*(Q), N). O
REMARK 3.3.18. If B, has bounded cohomology, let’s say H (B,) = 0 for
every —i < 2 —n, then B, is quasi-isomorphic to —————— = B,.

T<2-n(Boo)
So necessarily Tor’ (T, Cokers?™") = 0 for some n.



Part 2

Equivalences of monoidal categories and
bosonization for dual quasi-bialgebras






CHAPTER 4

Dual quasi-bialgebras and monoidal categories

In this chapter we recall the definitions and results that will be needed later on.

1. Monoidal categories

NOTATIONS 4.1.1. Let k be a field. All vector spaces will be defined over k.
The unadorned tensor product ® will denote the tensor product over k if not stated
otherwise.

DEFINITION 4.1.2. Recall that (see [Ka, Chap. XI]) a monoidal category is a
category M endowed with an object 1 € M (called unit), a functor ® : M x M —
M (called tensor product), and functorial isomorphisms axyz : (X ®Y)® Z —
XR(Y®Z2),lx 10X — X, rx : X®1 — X, forevery X,Y, Z in M. The functorial
morphism a is called the associativity constraint and satisfies the Pentagon Axiom,
that is the equality

(U®avwx)oavvewx © (apyw ® X) = auvwex © Aev,w.x

holds true, for every U, V, W, X in M. The morphisms [ and r are called the unit
constraints and they obey the Triangle Aziom, that is (V @ lw)ocayiw =ry @ W,
for every V. W in M.

The notions of algebra, module over an algebra, coalgebra and comodule over a
coalgebra can be introduced in the general setting of monoidal categories.

DEFINITION 4.1.3. Let (M, ®,1,a,l,r) be a monoidal category. An (associative)
algebra in M is a tern (A, m,u) where A is an object in the category, and

m:ARA—A (multiplication)

u:l—A (unit)

are morphisms in M obeying the associativity and unity axioms:

(A A) 0 AN A0 (A A)) 19A-2 A" Ax1
e
o RN ot
A®A\ /A@A AR A

REMARK 4.1.4. In a dual way is define the concept of coalgebra in a monoidal
category.

65
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DEFINITION 4.1.5. Given an algebra A in M one can define the categories 4 M,
My and 4 My of left, right and two-sided modules over A respectively. Given an
object V € 4 M, the associativity of the left action p of A over V is expressed by
the diagram:

QA AA

A AV Ag (A0 V)
/}n@( \A®p\
ARV ARV

Similarly, given a coalgebra C' in M, one can define the categories of C-comodules
M, MC € MC. For more details, the reader is refereed to [Ka).

REMARK 4.1.6. Let M be a monoidal category. Assume that M is abelian and
both the functors X ® (=) : M — M and (—)® X : M — M are additive and right
exact, for any X € M. Given an algebra A in M, there exists a suitable functor
®4: aMa X gMy — a4 M, and constraints that make the category (4My, ®a4, A)
monoidal, see [AMS1, 1.11]. The tensor product over A in M of a right A-module
(V, %) and a left A-module (W, ;) is defined to be the coequalizer:

(VoA oW el Ve —2Y e W ——0
m %
VeAe W)

Note that, since ® preserves coequalizers, then V ®4 W is also an A-bimodule,
whenever V and W are A-bimodules.

Dually, given a coalgebra (C, A, €) in a monoidal category M, abelian and with addi-

tive and left exact tensor functors, there exist a suitable functor O : “M¢ x CME — CMC
and constraints that make the category (. M¢, O¢, C') monoidal. The cotensor prod-

uct over C' in M of a right C-comodule (V, p},) and a left C-comodule (W, pl;,) is
defined to be the equalizer:

oSV, W Ve,

0—— VW VeoWw Ve ((CeW)
MA %
Vel)eW

Note that, since ® preserves equalizers, then VoW is also a C-bicomodule, when-
ever V and W are C-bicomodules.

DEFINITION 4.1.7. A dual quasi-bialgebra is a datum (H,m,u, A, e, w) where

e (H, A ¢) is a coassociative coalgebra;
em: H®H — H and u : k — H are coalgebra maps called multiplication
and unit respectively; we set 1y = u(ly);
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e w: H® H®H — kis a unital 3-cocycle i.e. it is convolution invertible
and satisfies

(18)
WHQHM)xw(mRHRH) = mgeuw)xw(HIm® H)*mg (w®e)
(19) and wh®k®l) = ec(h)e(k)e(l) whenever 1y € {h,k,};
e m is quasi-associative and unitary i.e. it satisfies
(20) m(H@m)*sw=wsxm(me H),
(21) m(ly ® h) =h, forall h € H,
(22) m(h® lg)=h, forall h € H.

w is called the reassociator of the dual quasi-bialgebra.
A morphism of dual quasi-bialgebras (see e.g. [Schl, Section 2])
a: (Hmou,Ae,w) — (H ,m' v/, A e ')
is a coalgebra homomorphism « : (H,A,e) — (H', A’,€’) such that
m'(a ® a) = am, au =1, Ve®a®a) =w.
It is an isomorphism of quasi-bialgebras if, in addition, it is invertible.
A dual quasi-subbialgebra of a dual quasi-bialgebra (H',m’, v/, A’ ¢',0) is a
quasi-bialgebra (H,m,u, A, e,w) such that H is a vector subspace of H' and the
canonical inclusion o : H — H' yields a morphism of dual quasi-bialgebras.

We shall see examples of dual quasi-bialgebras that are not ordinary bialgebras.
In order to do it let us introduce the following concepts.

DEFINITION 4.1.8. For any coalgebra C' and algebra A we set Reg(C,A) =
U(Homy(C, A)), i.e. the group of units in the monoid (Homy(C, A), *,ue). Here, *
denotes the convolution product which is defined as follows:

(f*9)(c) =D fler)-ag(ca).
A Gauge transformation v on H is an element of Reg(H ® H, k) that is unital.

THEOREM 4.1.9. Let (H,m,u,A, ) be a dual quasi bialgebra and v a Gauge
transformation on H. Let us define the maps m, : (H ® H)® H — H and w, :
(HoH)® H —k as:

my(2) = y(z1)m(z2)y" (2), for all z € H®,

wy = mi(e @) xy(H@m) xw*y ' (me H)*mi(y ' ®e).
Then (H,my,u, A, e,wy) is a dual quasi-bialgebra, that is said to be equivalent to
H.

THEOREM 4.1.10. Let (H,m,u, A, ¢) be a dual quasi-bialgebra. The following
assertions are equivalent.
(1) (H,M,u,A, e,w) is equivalent to a dual quasi bialgebra with trivial reasso-
ciator (that is an ordinary bialgebra).
(2) w=7YH@m)*m(e @7 ) xmp(yRe)*xy(m® H) for some Gauge
transformation v on H.
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REMARK 4.1.11. It can be proved that the situation of Theorem 4.1.10 does
not always occur, i.e. there are non trivial dual quasi-bialgebras (for more details
consider the dual situation in [Ka, XV, Sections 1,2,3]).

Let us introduce now the category of bicomodules for a dual quasi-bialgebras.

Let (H,m,u, A, e,w) be a dual quasi-bialgebra. It is well-known that the cate-
gory MY of right H-comodules becomes a monoidal category as follows. Given a
right H-comodule V', we denote by p = pi, : V = V@ H, p(v) = vy ®vy, its right H-
coaction. The tensor product of two right H-comodules V' and W is a comodule via
diagonal coaction i.e. p (v ® w) = vy ®@wo®vyw;. The unit is k, which is regarded as
a right H-comodule via the trivial coaction i.e. p (k) = k®1g. The associativity and
unit constraints are defined, for all U, V,W € M and v € U,v € V,w € W,k € k,
by

ag’vw((u Rv) @w) = uy ® (vy @ wo)w(u; R v1 @ wy),
lyk®@u):=ku and  ryp(u®k):=uk.
The monoidal category we have just described will be denoted by (IM?, @, k,a”, 1, 7).

Similarly, the monoidal categories (A9, @, k, fa,l,7) and (FMH, @, k, Ta 1 r)
are introduced. We just point out that

Tagyw((u®@v) @w) :==w " (uy ® v_1 @ w_1)up ® (vo ® wp),
HCLHU,V,W«U ®v) ®w) = W_l(u—1 ®v_1 @ w_1)uy @ (v ® wo)w(ug ® vy ® wy).

REMARK 4.1.12. We know that, if (H,m,u, A, e,w) is a dual quasi-bialgebra,
we cannot construct the category 9y, because H is not an algebra in this category.
Moreover H is not an algebra in 9 or in 9. On the other hand ((H, p';, %), m, u)
is an algebra in the monoidal category (FOM @, k,"af 1,r) with pt; = pf, = A.
Thus, the only way to construct the category 9 is to consider the right H-
modules in 9. Hence, we can set

The category 9L is the so-called category of right dual quasi-Hopf H-bicomodules
[BC, Remark 2.3].

REMARK 4.1.13. Let (A,m,u) be an algebra in a given monoidal category
(M,®,1,a,l,7). Then the assignments M —— (M @ A, (M ® m) o asa.) and
f — f ® A define a functor T : M — M. Moreover the forgetful functor
U: My — M is aright adjoint of T'.

2. An adjunction between 79 and “0M

We are going to construct an adjunction between #OME and #9M that will be
crucial afterwards.

REMARK 4.2.1. Consider the functor L : #9 — Z9M defined on objects by
L(*V) := *V° where the upper empty dot denotes the trivial right coaction while
the upper full dot denotes the given left H-coaction of V. The functor L has a
right adjoint R : 97 — H9 defined on objects by R(*M?®) := *MH where
Meotl .= {m e M | mo®@m; = m® 1y} is the space of right H-coinvariant elements



3. THE NOTION OF PREANTIPODE 69

in M. Indeed, since L(V') has the trivial right coaction, each f : L(V) — W € Hon#
can be regarded as a morphism from V to G(W) in 9. On the other side, every
morphism g : V — G(W) € 9 is also right H-colinear with respect to the trivial
coaction, that is g can be regarded as a morphism from L(V) to W in #90.
Moreover, by Remark 4.1.13, the forgetful functor U : #9E — HMHA U (*M?) =
*M* has a right adjoint, namely the functor T': 797 — HORIL T (*M*®) :=*M* @
*H?. Here the upper dots indicate on which tensor factors we have a codiagonal
coaction and the lower dot indicates where the action takes place. Explicitly, the
structure of 7' (*M*) is given as follows:

P§\4®H(m ®@h) : =m_1h; ® (my® hs),
Pusa(Mm®@h) = (me® hi) ® mihy,
then (M®K) @1 = (Mm@ h):=w"(m_1 ®hs ® l1)me ® halow(my @ hs @ I3).

Define the functors F := T'L : #00 — 7M. and G := RU : ¥ — H9N. Explicitly
G (*M?) =M~ and F(*V) :=*V°® *H? so that, for every v € V. h,l € H,
=v_1h1 ® (vg ® hy),

(U & hl) X hg,

(’U & h)l = wil(v,l &® hl X ll)'l)o (024 h2l2.

Pl\/'@H(U ® h)

Pron(v @ h)

Pyen[(v@h) @]

REMARK 4.2.2. By the right-hand version of [Sch4, Lemma 2.1], the functor

F 790 — HOMA is a left adjoint of the functor G, where the counit and the unit
of the adjunction are given respectively by €y : FG(M) — M, ep(x ® h) := xh and

by ny : N = GF(N),ny (n) :=n® ly, for every M € HME N € #9. Moreover
Ny is an isomorphism for any N € 90, In particular the functor F is fully faithful.

3. The notion of preantipode

In what follows we will show that, for a dual quasi-bialgebra H, the functor F' is
an equivalence if and only if there exists a suitable map S : H — H that we called
a preantipode for H. Moreover for any dual quasi-bialgebra with antipode (i.e. a
dual quasi-Hopf algebra) we constructed a specific preantipode, see [AP, Theorem
3.10].

REMARK 4.3.1. It is worth to notice that, by [Sch5, Example 4.5.1], there is a
dual quasi-bialgebra H which is not a dual quasi-Hopf algebra and such that the
category 9, of finite-dimensional left H-comodules is left and right rigid so that,
by the right-handed version of [Sch4, Theorem 3.1], we get that H has a prean-
tipode. Nevertheless, for a finite-dimensional dual quasi-bialgebra, the existence of
an antipode is equivalent to the existence of a preantipode. This follows by dual-
ity in view of [Sch4, Theorem 3.1]. Next result characterizes when the adjunction
(F, @) is an equivalence of categories in term of the existence of a suitable map 7.

PROPOSITION 4.3.2. [AP, Proposition 3.3] Let (H,m,u, A, e,w) be a dual quasi-
bialgebra. The following assertions are equivalent.

(1) The adjunction (F,G) is an equivalence.
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(ii) For each M € HOMIL there exists a k-linear map 7 : M — MH such that:

T(mh) = w ' r(mo)_ 1 ® my ® hlT(mg)o, for allh € H,m € M,

(24) m_1 @ T(mo) = 7(mg)_1my ® T(myg)o, for allm € M,

(26)

T(mo)m; = m V¥Ym € M.

iii) For each M € TOME  there exists a k-linear map 7 : M — M“H such that
(25) holds and

7(mh) = me(h), for allh € Hym e M“H.

