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Abstract

Let A be a basic and connected finite dimensional algebra over an algebraically closed field k. Let T
be a basic tilting A-module with arbitrary finite projective dimension. For a finite group G we establish
a bijection between the set of isoclasses of connected Galois coverings of A with group G and the set of
isoclasses of connected Galois coverings of Enda(T') with group G. Using the Hasse diagram EA (see
[@] and [@]) of basic tilting A-modules, we give sufficient conditions on T for this bijection to hold in the
case G is infinite (these conditions are always verified when A is of finite representation type). Finally, we
apply these results to study when the simple connectedness of A implies the one of Enda(T") (see ﬁ])

Introduction

Let k be an algebraically closed field and let A be a finite dimensional k-algebra. In order to study the
category mod(A) of finite dimensional (left) A-modules we may assume that A is basic and connected.
In the study of mod(A), tilting theory has proved to be a powerful tool. Indeed, if T is a basic tilting
A-module and if we set B = Enda(T), then A and B have many common properties: Brenner-Butler
Theorem establishes an equivalence between certain subcategories of mod(A) and mod(B) (see [E], [@]
and [@]), A and B have equivalent derived categories (see [E]) and (in particular) they have isomorphic
Grothendieck groups and isomorphic Hochschild cohomologies. In this text we will study the following
problem relating A and B:

is it possible to compare the Galois coverings of A and those of B? (Pr)

As an example, if A = kQ with @ a finite quiver without oriented cycle and if T is an APR-tilting module
associated to a sink x of @ (see %]) then B = k@’ where @’ is obtained from () by reversing all the arrows
endind at z. In particular Q and Q' have the same unnderlying graph and therefore A has a connected
Galois covering with group G if and only if the same holds for B.

Recall that in order to consider Galois coverings of A we always consider A as a k-category. When
C — A is a Galois covering (with C a locally bounded k-category), it is possible to describe (part of)
mod(A) in terms of C-modules (see for example [E] and [[1]). This description is useful because mod(C)
is easier to study than mod(A) especially when C is simply connected (this last situation may occur when
A is of finite representation type, see E]) Notice that simple connectedness and tilting theory have
already been studied together through the following conjecture formulated in [E]

A is simply connected = B is simply connected (P2)

More precisely, the above implication is true if: A is of finite representation type and T is of projective
dimension at most one (see @]), or if: A =kQ (with Q a quiver) and B is tame (see [E], see also @] for a
generalisation to the case of quasi-tilted algebras). The two problems (P1) and (P-) are related because A
is simply connected if and only if there is no proper Galois covering C — A with C connected and locally
bounded (see )

In order to study the question (Pi) we will exhibit sufficient conditions for 7" to be of the first kind
w.r.t. a fixed Galois covering C £ A Indeed, if T is of the first kind w.r.t. F, then it is possible to
construct a Galois covering of B which is, up to isomorphism of Galois coverings of B, uniquely determined
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by the isomorphism class of F. Here we say that two Galois coverings F': C — A and F': C' — A are
isomorphic if and only if there exists a commutative square:
!

C C
Fl/ lF/

A——=A

~

R ——

where horizontal arrows are isomorphisms and where the bottom horizontal arrow restricts to the identity
map on the set of objects of A. For simplicity, let us say that A and B have the same connected Galois
coverings with group G if there exists a bijection between the sets Gala(G) and Galg(G) where Gala(G)
(resp. Galp(@)) stands for the set of isomorphism classes of Galois coverings C — A (resp. C — B) with
group G and with C connected and locally bounded. With this definition, we prove the following theorem
which is the main result of this text and which partially answers (Py):

Theorem 1. Let A and T be as above and let G be group.
1) If G is finite, then A and B have the same connected Galois coverings with group G.

2) If T € K 4 lies in the connected component of K a containing T, then Enda(T) and Enda(T")
have the same connected Galois coverings with group G

3) If T lies in the connected component of E)A containing A, then A and B have the same connected
Galois coverings with group G.

In particular, if E)A is connected (which happens when A is of finite representation type) then A and B
have the same Galois coverings with group G, for any group G.

Here EA is the Hasse diagram associated with the poset 74 of basic tilting A-modules (see [@] and
[@]) Theoremlﬂ allows us to prove the following corollary related to (P). Notice that in this corollary,
the third point has been proved in [E] for tilting modules with projective dimension at most one, and that
in the last point, the whole equivalence has been proved in [E] under the additionnal assumption: B is
tame.

Corollary 1. 1) IfT' € fA lies in the connected component of fA containing T, then: Enda(T) is
simply connected if and only if Enda(T") is simply connected.

2) If T lies in the connected component of fA containing A then: A is simply connected if and only if
B is simply connected.

3) (see /ﬁ/) If E)A is connected (e.g. A is of finite representation type, see /@]), then: A is simply
connected if and only if Enda(T) is simply connected.

4) (see /E/) Assume that A = kQ with Q a connected quiver. Then the following implication holds:
Enda(T) is simply connected = Q is a tree (i.e. A is simply connected).

The text is organised as follows. In Section 1 we give the definition of all the notions mentioned above
and which will be used for the proof of Theorem . In Section 2 we detail the construction of the Galois
covering of B starting from a Galois covering of A such that T € mod; (A) and we study the connectedness
of this Galois covering. In Section 3 we prove that for a connected Galois covering A’ — A with finite
group G (the finiteness assumption implies that A’ is a k-algebra) the posets 74 and ’TE are isomorphic.
The proof of this result shows that any T' € 74 is of the first kind w.r.t. to any connected Galois covering
of A with finite group. In Section 4 we prove that for T € E’ 4 the full convex subquiver of E 4 defined
by the vertices A and T is isomorphic to the opposite of the full convex subquiver of E B defined by the
vertices B and T (with B = Enda(T)). This link between K 4 and K 5 is used in Section 5 in order to
give sufficient conditions for T' to be of the first kind w.r.t. to all connected Galois coverings of A. It is
also used in Section 6 which is devoted to the proof of Theorem ﬂ

I would like to acknowledge Eduardo N. Marcos for his stimulating remarks concerning the implication
(P2) during the CIMPA school Homological methods and representations of non-commutative algebras in
Mar del Plata (February 2006).

1 Basic definitions and preparatory lemmata

Reminder on k-categories (see [H] for more details). A k-category is small category C such that for
any z,y € Ob(C) the set ,C, of morphisms from x to y is a k-vector space and such that the composition



of morphisms in C is k-bilinear. A k-category C is called connected if and only if there is no non trivial
partition Ob(C) = E'U F such that ,C, = ,Cy =0 forany z € E,y € F.

All functors between k-categories are supposed to be k-