REMARK 4.3.3. Let 7: M — M<¥H be a k-linear map such that (25) holds. By
[AP, Remark 3.4], the map 7 fulfills (26) if and only if it fulfills (23) and (24).

DEFINITION 4.3.4. Following [AP, Definition 3.6] we will say that a preantipode
for a dual quasi-bialgebra (H,m,u, A, e,w) is a k-linear map S : H — H such that,

forall h € H,

(27) S(h1)1he ® S(h1)2 = 1g ® S(h),
(28) S(h2)1 @ h1S(he)2 = S(h) ® 1m,
(29) w(h1 ® S(hg) ® hg) = €(h).

REMARK 4.3.5. [AP, Remark 3.7] Let (H,m,u,A,¢,w,S) be a dual quasi-
bialgebra with a preantipode. Then the following equalities hold

(30)

hlsUlg) = ES(h)lH = S(hl)hg for all h € H.

LEMMA 4.3.6. [AP, Lemma 3.8| Let (H,m,u, A, e,w, S) be a dual quasi-bialgebra
with a preantipode. For any M € T and m € M, set

(31)

7(m) = wim_; ® S(m1)1 @ ma]meS(my)s.

Then (31) defines a map T : M — M which fulfills (23), (24) and (25).

THEOREM 4.3.7. [AP, Theorem 3.9] For a dual quasi-bialgebra (H, m,u, A, &, w)
the following are equivalent.

(i) The adjunction (F,G) of Remark 4.2.2 is an equivalence of categories.

(ii) There exists a preantipode.

We include here some new results that will be needed later on.

LEMMA 4.3.8. Let (H,m,u,A,e,w,S) be a dual quasi-bialgebra with a prean-
tipode. Then

(32)

WS (M) ® hy ® S (h3)] = &S (h), for all h € H.

PROOF. Set @ == w(HQH®m) * wim@HQH) * mg (w'®e) and 8 =
mg(e@w)xw(H®m® H). Fix h € H. We have

w

(hl) X hg X S (hg) X h4)

(h)y @ ha @ S (hs) ) ho| @ |S (), by © S (hs) ) @ g ™ [ S () @ s @ 5 (hs)g)|

WIS (h), @ he @ 1] w [s (h)yhs @ S (hs) ) @ hG] ! [5 (h)y ® ha® S (hg,)@)}
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= w [S (h1); ha ® S (h4)(1) ® hs] w™t [S (h1), ® hs® S (h4)(2)}

20

w [1H ®S (h4)(1) ® h5} w ! [5’ (h1) @ h3® S (h4)(2)]
= w[S(h)®hy® S (h3)],

and
B (S (h1) @ hg @ S (h3) ® hy)
= w|h®S (ha)y ® h5} W [S (h1) @ hyS (ha) ) ® ho
B lhe ® S (hs) ® hal w[S (A1) © 1y @ hs]
= wlhy® S (h3) ® hy]eS (hy)
® g (h).
By the cocycle condition we have a = 5. O

DEFINITION 4.3.9. [Majl, page 66] A dual quasi-Hopf algebra (H, m,u, A, &, w, s, a, 3)
is a dual quasi-bialgebra (H, m, u, A, e,w) endowed with a coalgebra anti-homomorphism

s:H—H
and two maps «, § in H*, such that, for all h € H:

(33) hiB(h2)s(hs) = B(h)1lm,
(34) s(h)a(ha)hs = a(h)ly,
(35) w(hy ® B(h)s(hs)a(hy) ® hs) = e(h) = w ™ (s(h) ® a(he)haB(he) ® s(hs)).

In [AP, Theorem 3.10], we proved that any dual quasi-Hopf algebra has a pre-
antipode, but the converse, as pointed out in Remark 4.3.1, in general is not true.
The following result proves that the converse holds true whenever H is also cocom-
mutative.

THEOREM 4.3.10. Let (H,m,u,A,e,w,S) be a dual quasi-bialgebra with a pre-

antipode. If H is cocommutative, then (H,m,u, A, ¢, s) is an ordinary Hopf algebra,
where, for all h € H,

s (h) :== S (hs);w[h1 ® S (hg), @ ha] .

Furthermore (H,m,u, A, e,w, «, 8,8) is a dual quasi-Hopf algebra, where o := € and
B :=¢eS. Moreover one has S = (3 x s.

PROOF. By (20), cocommutativity and convolution invertibility of w, we get that
(hk)l = h(kl) for all h, k,l € H. Therefore m is associative and hence (H, m,u, A, ¢)
is an ordinary bialgebra. Let us check that s is an antipode for H. Using cocommu-
tativity, (27) and (29) one proves that s (hy) he = 1ge (h) for all h € H. Similarly
one gets hys(hy) = lge(h) for all h € H. Hence (H,m,u,A ¢,s) is an ordinary
Hopf algebra. Note that, for all h € H,

(36)  S(h) = S(h) [has(hs)] = [S(ha)ha] s(hs) Z eS(h1)s(hs) = B (1) s(ha).
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Let us check that (H,m,u,A e, w,a,f,s) is a dual quasi-Hopf algebra. For all
h e H,

B (he) s (hs) 2 hiS(ha) Z 1428 (h),

S(hl)a(hg)hg = S(hl)hg = 1H5 (h) = ]_HOé (h)

wlht © B (he) s (hs) o (hy) @ hs] Z w by @ S (he) @ hs] 2 1ye ().

Now, since (H,m,u, A, ¢,s) is an ordinary Hopf algebra, we have that s is an anti-
coalgebra map. Thus

S(h), ® 8 (h)y Z B () s (ha), ® 5 (ha)y = 6 () s (hs) @ s (o)
©Lm 3 (1Y s (he) @ 5 (hs) L) S(h1) @ s (hs)
so that

w ' [s (h) @ a (ho) hsf (ha) @ s (hs)]

@ s () @ he ® S (Bs)]

= W [S(h), @ha® S (hs)]w b1 @ S (h3)y @ hol
w_l [S (hg) X h5 X S (hﬁ)] w [hl X s (h4) X hg]

oz wil [S (hg) (%9 h,g X S (h4)] w [hl ® s <h5) (%9 h@]

eS8 (he)w [l ® 5 (hs) ©

O T © 8 (he) © hy) E 14 (h) .

O

DEFINITION 4.3.11. A dual quasi-bialgebra (A, m,u, A, e,w) is called pointed
if the underlying coalgebra is pointed, i.e. all its simple subcoalgebras are one
dimensional.

DEFINITION 4.3.12. Let (A, m,u, A, e,w) be a dual quasi-bialgebra. The set

G(A)={ac A|Ala) =a®a and ¢(a) = 1}
is called the set of the grouplike elements of A.

REMARK 4.3.13. Let A be a pointed dual quasi-bialgebra. We know that the
1-dimensional subcoalgebras of A are exactly those of the form kg for g € G ([Sw,
page 57]). Thus the coradical of A is Ay =} kg =kG (A).

The following results extends the so-called “Cartier-Gabriel-Kostant” to dual
quasi-bialgebras with a preantipode. In the connected case such a result was achieved
in [Hu, Theorem 4.3].

COROLLARY 4.3.14. Let H be a dual quasi-bialgebra with a preantipode over
a field k of characteristic zero. If H is cocommutative and pointed, then H is an

ordinary Hopf algebra isomorphic to the biproduct U (P (H)) #kG (H) , where P (H)
denotes the Lie algebra of primitive elements in H.

PrROOF. By Theorem 4.3.10, H is an ordinary Hopf algebra. By [Sw, Section
13.1, page 279], we conclude (see also [Mo, page 79]). O
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4. Yetter-Drinfeld modules over a dual quasi-bialgebra

The main aim of this section is to restrict the equivalence between #9 and
HON of Theorem 4.3.7, to an equivalence between 29 and ZYD (the category of
Yetter-Drinfeld modules over H) for any dual quasi-bialgebra H with a preantipode.

4.1. Yetter-Drinfeld modules.

DEFINITION 4.4.1. Let (H,m,u, A, e,w) be a dual quasi-bialgebra. The category
BYD of Yetter-Drinfeld modules over H, is defined as follows. An object in YD
is a tern (V, py,>), where

e (V,p) is an object in ZM
e >: H®V — V is a k-linear map such that, for all A,/ € L and v € V

w‘l (hl & ll & v,l)w (hg & (lg > 'U(])il &® lg)

<37) (hl) >v= w™! ((h3 > (lg > UQ)O)_l & h4 X l4) (h3 > (l2 > UO)O)O ’

(38) ly>v=v  and

(39) (hl > U)_l hy ® (hl > U)O = v ® (hQ > U0>
A morphism f : (V,p,i>) — (V',p/,>) in ZYD is a morphism f : (V,p) —
(V',p') in #9 such that f(h > v) = h ' f(v).
DEFINITION 4.4.2. Let us recall that a prebraided monoidal category A, is a
monoidal category, such that, for all X,Y € A, there is a natural morphism
cxy XY =YX
such that the following equalities hold true for all X,Y, Z, € A:
(cxz @Y )X ®cyyz) = cxevz;
(Y ®cxz)(exy ®Z) = cxyoz.
A is said braided if cx y is invertible for all X, Y € A.

REMARK 4.4.3. The category YD is isomorphic to the weak right center of
HON (regarded as a monoidal category as at the beginning of this Chapter 4, see
Theorem 5.3.11). As a consequence gyD has a pre-braided monoidal structure
given as follows. The unit is k regarded as an object in £YD via trivial structures
ie. px (k) =1p ®k and h > k =€ (h) k. The tensor product is defined by

(V> PV, D) ® (VV’ Pw, I>> = (V ® W7 PVRW I>)

where pygw (v @ w) = v_qw_1 ® vy @ wy and

(40)

w (hl Ru_1 X w_g) w! ((hg > ?}0)_ X h3 X w_l)
h> (v®@w)= 2
(U w) w ((hz > 'U0>,1 (%9 (h4 > wo)fl & h5) (hg > ’Uo)o ® (h4 > U)O)O

The constraints are the same of 9 viewed as morphisms in ZJJD. The braiding
cyw VW — W ®YV is given by

(41) cvw (V@ w) = (v_g > w) @ vy.
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REMARK 4.4.4. 1t is easily checked that condition (37) holds for all h,l € L and
v € V if and only if

H H_—1 H
caenyv = avapg o (cay ® H)o A v,H © (H®cmy)o  ammy,

where #a is the associativity constraint in 790. Now, the displayed equality above,
can be written as

H —1 H —1 o H —1
Ay ©Cnenyv o Agpy = (camv ®H)o agyyo(H®cyy).

One easily checks that this is equivalent to ask that

w (hl & ll X v_l)w (((hglg) > U(])_l & hg ® lg) ((hglz) > UO)O
= w(h1 X (ll > ’U)_1 X l2)h3 > (ll > U)O
holds for all h,l € L and v € V. This equation is the left-handed version of [Ba,

(3.3)]. In conclusion, the axioms defining the category 2YD are the left-handed
version of the ones appearing in [Ba, Definition 3.1].

4.2. The restriction of the equivalence (F,G). Let H be a dual quasi-

bialgebra. From Theorem 4.3.7, we know that the adjunction (F,G) of Remark
4.2.2 is an equivalence of categories when H has a preantipode.
Next aim is to prove that (F,G) restricts to an equivalence between the categories
BYD and ZMH where H9ME =5 (FONH) ;1 is the subcategory of 79 given by the
objects that are also bimodules over H.

Inspired by [Sch4, page 541] we get the following result.

LEMMA 4.4.5. Let (H,m,u, A, e,w) be a dual quasi-bialgebra. For all U € 9
and M € BME we have a map
o @ FU)@g M —U® M,
Eom (W@h)@gm) = W' (u @ @m_1)ug ® hamg
which is a k-linear natural isomorphism with inverse given by 5(}%\4 (u@m)=(u®ly)Ry
m. Moreover:
1) the map &y ar is a natural isomorphism in TOME where U @ M has the
following structures:
Prov (W@m) = u_1m_; ® (ug @ mp),
Puem (W@m) = (u®mg) @ ma,
Wren(u@m)®@h) = w ' (u_y @ m_1 ® hy)ug @ mohs;

2) if U € LYD, the map &y is a natural isomorphism in EOML where U @ M
has the structures above along with the following left module structure:

1 oen(h®@(u@m)) =w(h @u @m_g)w™" ((ha > ug)_; ® hg @ m_1) (ha 1> ug),®@hymo.

PROOF. Clearly U ® M € "M via pl;qy and ppgy. Let &5 0 F(U) @ M —
U ® M be defined by &5, (v @ h) @m) = w™" (u_y ® hy @ m_y) ug ® hamy.

Using the quasi-associativity condition (20), one easily checks that §yar 18 in
HomH
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Let us check that &, is balanced in "9 i.e. that it equalizes the maps
W) ®M

(FU)@H)®M FU)e M

(F(U)@MM ) OHag(U) JH,M

We have

St (W) ® M) (w® h) @1) @m)
wl(u_1 @ h ®1) S{]M ((up ® hals) @ m)
= wl'(u2®@h @h)w ! (u_g @ halo @m_1) ug @ (hsls) myg
w™? (U2 @ by @) w™ (u_y @ haly ® m_s) w™ (hs ®@1l3 @m_y)
Uy ® hy (lymo) w (hs @ ls @ my)
= Wl (uhi®@L@m_)w  (u_1 ®hy @ lam_1) uy @ hs (I3mg) w (hy @ 4 @ my)
= w (us1ht @l @ m_a) §py (F (U) ® pthy) ((uo @ he) @ (la @ mo)) w (hy @ I3 @ my)
= S{J,M (F U)® MlM) Hag(U),H,M (u@h)xl)@m).
Hence there exists a unique morphism &ypy @ F(U) @y M — U @ M in 790H
such that {yar (v ® h) @ m) = &5y ((u @ h) @ m) . This proves that £y is well-

defined.
We now check that &y 5 is invertible. Define

We have &y o ZUM = Idygy and

EU,MfU,M (u®h) @ m)
= w_l (u—l ® hl ® m—l) (UO (9 1H> Rp h2m0

def ®p wt (U_1 R h® m_g) w ((Uo (%9 1H>_1 ® hy ® m_l)
(uo X 1H)0 h3 Ry mow*1 ((UO X 1H)1 X hg &X ml)

_ w™? (U_a @ @Mm_g)w (u_y @ hg @ m_1q)
(o @ 1p) hy @ mow™ (1g ® hy @ my)

= (u®lyp)hgm=(u®h)Rym.
The proof that §5j\4 = EU, u is natural in U and M is straightforward.
1) In order to have that &y is in 79 it suffices to prove that §uar 18 in HopiL,

Clearly, f’U 18 in HotH being an inverse of §um-
The map & ), is right H-linear in HomH .

Eu [((u® h) @m) ]
= w ' ((weh)_;@m_y @) &y (u®h)y@mols]w((u®h), ®m®ls)
w ™ (u—thy @ moy @ 1h) &y [(uo @ ha) @ mola] w (hy @ my ® 13)

W (u_gh; @m_s@11) w™ (u_1 @ ha @ m_1ly)
g @ hs (mols) w (hy @ my ® ly)
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(20) Wl (ughy @m_3 @) w ! (u_1 @ hg @ m_sly) w(hy @m_q @ 13)
Ug X (h4m0)l4
= wlus@h @m_)w ! (u_y ® ham_1 @ I1) ug ® (hsmg)ly
= w ! (u @ by @m_y) (ug ® hamy)
= S (W@ h)@m)l
2) &ay 18 left H-linear in 790"
o [ ((uw® h) ©m)]
= whe@eh) ;@ma)&ylhweh),@mlw (5@ (ueh), ®m)
= w(lh ®@u_tht @ m_1) & [l (w0 ® ha) @ me]w™ (I3 @ hs @ my)

[ w(lh ®u_shy @m_1)w(lo ®@u_y ® he)w (I3 > ug)_1 @ ly @ hs)
§uar LT3 > ug)o @ I5ha} @ Mg w (I ® hs @ my)

w(lh @u_ghi @m_9)w(la®u_1 ® h2)w_1<<l3 D> ug)_2 @y ® h3)
i w‘l ((lg > U0>_1 & l5h4 & m_l) (lg > UO>0 X <l6h5> mow_l (l7 & h(j X m1>

(20) [ w (ll X U_th X m_3) w(lg Ru_1 X hg)w_l((lg > Uo)_2 X l4 X hg)
| w’l ((lg > UO>_1 X l5h4 X m_g) w’l (l6 & ]’L5 X m_l) (lg > Uo)o X l7<h6m0)

1w [w (i ®@u_shy @m_3)w(la @ u_1 @ hg)w™ ' ((I3 > ug)_2ls @ hg @ m_s)
w’l ((lg > UO)—l X l5 X h4m_1) (lg > Uo)() X 16(h5m0)

(39) w(lh @u_sh; @m_3)w(lea @ u_g ® he)w™ (l3u_1 @ hg @ m_s)
w! ((l4 > Uo)_l & l5 & h4m_1) (l4 > Uo)o & l6(h5m0)

(18) Wl us@hi@m_3)w(l; @u_1 @ ham_»)
wt ((lg > Uo)_l &® l3 (%9 hgm_1> (lg > Uo)o ® l4(h4m0)

= wl(u_1®@h @m_1)l[ug ® hame) = &y (u®h) @m).

0

LEMMA 4.4.6. Let (H,m,u,A,e,w) be a dual quasi-bialgebra. For all U,V €
Hont . consider the map

apy  U®(VeH)—- UV)®H
ayy (U & (U & k)) = w (U—l RU_1® lﬁ) (Uo ® Uo) ® ko.
1) The map apy : URQF (V) — F (U ® V) is a natural isomorphism in TINE
where URQF (V') has the structure described in Lemma 4.4.5 for M = F (V).
2) If U,V € BYD, then ayy : U F (V) — F(U®YV) is a natural isomor-
phism in EME where U @ F (V) has the structure described in Lemma
4.4.5 for M = F (V).

Proor. Note that apyy = (HaUy,H)fl so that agy € #9 and it is invertible.

1) Let us check that ayy : U® F (V) — F(U®V) is a morphism in #9M7
where U ® F (V') has the structure described in Lemma 4.4.5 for M = F (V).

Let us check that ayy is right H-colinear.

avy [(u® (VR K))® (u® (vek)),
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apy [u® (v®k))®(ve k),
= apy [u® (v® k) ® ke
= w(u1®@v® ki) (uo @) ® kg ® k3
= Prwev) [w(u_y ®@v_1 ® k) (ug ® 1) & ko
Prweviauy (u® (v @ k)).
Moreover the 3-cocycle condition (18) yields that gy is right H-linear in #MH

i.e. that apy is a morphism in 79NE.
2) Let us check that agy is left H-linear in #91. On the one hand we have

_ wh @u_1®(vek)_,

vy [pu® e k)] = [ o ((he & wo)_, ® hs <(§<> (w@k)_,) apy [(h2)> o)y ® ha (v & k), ]
_ w(h1 ®u_1 ®v_ok)
B |: -1 ((h2 > UO),l ® hsy ® U_lk’g) ayy [(hg > UQ)O X h4 (UO X ]{3)] :|

w(hy @u_y @v_3zk;)
= W™ ((ha > ug)_; ® hg @ v_sks) w(hy ® v_1 @ k3)
“H((hs > v0) 1 ® he @ ka)apy [(ha B> 1)y @ [(hs > v0)o @ hrks]]

w (hl RQu_1 X ’U_gk’l)
wt ((hg > Uo)_Q X h3 X ’U_QICQ) (U(h4 Ruv_1® k’g)
_1((h5 > U0)72 ® hg ® k4)w ((hg > Uo)fl ® (h5 > Uo)fl (9 h7l€5)
[(hg > UO)O X (h5 > 2)0)0] ® hgkg

On the other hand

hayy (u® (v k) =w(u_1 @ v_y ® k) h[(ug @ vg) ® kg

[ w (-1 ®v_1 ® k1) w(h1 @ (g @ vo)_; ® ky)
_1((h2 > (UO X ’00)0)71 X hg & kg)(hg > (UO X Uo)o)o X h4]€4

w (u,g R V_9 X kl) W(hl RU_1v_1 X k‘g)
_1((h2 > (Uo X Uo))fl X h3 & kg)(hg > (Uo X Uo))o X h4k4

w(tu_e ®@v_g @ k1) w(hy @ u_1v_1 & k2)
w ((h2), ® (uo)_, ® ( 0) o) W (((ha)y > (u0)g) _y @ (h2)y @ (v0)_,)
W( (D2 uo)g)_; @ ((ha)y > (v0)y)_; ® (ha)s)
H[((h ) ( 0)0)o @ ((ha), > (v0)g)o)-1 ® hs ® k3)
[((ho (10)g)o © ((h2)y &> (v0)g)o) o © haka

wu_3@uv_g ® /ﬁ) (h1 ® u_gv_3 ® ko)w (ha @ u_1 @ v_3)
wt ((hg > UO)72 ® hy ® Ufl) w ((hg > Uo)fl ® (h5 > 00)71 ® hﬁ)
71(((h3 > Uo)o ® (h5 > Uo)o)_1 ® hy ® ]{?3)
((hg > Uo)o &® (h5 > ’Uo)o)o ® hgky

w(hl R U_92 & ’U_gk’l)w(hg’u_l R V_9 X k?g)wfl ((hg > Uo)_Q ® hy ® 'U_l)

= w ((hg > u0>71 X (h5 > UO),l X h6) w_l(((hg > UO)O X (hg, > UO)o)fl ® hr ® kg)
((hs > ug)g ® (hs > vg)g)o @ hsky
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w(h1 RU_o X v,gkl)w(hgu,l R V_o X kg)w_l ((hg > UO>73 ® hs ® Ufl)
= w ((hg > U0>_2 X (h5 > Uo)_2 & h6) B ((hg > Uo) (h5 > Uo)_l ® hy ® k)g)
((hg > UO) <h5 > ’Uo)o) & h8k4

w(h @ u_s @ v_gky)w(hou_1 ® v_9 ® ko)w™! ( (hs > ug)_ ®h4®v_1) ]
= w_l((hg > Uo)_2 X (h5 > UQ) h6 X ]{53) 1((h5 > U()) & h7 & k4)
(J.J((hg > Uo)fl X (h5 > 00)71 & hgkg,)((hg > U/O) (h5 D UO)O) ® hgk(, ]

wh1 @ u_g ® v_yki)w(hou_1 @ V_3® k2)w71 ((h3 > Uo)_3 ® hy ® U—Q) ]
= w_l((hg > Uo)_2 & ]’L5U_1 X kg)w_l((h6 > U0>_2 & h7 X ]{74)
| (JJ( h3 > Uo)fl & (hﬁ > 00)71 (024) hgkg,)((hg > UQ)O (02 (h(; > ’U(])O) X hgk(, i

(
w(hl R U_o @ V_ 5k1)w(h2u_1 RU_y X k’g)wfl((hg > Uo)_3 h4 R v_3 X ]{53)
= 1((h3 > UO) & h5 & U_2k4)w(h6 Rv_1 &K k:5)w_1((h7 > Uo)_2 & hg & k6)
((hg > Uo), & (h7 > 'Uo)il & h9k7)((h3 > uO)O &® (h7 > ’00)0> ® hioks
w(h1 X U_3& v,5k1)w(h2u,2 RU_y4 X kQ)w_l(hgu,l Xv_3& kg)
= w_l((h4 > UO)72 ® hs ® v,2k4)w(h6 RU_1 & /{;5)w_1((h7 > U0)72 ® hg ® k’ﬁ)
w((h4 > Uo)_l (029 (h7 > Uo)_l & hgl{?7)((h4 > Uo)o & (h7 > Uo)o) X hlokfg
w(h1 Ru_1 X Ufgk'l)w_l((hg > UO)72 ® hs ® ’Ufgkg)w(hz; RU_1 X kg)
= w’l((h5 > Uo)_2 & h@ X k:4)w((h2 > Uo)_l X (h5 > Uo)_l & h7k‘5)
((he > ug)o @ (hs > v0),) @ hsk

Summing up, we have proved that ayy : U® F (V) — F (U ® V) is an isomor-

phism in Z9ME. Now, since ayy = (HaU’V,H)_l, we have that apy is natural in
U,V for all morphisms in 90 (in particular in £YD). O

LEMMA 4.4.7. Let (H,m,u, A e,w) be a dual quasi-bialgebra. The functor F :
(=)@ H : M — HMIL of 4.2.1. induces a functor F : EYD — HMIL Erplicitly
F (M) € B with the following structures, for allm € M, h,l € H,

(42) Harer 1 © (Mm@ h)] =1 (m & h)
l-(m®h):=wlh®@m_1&hi)(ly >myI3) - hy
=w(lh @m_1 @ h))w (I > mp)_1 @13 ® hy)(la > mg)o @ lshs
(43) g [(m @ ) @ 1) = (m © h) -1
(m®h)-1:=w ' (m_®h @l)me® hals,
Prgn (M@ h) = m_1hy @ (mo @ hy),
Prron (M h) = (m @ h1) ® h,
PROOF. Let M € BYD. Consider H ® M as an object in #9MH via
P (h@M) © = (i @m) @ h,
Praon (h@m) + =him_; ® (hy ® my).
Since (HQM, plygnr) € 79N, by Lemma 4.4.6, the map oy : HQ F (M) — F (H® M)

is a natural isomorphism in 79, where H @ F (M) has the structure described in
Lemma 4.4.5 for "M” = F (M), i.e. forall he Hix € M @ H

PH@F (h Rz) = hr_1 ® (he ® 20),
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Preron (h®x) = (h® x9) ® 11,
M%@F(M)((h@’ ) ©k) = W (h @1 ®k)hs @ zoks.

In particular, we have

Pé_r(H®M)04H,M = PIF(H@)M)@H,M = (H ® ap,umr) le®F(M)

where T : 9 — HONE T (*M*) := *M* @ *H? is the functor of 4.2.1. Now,
consider on H @ F' (M) the following new structures

Proran (h®x) = hz .y ® (hy ® xo),
Prgrony (h@x) = (b @ 29) ® hoty,
leH@F(M)((h Rz)®k) = w (i ®z_1® k)he @ zokow(hs ® 1 ® ks),

note that fiyg py = (H ® ,LL}(M)> o HGZ,F(M),H‘ Moreover one gets

P (HeM)OHM = (g ®H) ﬁH@F(M)

and

e (aum @ H) (R (m @ k)] @ 1)
= w(h1®@m_s @ k1) w™" (ham_1 @ ky @ I1) (h3 ® mo) @ kslow (ha ® ks ® I3)
= Wpmewn) (@ry @ H) [(h @ (m @ ki)o) @ h]w(hy ® (m ® k1)1 @ 1a)
= ammPueron (M ® (M@ ki)o) @ h]wlhe @ (Mm@ k1)1 @ o)
= wl(h@mek) , @L)agu[he® (Mm@ ki)l wlhs @ (Mm@ ki) @13)
= agMPperon (h®(mek)]I)

We have so proved that gy can be regarded as a morphism in 79 from H ®
F(M)toT (H ® M), where HQF (M) has structures ﬁH®F(M), Prioron) A Byg e

Consider the map ¢y : H @ M — M ® H, as in (41) ie. cyp(h®@m) =
(hl > m) &® hg.

Using (39) one can prove that cga : H® M — F (M) is a morphism in 79
(where H ® M is regarded as an object in 79 as at the beginning of this proof)
whence T (cg ) is in T9NE (note that we do not know that H is in 2YD so that
we cannot say that cg s is in ZYD directly).

Now, consider the morphism fiy,, : F' (M) @ H = F'(M). Clearly pp,, can
be regarded as a morphism in “9ME from TF (M) to F (M). Summing up we can
consider in 79 the composition

H]M

T (H® M) Temyr)

o = (H ® F (M) 24 TF (M) T F (M))

where H ® F' (M) has structures ﬁH®F(M), Prorar 20 Kygpon- Thus e 1S a
morphism in Z9M such that

(44) M?M@H © (N§\4®H ® H) = M§\4®H © (H ® N}nw(g)H) © HCLE,M@H,H'
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It remains to prove that (M @ H, ) is a left H-module in #91¥. Let us prove
that

(45) parer © (H ® tyen) © " iy g ven = Miren © [m © (M @ H)J.
First note that, using (44) and (18) one checks that

:ul]W@H (H ® :ul]\/[@)H) Hag,H,M@)H [(h®k)®(mel)]
= whiki®@m_ 1 ®1h) [:ulM(g)H (H ® :ul]\/[@H) HGE,H,M@H [(he ® ka) @ (Mo @ 1H)” ly

and

o Mm@ (M @ H)][(h@ k) © (m®1)]

) w(hikr @ m_1 @ 1y) [(haka) (Mo @ 1p)] 2

= Wik @M @ W)y Mm@ (M @ H)][(hs ® ka) @ (mo @ 1)) 1

Thus we have to prove that (45) holds on elements of the form (h ® k) ® (m ® 1g).
We have

Né\/f@H (H ® NlM®H) Hag,H,MtX)H [(h®k)®(m®1y)]
wil(hl X k?l X m_l)w(hg X (kQ > mo)_1 X k’g)
[hg > (lfg > mo)o & h4]/€4
wil(hl R k1 & m_l)UJ(hz (%9 (k’z > m0>_1 &® kg)
w‘l((hg > (k‘g > mo)o)fl X h4 & k4)(h3 > (kg > mo)o)o X h5/€5

D hiky B m @ hoky = (hk) (m @ 1) = ey Im @ (M @ H)] [(h @ k) @ (m @ 1))

Finally one checks that, for each morphism f : M — N in #YD, we have

F(f):=f® H e fmi.
O

LEMMA 4.4.8. Let (H,m,u,A,e,w,S) be a dual quasi-bialgebra with a prean-
tipode. The functor G : (=) - HOE — HON of 4.2.1 induces a functor G :
il — BYD. Explicitly G (M) € BYD with the following structures, for all
m e M" heH,

Pageor (M) = ply(m),
phreon (h@m) = =h>m:=7(hm)=wlhim_1 @ S(hs); @ hy] (hamg) S(h3)o.

PROOF. Let M € H9MI We already know that G(M) € 9. In order to prove
that G(M) is in YD, we consider the canonical isomorphism €y, : FG (M) — M
of Remark 4.2.2. A priori, this is a morphism in #90. Since M is in Z9ME we can
endow F'G (M) with a left H-module structure as follows

L-(m®h) = e (lear(m®@h)) = ey} (I(mh)) = 7 [l1(moh1)] ® la(myhs)
= T [ll(mhl)] (24 lghg == ll > (mhl) X l2h2
so that
(46) I-(m®h) =1 > (mh) ®Ilshy, for allm € M®? hc H.
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By associativity we have
(k) - (m@h)=w (lh ® k1 @ m_1h1) I (k2 (mo @ hs)) w (I3 ® k3 ® hs)
ie., for h =1y,
(k) - (me1y) =w (L @k @m_1) Iy (ka (Mo @ 15)) .
The first term is
(k) - m@1m) L (k) > m ® loks.
The second term is

6)

-1 ®k1®m 1 12 (kQ (m0®1H)) (— w (11®k1®m,1)l2 (/{2 >m0®k3)

w

(L )
1(l ®k1®m 1)l ((k’Q I>m0) ]{'3)®l3k4
Tl @k @my) 7 [la((ky > mo) ks)] @ lgky
L@k @mog)w(lo® (k> mo)_, ® ks) T [(I3 (ks > mg),) ka] ® Liks

wL (ll X k’l X m_l) w (lg X (k‘g > m())_l (24 k?g)
(I > (k2 > mo)o)_y @ 1l @ ka) (I3 > (ko > 1m0)g), @ lsks

Hence, we obtain

w
W
= W

1
(I1k1) > m®loky = w ' (h @k @m_y)w (ZQ ® (ko > mo)—l ® k3) }

{ w (I3 > (k2 > mo)o)_q @ 1y @ ka) (Is > (k2 > my),), @ l5ks

By applying M ® ey on both sides, we arrive at (37). Moreover, by (26), we have
ly > m =7 (m)=m and

(h1 > m)q hy @ (hy > m)o =T (hlm)fl hy @ T (hlm)o =T ((hm)())q (hm)1 T ((hm)o)o

@ (hm)_; @ 7 ((hm),) = him_1 @ T (hamg) = him_1 ® (hy > my) .

We have so proved that G(M) € #YD. Now it is easy to verify that for every
g: M — N e IMmE we have that G(g) : M®? — N<H ¢ EyD. O

PROPOSITION 4.4.9. Let (H,m,u, A, e,w S) be a dual quasi-bialgebra with a
preantipode. (F,G) is an equwalence between BAmE and BYD, i.e. the morphisms
en and ny of Remark 4.2.2 are in BOME and in YD respectively, for each M €
HONH N € HYD.

PROOF. We already know that ), € 79U, Let us check that e, is left H-linear.

4.4.7
extpireorign(h@m@ k) =ex(h- (me k) "E” eylw(hy @ moy @ k) (ha > mo @ ha)ks)]

EM riiht lin

w(h1 XKm_1 & kl)éM[(hQ > mo & hg)]]{?g = w(hl Xm_1 & kl)[(hQ > mo)hg]kg
= w(h1 Xm_1 & kl)[T(thO)hg]k2 = w(h1 Xm_1 & kl)[T(tho)(hgml)]kQ

B (b1 @ m_1 © k) (hamo)ks 22 hy(mokn)w(hs @ my @ ke) = h(mk) = pua(H ® err)(h @ m @ k).

Now let us check the compatibility of n with > . For N € £YD and n € N,

lul(N®H)coH o HCLH,N,H ¢ (H ® T]N):| (h ® n) = |:IU‘Z(N®H)COH o HG/H,N,H (h ® (n ® 1H))
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:w*l(h1®nfl®1H),u(N®H coH(hQ@(TL()@lH)) 'LL(N®H CDH(h@(n(X)lH)) (h(n@lH))

ULD by > @ hy) 2 (b > n® 1g) hy) = 7(ny (b & n)ha) 2 i (hy & n)ey (ha) = ny(h > n)

So ny € g))D, for each N ¢ HyD. O

5. Monoidal equivalences

In this section we prove that the equivalence between the categories £ and
BYD becomes monoidal if we equip Z9 with the tensor product ®x (or Oy) and
unit H. As a by-product we produce a monoidal equivalence between (X9 @y, H)
and (Homi. 0, H).

LEMMA 4.5.1. Let (H,m,u,A,e,w) be a dual quasi-bialgebra. The category
(B @y, H) is monoidal with respect to the following constraints:

avvw (U@ v) @y w) = wHu1 ®v_ @w_1)uy @ (Vo D wo)w(uy @ v; ® wy)
ro(u®@p h) = uh
PROOF. See e.g. [AMS1, Theorem 1.12]. O

LEMMA 4.5.2. Let (H,m,u, A, e,w) be a dual quasi-bialgebra. Let U € HOMMH 'V €
HIEL Then (U @V, p', p", 1) € TIME with the following structures:

IOZU®V(U ®v) = u_1v_1 ® (U ® Vo)

PTU®V(“ Q@uv) = (ug® vy) @ urvy
frev(W@v)@h) = w ' (u_1 ®v_1 @ hi)ug @ vohow(u1 ® v1 ® hg).
PRrROOF. It is left to the reader. [l

DEFINITION 4.5.3. We recall that a lax monoidal functor
(Fu ¢07 ¢2) : (M7 ®7 17 a, l7 T) — (M/7®/7 1,7 a/7 llu T,)
between two monoidal categories consists of

e a functor F': M — M/,
e a natural transformation ¢o(U,V) : F(U) @ F(V) — F(U ® V), with
UV e M, and
e a natural transformation ¢ : 1’ — F'(1) such that the diagram
(47)

(F(U) @ F(V)) & F(WS? FU V)& F(W) FU®V)® W)

“’F(U),Flvw(vv) F(GULV,W)

(UV)Q'F(W) $2(URV,W)

(U)®' ¢2(V,W) 2(U,VOW)

F(U) & (F(V) & F(W)) FU)Y& F(V @ W) -~
commutes and the following conditions are satisfied:

(48) F(ly) o p2(1,U) o (pp @ F(U)) = l}(U)

(49) F(ry) o ¢o(U,1) o (F(U) @ do) = -

FU®(VeW))
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The morphisms ¢o(U, V') and ¢q are called structure morphisms.

Colax monoidal functors are defined similarly but with the directions of the
structure morphisms reversed. A strong monoidal functor or simply a monoidal
functor is a lax monoidal functor with invertible structure morphisms.

Examples of lax and colax functors that are not monoidal are given in the nex
Lemma.

LEMMA 4.5.4. Let (M,®,1) be a monoidal category which is abelian.

(1) Let A be an algebra in M. Assume that the tensor functors are additive
and right exact (see [AMS1, Theorem 1.12]). Then the forgetful functor

D:(aMy,®4,A) — (M, ®,1)
is a lax monoidal functor with structure morphisms
G(M,N):D(M)® D(N) — D(M ®4 N) and  (o:1— D(A),

where (o 1s the canonical epimorphism and (o is the unity of A.
(2) Let C be a coalgebra in M. Assume that the tensor functors are additive
and left exact. Then the forgetful functor

D: (MY 0¢,C) — (M,®,1)
is a colax monoidal functor with structure morphisms
G(M,N): D(MOcN) — D(M) ® D(N) and Co:D(C)—1,
where (5 is the canonical monomorphism and (y is the counit of C.
ProOOF. 1) From [AMS1, 1.11], for all M, N, S € 4 My, we deduce
D (Yajgn,s) 0 (M ®a N, S) o [G(M,N)® D (S)]
= QM N®sS)o[D(M)®((N,S)| ocamn,s.
Moreover, for all M € 4 M 4, we have
D (M13) 0 G(A, M) o [Go® D (M)] = 30 (A, M) o (¢ ® M)
= phyo(uqa® M) =1y

Similarly D (“r3;) o (o(M, A) o [D (M) @ (] = ra. We have so proved that D is a
lax monoidal functor.
2) It follows by dual arguments. U

LEMMA 4.5.5. Let (H,m,u, A, e,w) be a dual quasi-bialgebra. The functor F :
BYD — I defines a monoidal functor F : (YD, ®,k) — (XML @y, H). For
U,V € LYD, the structure morphisms are

(U, V) FU)@yg F(V) > FU®YV) and o : H— F(k)
which are defined, for everyu € U,v € V. h,k € H, by
w™ (u_o @ hy ® v_gky) w(hy @ v_1 ® ko)

©2(U, V) [(u®@h)@p (v&k)] :== | w ' ((hs > vg)—2 ® hy ® k3)w (u_1 @ (hs > v9)—1 ® hsky))
(U() X (hg > ’Uo)o) & h6k5
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and
QO()(h) = 1]k ® h.
Moreover

(U V) H(u@v)@k) =w  (u_1 @v_1 @ k1) (ug ® 1) @5 (vo @ ka) .

PROOF. Let us check that ¢q is a morphism in 294, Since py = I5;' : H —
k®H, i.e. the inverse of the left unit constraint in 79, then ¢, is in 797 and it
is invertible. It is easy to check it is H-bilinear in #t7,

Let us consider now ¢y (U, V).

By Lemma 4.4.5, for all U,V € YD, the map &y py : F(U) @u F (V) —
U®F (V), is a natural isomorphism in #9#%. By Lemma 4.4.6, apyv : URQF (V) —
F (U ®YV) is a natural isomorphism in 29 where U @ F (V) has the structure
described in Lemma 4.4.5 for M = F (V).

Thus ayvévry) : F(U) @y F (V) = F(U®YV) is a natural isomorphism in
B A direct computation shows that ¢o(U, V) = ay,v€u,rvy and hence (U, V)
is a well-defined isomorphism in Z9ME. Moreover o,(U, V)™t = 55}(‘/)@5}‘/ fulfills
(4.5.5).

In order to check the commutativity of the diagram (47) it suffices to prove the
following equality:

[o3 (U, V)@uF(W)]py (URV, W) F(agvw) = auiy pvy.ron F )@ (V,W)|ps (U, VW)

Since these maps are right H-linear, it suffices to check this equality on elements
of the form (u ® (v ® w)) ® 1y, where uw € U,v € V,w € W. This computation and
the ones of (48) and (49) are straightforward. O

We now compute explicitly the braiding induced on Z9 through the functor
F in Lemma 4.5.5 in case F' comes out to be an equivalence i.e. when H has a
preantipode.

LEMMA 4.5.6. Let (H,m,u,A,e,w,S) be a dual quasi-bialgebra with a prean-
tipode. Through the monoidal equivalence (F,G) we have that (FOME @, H) be-
comes a pre-braided monoidal category, with braiding defined as follows:

cun(mM®pn) =w(m_s ®T(ng)—1 ® ny)(m_y > 7(ng)o ®m Mo) - Na,
where M, N € M4 and m € M,n € N.

PROOF. First of all, for any U,V € £YD, let us consider the following compo-
sition:

(cu,v)

Moy = (F ) oy FV) S puev) ™™ pv e )

2V o, F (U)> .
This map is right H-linear, so, if we compute
>\U7v[(u & h) Rp (U & 1H)]

_ W (U—a @ T ® vo1) w (u—3 @ (ha > v9) -1 ® ha))
B { W (g > (hy > v0)o) y ® uy @ hy) ((ug > (hy > v0)0)y @ 1) @pr g @ D5 }

D (i) > v @ 1) O (o @ ha),
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we obtain

Avyl(u®h) @y (v k)
= dyl(u®h) @y (v®ly) -k
= w(u—1h1 ® v_1 @ k1) Ay [[(uo ® ha) @u (vo ® 15)] - k’z]w_l(hg ® 1y ® k3)
= w(u-1h1 @ v-1 ® k1) Avv|[(vo ® he) @p (vo @ 1)) - k2
= w(u_1th1 @ v_1 @ k1) \pv[(uo ® ha) @p (vo @ 1x)] - ko
= w(u_gh; ®v_1 @ k1)[(u_1h) > v ® 1) @p (up ® h3)] - ks.
Now, using the map Ay, we construct the braiding of Z9M4 in this way:

AG(M),G(N)
=5

Moy N 25 pa(M) oy FG(N) FG(N)®y FG(M) “225 N @y M.

Therefore

(€N ®m em)Aaony.om) (€ Ou ey')(m p n)
= (en ®m em)Acn),.cv) {[T(mo) @ mi] @ [7(no) ® m]}
|: W(T(mo),gml X T(no),l & ’le) :|
(en ®m ear) {[(T(mo)—1m2) > T(n0)o ® 1) g (T(Mmo)o ® ms)] - na}
{ w(m_s ® 7(ng)—1 @ nq) ]
(en @p en)[(m_1 > T(no)o ® 1) @p (T(mo) @ myq)] - no
m 92 & T(no) 1 ® nl)[(m_l > T(no)o Ry T(m())ml] - No

25
(:) W(m_s ® T(no)—1 @ n1)[(m—1 > T(10)o @1 M) - 1

O
Next aim is to prove that the equivalence between the categories 294 and £YD

becomes monoidal if we equip Z9MH with the tensor product Qg (see Remark 4.1.6)
and unit H.

REMARK 4.5.7. Let (H,m,u, A, e,w) be a dual quasi-bialgebra. Note that, since
H is an ordinary coalgebra, we have that (H e Oy, H,b,r, l) is a monoidal cate-
gory with constraints defined, for all L, M, N € 97 by

ry 2 MOgH — M : mOgh — meg(h),

lM . HOgM — M hDHm — 6H(h>m

where, for sake of brevity we just wrote mOyn in place of the more precise >, m'Oyn’.

We want to endow 9 with a monoidal structure, following the dual version

of [HN] (see also [Sch3, Definition 3.2]). The definition of the structure is given

in such a way that the forgetful functor ZIML — #9NH is a strict monoidal functor.

Hence the constraints are induced by the ones of 79 (i.e. by arn,lar and 7p7), and
the tensor product is given by MUy N with structures

Prcgn(mBOan) = m_1 @ (moUun),

Puoyn(mOen) = (mOpng) @ ny,
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thia,n [h® (mOgn)] = h- (mOgn) = hymOghon,
o,y [(MOgn) @ ] = (mOgn) - h = mhyOgnhs.
The unit of the category is H endowed with the following structures:

p(h) = h1® hy, P (h) = hi ® hy,
h-1 = hl, l-h=lh.

The following result is similar to 2) in Lemma 4.4.5.

LEMMA 4.5.8. Let (H,m,u, A, &,w) be a dual quasi-bialgebra. For allV € BYD
and M € HME . the map

By : F(V)OgM — V@ M : (v® h)Ogm — ve(h) @ m

is a natural isomorphism in TINE where V'@ M has the structures as in Lemma
4.4.5. The inverse of By is given by

B\;}wV®M—>(V®H)DHMU®m'—>(v®m,1)DHm0

PROOF. The proof is straightforward and is based on the fact that (v ® h) Ogm €
(V ® H)Oyg M implies
(50) (v®@h)@m = (ve (h) ® m_1) ® my.
U

LEMMA 4.5.9. (¢f. [Sch3, Proposition 3.6]) Let (H,m,u, A, e,w) be a dual
quasi-bialgebra. The functor F . BYD — HMA defines a monoidal functor F :
(BYD,@,k) — (Em#. O, H). For U,V € 8YD, the structure morphisms are

(U, V) F(U)Oy F(V) - F(URV) and Yo : H— F(k)
which are defined, for everyu e U,v € V. h,k € H, by
(51) Vo(U,V)[(u@h) @ (0@ k)] :=w(u_1 @ v_1 ® ki)uge(h) @ vy & ko

and
Po(h) = 1k ® h.

Moreover
(52) ¢2(U, V)_l ((U & U) & h) = w_l(u_l & V_9 &® h1>(U0 &® U_lhg) & (UO & hg)

PROOF. Since 1Yy = ¢y as in Lemma 4.5.5, we already know that v, is an
isomorphism in 29 Let us deal with ¢»(U, V). By Lemma 4.4.6, the map ayy :
U® F(V) - F(U®V) is a natural isomorphism in #9M& where U @ F (V)
has the structure described in Lemma 4.4.5 for M = F (V). By Lemma 4.5.8,
Bupy = p: F(U)OxF(V) — U®F(V) is a natural isomorphism in 79, where
U ® F (V) has the structure described in Lemma 4.4.5 for M = F (V). Hence it
makes sense to consider the composition ¢3(U, V) := apy o Buven. Then ¢y (U, V)
fulfills (51). It is clear that ¢o(U,V) : F(U)OgF(V) — F(U® V) is a natural
isomorphism in FOMf with inverse given by ¢ (U, V)™ := B0y © oy, Moreover
Uo(U, V) ™1 satisfies (52).
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In order to check the commutativity of the diagram (47) it suffices to prove the
following equality:

(U, V) @ F(W)1a(U @ V, W) Flaghw)[(u® (v @ w)) @ h]
= bpwy.p)pon FU) @0 (VW) (U, V @ W) (u e (ve w) @ b,

By right H-linearity, it suffices to check the displayed equality for h = 1. The
proof of this fact and of (48) and (49) is straightforward. O

If H has a preantipode, the functor F' of Lemma 4.5.9 is an equivalence. As a
consequence, its adjoint GG is monoidal too. For future reference we include here its
explicit monoidal structure.

LEMMA 4.5.10. Let (H,m,u, A, e,w,S) be a dual quasi-bialgebra with a prean-
tipode. The right adjoint G : BOME — BYD of the functor F, defines a monoidal
functor G : (BB O, H) = (§YD, ®,k). For M, N € #9M4| the structure mor-
phisms are

YS(M,N): G(M)® G(N) = G(MOzgN)  and 5 :k — G(H)
which are defined, for every m € M,n € N,k € H, by
YS(M,N)(m@n) =mn_0gng  and S5 (k) := klg.
Moreover, for allm € M,n € N,
U§ (M, N)™ (mOgn) =7 (m) @7 (n).

PROOF. Apply [Sch6, Section 2| and [SR, Proposition 4.4.2] to the functor F'.
Then G is monoidal with structure morphisms

WS$(M,N) =G (enOuenr) 0 G (¥o(GM,GN)™) 0 nanrean,
v§ 0 =G (¢! ome

A direct computation shows that they are the desired maps.
The inverse of 15 (M, N) can be computed by

S (M, N) =gl ean © G (W2(GM,GN)) o G (e3;Oneyy)

REMARK 4.5.11. Consider the composition
k=k(U,V) = (U, V) ops(U,V): (URH)®y(VRH) — (UH)Oy(VeH).
We have
KU, V)[(u®h) @y (v k)]

= W(UV) U V)[(weh) @ (ve k)

w™? (u_o ® hy @ v_gky) w(hy @ v_1 ® ko)
= u}_l((hg, > Uo)_g ® hy ® l{ig)w (u_1 X (hg > UO)—I ® h5]€4))
Va(U, V) H(uo ® (h3 > v0)o) ® (heks)]
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W (u—y ® hy @ v_gky) w(he ® v_1 @ k2)
wil((hg, > Uo)_g ® hy ® kg)w (u_1 X (hg > UO)—I ® h5k‘4))
w ™ (uo—1 @ (hy > v9)o—2 @ (heks)1)
(100 ® (hsg > v0)o—1(heks)2)m((hs > vo)oo ® (heks)s)
W (u—3 ® hy @ v_gky) w(hy ® v_1 @ k2)
= W ((hs > vp) 4 @ hy ® k3)w(u_o @ (hy > vg)_3 ® hsky)
wil(u_1 & (h3 > U())_Q (%9 h@k{,)(UO & (hg > Uo)_l(h7k’6))DH((h3 > Uo)[} (%9 h8k7)
w (u—1 ® hy ® v_gky) w(hy ®v_1 ® k2)
= wH((hs > vg)—2 @ hy @ ky)
| (1o @ (hs > vo)-1(hska))Ow((hs > vo)o @ heks)
I w™? (u_1 @ hy @ v_gky) w(hy @ v_1 ® ko)
= (uo @ ((ha > vo)—2h4)ks3))
i u}il((h3 > UO)—l ® hs ® k4)|:|H((h3 > Uo)o & h6k5)
[ w™? (U1 ® hy @ v_gky)w(he ® v_1 ® ko)
| (uo ® ((hs > vo) —1ha)k3))Ox((hs > v)o @ hs) - ka)
39 [ w? (u_1 ® hy ® v_gk1) w(ho @ v_g ® ko)
i (UQ @ ((hg’l),l)kg))DH((fM > ’Uo) ® h5) . k‘4)
[ wt (u_1 Q@ h1 ® U_gk’l)
= (uo @ (ha(v—2k2))
i W(hg Xv_1 X kg)DH((h4 > Uo) X h5) . k4)

=7 W (usy ® hy @ v_gky) (ug ® (ha(v_1k2))Oa(hs - (vo ® ks))
= (UQ @ hl) . (Uflkl)Dth . (Uo & ]fg)
(u ® h)o . (’U ® k)_lmH(u ® h)l . (U ® ]{3)0

so that
KU V) [(u®@h)@g (v@k)]=(u®h)- (v@k)10(u® h) - (v& k).
Thus, for M, N € E9M using that the counit € is in MY one gets
[(EMDHEN) o k(M@H N©H)o (e]\_/ll Ry e]_vl)] (m ®g n) = men_1dymng.
We can also compute x(U, V)™t := (U, V)~ 0 4hy(U, V). We have:
(U, V) (u@ h)Og(v @ k) = (ue(h) @ 1g) @5 (v k).

We are now able to provide a monoidal equivalence between (29 @, H) and
(Bomi2 O, H). This result is similar to [Sch2, Corollary 6.1].

LEMMA 4.5.12. Let (H,m,u, A, e,w,S) be a dual quasi-bialgebra with a prean-
tipode. The identity functor on EIME defines a monoidal functor E : (BME @y, H) —
(Hom#. 0, H). For M,N € #9MY the structure morphisms are

Uo(M,N) : E(M)OgE(V) - E(M @y N) and  Yy:H —-EH)=H
which are defined, for every m € M,n € N,h € H, by
Yo(M, N)(mOgn) :=7(m) @y n and  VYo(h) = h.
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(53) Io(M,N) ' (m®@gn) =
(54) 9y(FU,FV) =

mon_1LUgming,

QOQ(U’ V>_1 © ¢2(U7 V)
PROOF. Using the map x of Remark 4.5.11, for each M, N € Z9NE we set

Io(M,N) := (ear @ en) 0 (M@, NH)~1o (61_\41DH6]_V1) )
Clearly, by Remark 4.5.11, ¥5(M, N)~! fulfills (53). Moreover, using (25), one gets
Uo(M, N)(mOgn) = 7(m) @p n.
It is straightforward to check that ;' makes commutative the diagram (47) and
that (48) and (49) hold. Let us check that (54) holds:
Uo(FU,FV) = (epy @ epv) 0 (GFU,GFV) ™' o (epyOnepy)

(erv ®u €pv) 0 92(GFU,GFV) ™ 0 ho(GFU,GFV) o (€zOnepm)
_ (erv @ €py) 0 Yo(GFU,GFV )™ o F (ny @ ny)
F (ng' @my') o o(GFU,GFV) o (epyOnery)

_ (6 Qm € )O(FU ® Fn )O@(U,V)*l B B
N { ¢§(UU, ‘;I) SYF??? ®UF77;1)V0(6;5DH6;%/) } = @a2(U, V)" o (U, V).

U
The following result is similar to [Sch3, Proposition 3.11].

COROLLARY 4.5.13. Let (H,m,u, A, e,w) be a dual quasi-bialgebra. The identity

functor on EME defines a monoidal functor Z : (FME O, H) — (4, @y, H).
For M, N € IO the structure morphisms are

(M, N) : E(M) @5 E(V) — E(MOgN)  and o : H — Z(H)
which are defined by yo(M, N) := 951 (M, N) and vo := 05" using Lemma 4.5.12.
Proor. It follows by [Sch6, Section 2| and [SR, Proposition 4.4.2]. O






CHAPTER 5

The main results and some applications

Let H be a Hopf algebra, let A be a bialgebraandleto: H - Aand7w: A — H
be morphisms of bialgebras such that o = Iy. In this case A is called a bialgebra
with projection onto H and A € B9 through

pr(a) =ar@m(as),  p'a) =7(a) ® as,
p(a® h) =aoc(h), p(h®a) = o(h)a.

Define now themap 7: A — A : a — a;05(az). It can be proved that Im7 = A" =: R
and, when H is the coradical of A, that R is connected. Indeed it is well-known
that R becomes a connected bialgebra in the pre-braided monoidal category Z£YD

of Yetter-Drinfeld modules over H (cf. [Ra]).

Now, from the fact that (F,G) is an equivalence we know that e4 : RQ H — A
is an isomorphism. Conversely, it can be proved that, given a Hopf algebra H and
a braided bialgebra R in #YD, we can endow R ® H with a bialgebra structure
and define two bialgebras morphisms ¢ and 7 such that 7o = Idy, see ([Ral).
This bialgebra is called Radford-Majid Bosonization (or Radford biproduct) and
permits to classify different kinds of bialgebras as ”compositions” (crossed product)
of different objects in the same category.

The main aim of this chapter is to extend the results above to the setting of dual
quasi-bialgebras and to give some applications of it.

1. The bosonization of R by H

THEOREM 5.1.1. Let (H,mpg,upy, Ay, ey, wy) be a dual quasi-bialgebra.
Let (R, pg, pr, Ar,€r, mg,ug) be a bialgebra in flyD and use the following no-
tations

he>r @ =pr(h®r), r-1®ro:=pr(r),
rgs : =mgr(r®s), 1r == ug (1),
rmert o =Ag(r).

Let us consider on B := F (R) = R® H the following structures:

WEI(T—Q ® h1 ® s_oki)wp(he ® s_1 ® ky)
mB[(T X h) X (S X k?)] = w;ll[(hg > 50)72 X h4 X kg]wH(T,1 & (hg > 80)71 X h5]€4)
7o r (hg > 50)o @ heks

Ap(r®@h) = wi'(rl, @r?, @ hy)rg @12 hy @15 ® hs
91
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ep(r®@h) = egr(r)eg(h)
wp((roh)®@(s@k)®@ (t®l) = er(r)er(s)er(t)wu(h @k ®1).
Then (B, Ap,ep,mp,up,wp) is a dual quasi-bialgebra.

PrOOF. The following proof is the dual version of [BN, Lemma 3.1]. Recall
that, by Lemma 4.5.5, the functor F : ZYD — H#9E  defines a monoidal functor
F:HBYD, k) — (B @y, H) where, for U,V € 2YD, the structure morphisms
are given by ¢o(U, V'), . Directly by the definition we have that (B, m’z, uz) is an
algebra in (MM @y, H) where

m'y := F (mpg) o p2(R, R), uy = F (ug) o ¥o.
Explicitly we have

wl_fl (T—Q ®h ® 3—2k1) WH(hQ ®s_1Q® kg)
m'B ((’I“ (%9 h) ®H (S (%9 k)) = wﬁl((hg > 80)_2 X h4 & k?g)wH (T_l (029 (hg > 80)_1 &® h5/{34))
7o 'r (h3 > 80)o ® heks

= mpl(re®h)® (s® k),
Since m/y is associative in (H9M7 @y, H), we have that
mjg O (mjg ®H B) = mlB (o] (B ®H mIB) O a,B,B7B

where ap p p is the one defined in Lemma 4.5.1. Let 7 : B — H be defined by
m(r®h) :=¢eg(r)h. Then

(55) wp (TRTRT) =wp.
One easily gets that
(56) T(21) ®xe @ T (23) =21 @29 ® 1, for all x € B.

Let x,y,2z € B, then

mp (M @u B) (r @ry) ®u 2) = mp(mp® B)((z@y)® 2)

and

m’p (B ®@p mp)apps(r @ y) u 2)
= wy (221 © Y1 © 221) My (B®m mlp) (10 On (Yo Qu 20)) wi (11 © 41 @ 21)
= wy (2.1 ®y-1®2.1)mp (B mp) (10 @ (yo ® 20)) wr (11 @ y1 @ 21)
56) _
D (@) @7 (1) @7 (21)) ma (B ms) (22 ® (412 ® 2)) wir (7 (23) © 7 (y3) © 7 (23))
= wi' (11 @y ®z1)mp(BRmp) (12 @ (12 ® 22)) wp (T3 @ Y3 @ 23)
— [w;* [mp (B ® mp)] *wB] (z®y)® 2)

so that mp (mp ® B) = wiz' * [mp (B @ mp)] * wp.

Since m/y is unitary in (B9 @y, H), we have that my (u; @y B) = . From
this equality, we get mp (up ® B) = lg. Similarly mp (B ® ug) = rg. Let us recall
that, by Lemma 4.5.9, the functor F : 2YD — 9L defines a monoidal functor
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F: (BYD,®,k) — (Bmi 0O,, H) , with structure morphisms 15 (U, V), ¢, with
U,V € #YD. We have that (B, Ap,2p) is a coalgebra in (F90, Oy, H) where

Ap:=1s(R,R) " o F(AR), Ep:=1;'oF(ep).
Explicitly we have
Ap(r@h) = (R,R) ™" ((r'er?) ®h)
= w (rLy ® 12, @ h)(rg @ 12 he)0n (G @ hs)
Ap(r®h),
and
ep(r@h)=vp' (er(r)®h) =cr(r)h
From the fact that (B, Apg, EB) is a coalgebra in (X9 Oy, H) one easily gets that
(B, Apg,ep) is an ordinary coalgebra.

It is straightforward to prove that 7 is multiplicative, comultiplicative, counitary
and unitary i.e.

(57) mp=my(rRm), (TR7)Ap=Ayw, ep=cym, Tug=uy.

Using these equalities plus (55), one easily gets that the cocycle and unitary condi-
tions for wg follow from the ones of wy.
Now we want to prove that mp is a morphism of coalgebras. It is counitary as

epmp (&0 EFTMRB €D egmy (TR 7) =my (eg Qey) (T @) (&0 my (ep Rep) .
Hence we just have to prove that
Aplr@h) p(s@k)=(r®h)i p(s@k)i®(®h)p(s®k)s,

where x -y :=mp (x ®y) and x; ® x5 := Ap (z), for all z,y € B. Equivalently we
will prove that

Apmp = (mp ® mp) Apgs.

Since £YD is a pre-braided monoidal category and (R, Ag,eg) is a coalgebra in
this category, then we can define two morphisms Agrgr and epgr in YD such that
(R® R, Aper, €rer) is a coalgebra in 2YD too. We have:

Apsr @ =g ppor° (R®agrr)o (R (crr® R)) o (R®ag'p ) © arrrer © (Ar ® Ag),
ERoR - —ERQER.
Explicitly we obtain
wH(rl, (81) 12, ®st,s?  w(r?, ® 521_1 ® s23)

_ [(7“395)2@7“2@3—2)

(58) Aper(r®s) = w(rl LR (> sh) 1 @r?s%) ’
g ® (25> )d@@%@%)
ror(r®s) : =cegr(r)er(s).

Consider the canonical maps

jMJ\]MDHN—)M@N and XM,N:M®N_>M®HN,
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for all M, N € Lok Set

—

Armp : = jrr).rr) ° Y2 (R, R) ™o F(Agpmg) o gy (R, R) o XF(R),F(R)
Ar : = JF(R),F O%(RR) o F'(Ag),
Tﬁ} D =F (mR) O P2 (R R) O XF(R),F(R)>
(mp ® mp) Aper : = = jrar). ) © V2 (R, R) ™ o F ((mg @ mg) Agrgr) © @2 (R, R) © Xr(r),F(r)-
We have
Armr = jrryem o V2 (R,R)™ o F (Ag) o F (mg) 0 s (R, R) o Xr(r).r(r)
= Apomp.
Moreover

Arp = JF(R ) © AB = Ag,

mr = mB o XF(R),F(R) =mp,

so that, since (mg ® mg) Arer = Agmpg, we obtain
(59) (mR®mR) AR®R:ARmR:ABmB.
It remains to prove that

(60) (mr ® mg) Argr = (Mmp ® mp) Apgs.

First, one checks that (mp ® mp) Apgp is H-balanced. Hence there is a unique
map ( : B®y B — B ® B such that

CoXrr),F(R) = (MB ®mp) Apgp.
Our aim is to prove that (60) holds i.e. that
Jrr),Fry 0 U2 (R, R) " o F ((mg ® mg) Agar)ows (R, R)oXr(r),r(r) = COXF(R)F(R)-

Since X rp(r),F(r) 1S an epimorphism, the latter displayed equality is equivalent to

(61)  Jrr)rer) © Y2 (R, R) ™ o F ((mg @ mp) Apsr) = Co @y (R, R)™
Now

Cle®ny) = Coxrm),rmr (T®y)=(np®@mp)Apep(r@Y)

= T1'BY1 @ T2°BYo-
One proves that ¢ (r ®py y) € BOyB. Then there is a unique map (' : B®y B —
BOg B such that jpg),rr) © ¢ = ¢. Hence (61) is equivalent to
Jr(R),F(R) © V2 (R, R) "o F((mgr ®mg) Arer) = JrR),F(R) © ¢ 02 (R, R)™!
ie. to
(62) F ((mp ® mg) Aper) = ¢2 (R, R) o ("o g2 (R, R)™
By construction
('(x®@ry) =21 -3nO5Ts B Y.
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It is straightforward to prove that (' is right H-linear. Thus it suffices to check
that (62) holds on elements of the form (r ® s) ® 1. Thus, for r,s € R,h € H

[ (R, R) o (' o ps (R, R)_l} (res)®ly)
V2 (R, R) [(r® 1H)1 B (s®1y), Un (r®1u)y 5 (s®1y),)
Vo (R,R) [(rM@r?y) 5 (s'®5%,) @ (15 ®1y) 5 (s§ @ 1u)]
= w(RR)[(r'er) 5 (s'®s*) @ (rg k5o @ 1u)]
[ w 1(( ) (rgl)l ® (51)—2 (5%1)1)WH((r%1)2 ® (51)_1 ® (5%1)2)
Wi [((r%1)5 > (s1)g) 2 @ (7"21)?@ (32—1)3]
(

_ Wy [((T31>3 > ( 1)4 ]
wir((r)_ @ ((1%1)5 > (8M)g) 1 ® (r21), (s21),)
i (o R ((121) 5 & (s1)p)o @ (75 'k 55 @ 1a)]

2
wi (125 > 55) 2 @717, ® 5%,
wr(rly ® (r2y > s§)-1 @12 s%,)
i 76 5 (125 > 50)0 © (1§ -r 55 © 1ur)]
[(mr @ mp) Aper (r®s)] @ 1y
= F((mr®mg)Agrsgr) ((r®s)®1y).
Hence we have proved that (62) holds and hence (60) is fulfilled. Thus, from (59),

we can conclude that mp is a coalgebra morphism. Finally, it is easy to prove that
up is a coalgebra map. 0

2 1
Wy (T 2®T 5®5 25~ 4>WH(714®571®573
2 T
S

~—~
e — |

REMARK 5.1.2. Let us point out that the coalgebra structure of F(R) in the
previous result is a smash coproduct one, see [BN1, Definition 3.4].

DEerFINITION 5.1.3. With hypotheses and notations as in Theorem 5.1.1, the
bialgebra B will be called the bosonization of R by H and denoted by R#H.

2. Dual quasi-bialgebras with a projection

DEFINITION 5.2.1. Let (H,m,u,A,e,w) and (A,ma,us,As,ea,wa) be dual
quasi-bialgebras, and suppose there exist morphisms of dual quasi-bialgebras

c:H—= A and T A—> H

such that 7o = Idy. Then (A, H, 0, ) is called a dual quasi-bialgebra with a projec-
tion onto H.

PROPOSITION 5.2.2. Keep the hypotheses and notations of Theorem 5.1.1. Then
(R#H,H,o,7) is a dual quasi-bialgebra with projection onto H where

o:H — R#H,o (h) := 1g#h, 7w R#H — H, 7w (r#h) :=¢cg (r) h.
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PROOF. The proof that ¢ is a morphism of dual quasi-bialgebras is straightfor-
ward.

The map 7 is a morphism of dual quasi-bialgebras in view of (55) and (57).
Finally, we have wo (h) = w (1g#h) = cg (1g) h = h. O

Next aim is to characterize dual quasi-bialgebras with a projection onto a dual
quasi-bialgebra with a preantipode as bosonizations.

LEMMA 5.2.3. Let (A,ma,ua, Aa,ea,wa) and (H,mpy,ug, Ay, eg,wy) be dual
quasi-bialgebras such that (A, H, o, ) is a dual quasi-bialgebra with a projection onto
H. Then A is an object in TINE through

pa(a) = a @m(az),  phla) =m(ar) @ ay,
pala®h) =ao(h),  py(h@a)=0(h)a.
PROOF. It is straightforward. 0

THEOREM 5.2.4. Let (A, ma,ua,Aa,ea,wa) and (H,my,ug, Ay, e, wy) be
dual quasi-bialgebras such that (A, H,o,m) is a dual quasi-bialgebra with projec-
tion onto H. Assume that H has a preantipode S. For all a,b € A, we set
a; ® as = Ay (a) and ab=my (a @ b). Then, for all a € A we have

7(a) == walay ® 0ST(az)1 ® aglazoS(as)s

and R = G (A) is a bialgebra ((R, i, pr) , Mg, Ur, Ar, €, wr) in YD where, for
allr,s € R,h € H, k € k, we have

h>r:=pgrh®@r):=71lo(h)r], r_1 @1y = pr(r) =m(r) ry,
mg(r® s):=rs, ug (k) == kly,
rerti=Ar(r)=7(r) @7 (ra), er(r):=ea(r).
Moreover there is a dual quasi-bialgebra isomorphism €4 : R#H — A given by
€a(r®h)=ro(h), et (a) =7 (a)) ® 7 (ay) .
Proor. We have
Py (a1) ® az = a1 ® m(as) ® az = a1 ® ply(as)
so that Ay (a) € AOgyA for all a € A. Let Ay : A — AQy A be the corestriction of
A4 to AOgA. Using that wy = wa (T @ T ® 7) , we obtain
ma o (A®,uf4> oHaiHA =mgyo(uy ®A).
Denote by xxy : X ® Y — X ®g Y the canonical projection, for all X,Y objects
. HanH
in 59My.

Since (A ®p A, xa,4) is the coequalizer of ((A ® ,ulA) HaXHA, (W ® A)) , we get
that my factors through to a map m/, : A®y A — A such that m/y o xa4 = ma.
Consider the canonical map vo(M, N) : MOy N — M®y N of Lemma 4.5.12 defined
by ¥o(M, N)(mOgn) := 7(m) @y n and let M4 := m/, 0 ¥5(A, A). Then

ma (aOdgb) = m!y (t(a) @y b) = 7(a)b.
Note that, by Lemma 4.3.6, the map 7 : A — A®H is defined, for all a € A, by

T(a) = wala—1 ® S(a1)1 ® azlagS(ar):
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= wy[r(a1) ® Sm(az)1 @ 7 (ay)|azo [S7(as):]
= wylr

(a1) ® wo [Sm(ash] @ 7 (as)]azo [ST(as)s]
[a1 ® o [ST(as)1] @ as)aso [ST(as)s)
= walay ® 0S7(a3); ® aglasoSm(az)s.
It is straightforward to prove that (A, Ap = 7r) is a coalgebra in (9ME Oy, H).
One checks that (A, m/y, o) is an algebra in (4904, @, H).
Now, given the monoidal functor E : (WM @y, H) — (FmE. 0, H) of
Lemma 4.5.12 we have that (E (A),mpa), upa)) is an algebra in (34,0, H)
where

(S

A

mE(A) =F (m/A) ¢) 192(14, A) and UE(A) =F (0‘) o) 190.
It is clear that (E (A),mE(A),uE(A)) = (A,ma,us = o). Thus (A,ma,ua) is an
algebra in (¥9ME Oy, H).

Now, we apply [AMS2, Proposition 1.5] to the functor G : M4 — ZYD of
Lemma 4.5.10. Set R := G (A) = A®H. Then R is both an algebra and a coalgebra
in #YD through

mr - =G (Ma) oS (A, A), up = G (T4) oS,
Ap - =¢S(A AT oG (Bs), er:=(§) oG (Ea).
Explicitly, for all ;s € R,k €k

mp(r®s)=71(rs_1)so ) reg (s_1) S0 =18,

ug (k) = G (Ua) Y5 (k) = Ua (kly) = ko (1g) = kla,
Agr(r)=71(r) &7 (r2),
er () = (U§) " G (Ea) () = (§) " (1) =7 (r) = ea (r) 7w (r2) = ea (ro) r1 = 4 (r) L.
We will use the following notations for all r, s € R,
rrs:=mgr(r®s), g :==ug (1) .

Now, by [AMS2, Corollary 1.7], we have that €4 : FG (A) — A is an algebra and
a coalgebra isomorphism in (89 0., H). Let us write the algebra and coalgebra
structure of FG (A) = R ® H. By construction, we have

mpry @ = F(mg)oe(R,R): F(R)OxgF (R) = F(R),
Upry @ = F(ug)ot: H— F(R),

Apmry @ =U(R,R) o F(AR): F(R)— F(R)OyF (R),
EF(R) : =1y loF(eg): F(R) — H.

Explicitly we have
mrr) ((r@h) Oy (s @ k) = w(r-1 @ s—1 ® ki)rog(h) - o @ ka,
Urry (h) = F (ur) o (h) = 1r @ h,
ZF(R) (r@h) =w(rl, @12, ® hi)(rg @ r2,he)Op (15 © hs),
Err) (r@h) =1y F(er) (r@h) =4y (er(r) ® h) =g (r) h.



98 5. THE MAIN RESULTS AND SOME APPLICATIONS

In view of 4.5.7, the forgetful functor (§M4 O, H)—HMH Oy, H) is a strict
monoidal functor. €4 : (F(R),Apr),Err) — (A, A4,EZs = 7) being a coal-
gebra morphism in (¥, Op, H), we have that e4 : (F(R),Apw):Err) —
(A,A4,Ex = 7) is a coalgebra morphism in (¥ O, H). Apply Lemma 4.5.4
to the case (M, ®,1) = (M, ®,k) and C = H. Let jxy : XOgY — X @Y be
the canonical map. Then €4 : (F (R), jrr) o AF ), €0 © Er(r)) — (A,jaa 0
Ay, 0E4) is a coalgebra morphism in (sm ® k). In other words it is an or-
dinary coalgebra morphism. Note that (A,j4.4 o Ap,egoZa) = (A Ay ea). Set

(Apry,€rr)) = (Jrr),F(R) © ZF(R),gg o Ep(r))- Let us compute explicitly these
maps. We have
Apr) (r@h) = (Jrm),rm o Arr) (r@h) =w ' (rl; @2, @ h)(rf @ 12 1hs) ® (1§ & hs),

epr) (r®h) = (€HO€F(R))( @ h)=¢er(r)em (h).

Thus €4 : (F (R),Apr),crr)) — (A, A, e4) is an ordinary coalgebra morphism.
€a: (F(R),Mpr), Urr) — (A, Ma,Us = o) being an algebra morphism in (497, 0, H),
then, in view of Lemma 4.5.12,

€A - (F (R) 7E (mF(R))o%(F (R) ,F (R)), E (HF(R))O’VO) — (A, E (mA)o%(A, A), E (EA)O’YO>
is an algebra morphism in (2904 ®,, H). Note that
E(ma) 0na(A, A) = a0y (A, A) =ml,
E(EA)O’}/O = ﬂA =0
so that
(A, 2 (ma) 0o v2(A, A),Z(Wa) 0 y0) = (A,my,0).
Set (m’F(R),u’F(R)> = (2 (Mpw) ©72(F (R), F(R)),E (Tpr) © ) - We have

) (r@h) @ (s®k))
= [E(@r: )072 (R), ( )] ((r®@h) @u (s @ k))
= r [(r@h), (s@k)_, @ (r@h), (s @ k)]

3

[( & h1) (s_1k1) ®p h2 (s0 ® ko)
(721 ® h1 ® s_oki| Mpr) [To ® [he (S—1k2)] @u hs (5o @ k3)]

Mp(
o
W™
. [ _1 (11 @ hy @ s_ski]w(hs ® s_1 ® k3)w_1((h4 D> So)_1 ® hs ® ky) ]
Mrr) [Fo @ [ha (s_2k2)] @ [(ha D> S0)o @ heks)]

wria®hy ® s_ski]w(hsy @ s_1 @ k3)w ™ ((ha > $0)—2 @ hs ® ky)
w(r-1 @ ( h4 > S0)—1 ® heks)rocu [he (S—2k2)] -r (ha D> S0)o ® hrks

7” 2 @ h1 @ 5_oki]w(hy ® 51 @ ky)
h3 > 80 2 ® h4 & ]{?3) (r_1 & (h3 > 80)_1 & h5]{?4)
70 'R (hg > So)() X h6k5

so that
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w! (-9 ® h1 @ s_ok1]w(he ® s_1 ® k2)
= wil((hg > 80)_2 R hy ® kg)bd(?"_l (%9 (hg > SQ>_1 (%9 h5k’4)
70 'R (hg > 80)0 X h6k5

Moreover
Upigy (h) = [2 (Trr)) 0] (h) = Upm) (h) = 1z @ h.
Apply Lemma 4.5.4 to the case (M, ®,1) = (FM# ®,k) and A = H. Then

€a: (F(R),mpgy © XF(R).FR) Up(r) © Ur) = (A,m)y 0 xa4,00up)

is an algebra homomorphism in (797 ® k). Note that (A, m’y o xa4,00uyg) =
(A, ma,ua). Moreover, if we set (mp(r), upr)) := (m%(R) o XF(R)’F(R),U/F(R) oupy),
we get

mpr) (r®@h)® (s®@k))

w! [1_o @ h1 @ s_ok1]w(he ® s_1 ® k2)
= | w((hs > 50)—2 ® ha ® k3)w(r_1 ® (hy > 80)—1 ® hsky)
To "R (hg > 80)0 X h@/{?5

Moreover
UF(R) (]{7) =1p R k.
Thus €4 : (F (R),mpr), urr)) — (A, ma,ua) is an algebra isomorphism in (7907, ®, k)
and €4 : (F (R),Apry,crr)) — (A, A4, e4) is an ordinary coalgebra isomorphism.
Thus
mao(ea®eq) = €40Mpr), €A O UFR(R) = UA,
(ea®ea)oApry = Asoen, €40 €4 = EF(R),
so that mp(r), ur(r), Ar(r), €r(r) are exactly the morphisms induced by ma, ua, A, €4

via the vector space isomorphism €4 : F'(R) — A. Let wp(gr) be the map induced by
w4 via the vector space isomorphism €4 i.e.

Wpr) = wa0 (Aa®ea®eq): F(R)® F(R)® F(R) — k.

Then €4 (F (R)7AF(R);6F(R))mF(R)7UF(R)7wF(R)) — (A,mA,UA,AA,€A7WA> is
clearly an isomorphism of dual quasi-bialgebras. Since, for all » € R, we have
w(r) =¢ea(ry)m(ry) =¢ea(r) 1y, then, for r,s,t € R h, k,l € H, we get
wrw [(r@ h) ® (s © k) @ (£ @ )] = wa (ro (h) @ 50 (k) @ 1o (1)
wy [r(ro(h)) @ (so (k) @7 (to (1)) =wg[r(r)h@7(s) k@ (t)]]
= wylea(rhRes(s)kRea ()] =ca(r)ea(t)ea(s)wyg (hR k1)
so that
wrr) (T @ (s@k)®@ (@) =ca(r)ea(t)ea(s)wu (h@k®1).

Note that (F (R) , Ar(ry, €r(R): MF(R), uF(R),wF(R)) = R#H once proved that (R, mg, ur, Ag,€r)
is a bialgebra in the monoidal category (gyD, ®, ]k) . It remains to prove that mp
and up are coalgebra maps. Since #YD is a pre-braided monoidal category and
(R, AR, eg) is a coalgebra in this category, then we can define two morphisms Aggr
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and epgr in YD such that (R ® R, Argr,crer) is a coalgebra in 2D too. We
have

AR@R . :a]_{}RJ{@RO<R®CLR,R,R)O<R®CR,R®R)O(R®G}_Q}RVR)OaR,R,R@RO(AR®AR)7
ERQR =cr K ER.

Explicitly Aggr satisfies (58). In order to prove that mp is a morphism of coalgebras
in 2YD, we have to check the following equality

(mg @ mr)Argr = Agpmg.
Since we already obtained that B := F'(R) is a dual quasi-bialgebra, we know that
Apl(r®ly) B (s®1g)] =0 ®1y) B (sR1g)1® (r®@ 1) - (s® 1g)s.
By applying R ® ey ® R ® e on both sides we get:

(), ® (), ® (7),)
- wil[((Ti)S > (31)0>—2 ® 7"31)4 ® (52—1)3} ® (7‘3 ‘R 5(2))
(), @ ((2), > 0) (s

wlrl, ®@r?, @ st,s? ) w(r?, @ st @ s%3)
w125 > sp) -2 @17, ® 5%,
wirl, @ (rk; > sh)1 @r2s?))

i ro R (123 D> 55)o @ (15 R 57)

= (mr @mpg)Arer(r ®s).

The compatibility of mpg with g and the fact that ug is a coalgebra morphism can
be easily proved. ([l

3. Applications

Here we collect some applications of the results of the results just exposed.

3.1. The associated graded coalgebra.

EXAMPLE 6. Let (A, ma,ua, Aa,ea,wa) be a dual quasi-bialgebra with the dual
Chevalley property i.e. such that the coradical H of A is a dual quasi-subbialgebra of
A. Since A is an ordinary coalgebra, we can consider the associated graded coalgebra

Ap
Anfl '

grA = @ gr" A where gr" A 1=
neN
Here A_1 := {0} and, for alln > 0, A, is the nth term of the coradical filtration of

A. The coalgebra structure of grA is given as follows. The nth graded component of
the counit is the map €3 4 : An/An—1 — k defined by setting

ggrA(I + An—l) = 5,170814(1)).
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The nth graded component of comultiplication is the map
Apy:gr™A— P a"dea’A
a+b=n,a,b>0
defined as the diagonal map of the family (Ag&)%b:n,a,bzg where
AZ{& : gr%bA — gr'A® grbA7 Ag{&(% + Apip1) = (21 + Aa1) @ (29 + Ap_1).

PROPOSITION 5.3.1. Let A be a dual quasi-bialgebra with the dual Chevalley
property. Then

(gI‘A, mgrA7 ugrAa AgrA) 8grAa wgrA)
1$ a dual quasi-bialgebra where the graded components of the structure maps are
given by the maps

mgf4 Ler"A® g’ A — gr'th A, Uy -k — gr" A,
Agﬁl cer®A — g A @ gr’A, Egra 1 BT"A = kK,
wgﬁf cer®A @ g’ A @ gred — k,
defined by
medy (@4 Aat) @ (Y + Ap)] =2y + Aasm1,  tpes (k) = 0nola + Ay = S,0la,
A (@ + Aagpo1) = (214 Aac1) © (w2 + A1), pal + A1) == Onoea(®),
Weli (@ + Aac1) ® (¥ + Ap1) ® (2 + Acc1)] 1= da00b00c0wa(z @ Y @ 2).

Here ¢, j denotes the Kronecker delta.

PROOF. The proof of the facts that mg.4 and ug. 4 are well-defined, are coalgebra
maps and that mg,4 is unitary is analogous to the classical case, and depend on
the fact that the coradical filtration is an algebra filtration. This can be proved
mimicking [Mo, Lemma 5.2.8]. The cocycle condition and the quasi-associativity of

Mgra are straightforward.
O

PROPOSITION 5.3.2. Let A be a dual quasi-bialgebra with the dual Chevalley prop-
erty and coradical H. Then (grA, H,o,m) is a dual quasi-bialgebra with projection
onto H, where

c:H—grA:h— h+ A_q,

migtA— H:a+ A,_1 — dpoa, foralla € A,.
PRrROOF. It is straightforward. O

COROLLARY 5.3.3. Let A be a dual quasi-bialgebra with the dual Chevalley prop-
erty and coradical H. Assume that H has a preantipode. Then there is a bialgebra
R in YD such that grA is isomorphic to R#H a dual quasi-bialgebra.

Proor. It follows by Proposition 5.3.2 and Theorem 5.2.4. 0

DEFINITION 5.3.4. Following [AS, Definition, page 659], the bialgebra R in # YD
of Corollary 5.3.3, is called the diagram of A.
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3.2. On pointed dual quasi-bialgebras. We conclude this chapter consider-
ing the pointed case.

LEMMA 5.3.5. Let G be a monoid and consider the monoid algebra H = kG.
Suppose there is a map w € (H® H® H)* such that (H,w) is a dual quasi-bialgebra.
Then (H,w) has a preantipode S if and only if G is a group. In this case

S(g) =lwlg® g @g)] g "

PROOF. Suppose that S is a preantipode for (H,w). Since H is a cocommutative
ordinary bialgebra, by Theorem 4.3.10, we have that kG is an ordinary Hopf algebra,
where the antipode is defined, for all g € G, by

s(g9) = 5(9)hwlg®S5(9),®9].
Moreover one has S = £S5 *xs. Now, since kG is a Hopf algebra, one has that the set
of grouplike elements in kG, namely G itself, form a group, where ¢! := s(g), for
all g € G.
Now, since s is an anti-coalgebra map, we have

S(9), ® S (g9), =S(9)s(9), ® 5(g9), = S(9)s(9) ®s(9) = S(g) ® g™
so that 5 (9) = S (9);w[g ® S (9), ® 9] = S(gw (9 ® g~ @ g). Hence S(g) = [w(g®
-1 |
g @9y
The other implication is trivial (see [AP, Example 3.14]). O
The motivation for the previous result is Corollary 5.3.8 below.

PROPOSITION 5.3.6. Let (A,m,u,A,e,w) be a dual quasi-bialgebra. Then the
set of grouplike elements G (A) of A is a monoid and the monoid algebra kG (A) is
a dual quasi-subbialgebra of A.

PRrROOF. It is straightforward. O

COROLLARY 5.3.7. Let (A,m,u, A, e,w) be a pointed dual quasi-bialgebra. Then
Ao =kG (A) is a dual quasi-subbialgebra of A.

ProOF. By Remark 4.3.13, Ay = kG (A). In view of Proposition 5.3.6, we
conclude. 0

COROLLARY 5.3.8. Let (A, m,u, A e,w, s, a, ) be a pointed dual quasi-Hopf al-
gebra. Then G (A) is a group and Ay = kG (A) is a dual quasi-Hopf algebra with
respect to the induced structures.

PROOF. Set G := G (A). By Corollary 5.3.7, Ay = kG is a dual quasi-subbialgebra
of A. It remains to check that the antipode on A induces an antipode on Ay,. We
have

As(g) = s(g2) @ s(g1) = s(g) ® s(g),
es(g) = elg) =1,
ie. s(g) € G, for any g € G. Let sg, g, B, wo, Mo, Ug, Do, €9 be the induced
maps from s, a, B, w, m,u, A\, e, respectively. It is then clear from the definition that

A, with respect to these structures, is a dual quasi-Hopf algebra. Since any dual
quasi-Hopf algebra has a preantipode, by Lemma 5.3.5, G is a group. 0
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Pointed dual quasi-Hopf algebras have been investigated also in [Hu, page 2]
under the name of pointed Majid algebras. In view of Corollary 5.3.8, which seems
to be implicitly assumed in [Hu, page 2], we can apply Corollary 5.3.3 to obtain the
following result.

THEOREM 5.3.9. Let A be a pointed dual quasi-Hopf algebra. Then grA is iso-
morphic to R#KG (A) as dual quasi-bialgebra where R is the diagram of A.






Appendix B

DEFINITION 5.3.10. [BCP, Section 1.5] Let (M, ®,1,a,l,r) be a monoidal cat-
egory. The weak right center W, (M) of M is a category defined as follows. The
objects in W, (M) are all the objects V' of M such that there exists an associated
class of morphisms c_y (cxy : X ® V — V ® X, for any object X in M), which
are natural in the first entry and satisfying, for all XY € M:

(63) ayy © Cxav,y © Axyy = (cxy @ Y) 0 axlyy o (X @ cyy)
and such that ry o ¢y = ly. A morphism f: (V,c_y) — (W, c_ w) is a morphism
f:V — W in M such that, for each X € M we have

(fe@X)oexy =cxwo(X®f).
W, (M) becomes a monoidal category with unit (1,/7! or) and tensor product
Viev) @ (Wew) = (VeW.c vew)

where, for all X € M, the morphism cxyew : X @ (VW) - (VoW)® X is
defined by

CXVew = a\_/,lw,x o(V®exw)oayxwo (exy @W)o a)_c,lv,w'
The constraints are the same of M viewed as morphisms in W, (M). Moreover the
monoidal category W, (M) is pre-braided, with braiding

W) (Wew) P Vo) @ Woew) = (Weeow) @ (Ve v)
given by cyw.

THEOREM 5.3.11. Let H be a dual quasi-bialgebra. The categories VW, (HDJI) and
BYD are isomorphic, where 9 is regarded as a monoidal category as in Chapter

4.

PROOF. The proof is analogue to [Ba, Theorem 3.5].
[l

REMARK 5.3.12. Let us point out that, by [Ba, Theorem 3.3|, given a dual quasi
Hopf algebra H with a bijective antipode, the weak right center W, (7901) coincides
with the common center of 791,

Example : the group algebra
We now investigate the category of Yetter-Drinfeld modules over a particular
dual quasi-Hopf algebra.

105
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Let G be a group. Let 6 : G x G x G — k* :=k\ {0} be a normalized 3-cocycle
on the group G in the sense of [Majl, Example 2.3.2, page 54| i.e. a map such that,
for all g, h,k,l € H

0(971G’ah) =1

Then 6 can be extended by linearity to a reassociator w : kG @ kG @ kG — k making
kG a dual quasi-bialgebra with usual underlying algebra and coalgebra structures.
This dual quasi-bialgebra is denoted by k?G. Note that in particular kG is an
ordinary bialgebra but with nontrivial reassociator. In particular it is associative as
an algebra. Let us investigate the category ﬁzgyl? of Yetter-Drinfeld module over
kG.

DEFINITION 5.3.13. Let 6 : G x G x G — k* be a normalized 3-cocycle on a
group G. The category of cocycle crossed left G-modules (G, 0)-Mod is defined as
follows. An object in (G, 6)-Mod is a pair (V,»), where V = @,ccV, is a G-graded
vector space endowed with a map »: G x V' — V such that, for all g, h,l € H and
v € V, we have

(64) h » va S thhfl,

O (hlgl"'h™ b, 1) 0 (h,1,g)
(65) hy (Iwv)= TN (hl) » v,
(66) Iy »ov=no.

A morphism f : (V,») — (V',»’) in (G,0)-Mod is a morphism f : V — V' of G-
graded vector spaces such that, for all h € H,v € V, we have f(h » v) =h»' f(v).

The following result is inspired by [Maj2, Proposition 3.2].

PROPOSITION 5.3.14. Let 0 : G X G x G — k* be a normalized 3-cocycle on a
group G. Then the category ggyp is isomorphic to (G, 0)-Mod.

PROOF. Set H := kG and let (V, py,>) € EYD. Then (V, py) is an object in
KGO, Hence, see e.g. [Mo, Example 1.6.7], we have that V = @®,cqV, where V, =
{veV|pv(v)=g&®uv}. Define the map »: G xV — V, by setting g » v := g > v.
It is easy to prove that the assignments

Vipv, ) = (V = @gecVy,®) [ f

define a functor L : #YD — (G, 6)-Mod. Conversely, let (V = @yecV,,») be an
object in (G, 0)-Mod. Then » can be extended by linearity to a map >: kGV — V.
Define py : V. — kG ® V, by setting py (v) = g ® v for all v € V,. Therefore, the
assignments

(V =&gecVy,») = (Vipv, ) [ f

define a functor R : (G, 0)-Mod — £YD. 1t is clear that LR = Id and RL = Id.
U
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REMARK 5.3.15. As a consequence of the previous result, the pre-braided monoidal

structure on tgg)}D induces a pre-braided monoidal structure on (G, 6)-Mod as fol-

lows. The unit is k regarded as a G-graded vector space whose homogeneous compo-
nents are all zero excepted the one corresponding to 1. Moreover h » k = e (h) k
for all h € H, k € k. The tensor product is defined by

Vi) @ (Wop) = (Vo W.»)
where
(VeW),=&nen(Vi @ Wy-1y)
and, for all v € V,;,w € W, we have
0 (hgh™', hih=1, 1) 0 (h, 9,1)
6 (hgh=1, h,1)
The constraints are the same of 90 viewed as morphisms in ZYD.
The braiding cyp : V@ W — W ® V is given, for all v € V,w € W, by

cvw (v@w) = (g»w)®v.

hoy (v@w)=

(hw»v)®(hy»w).
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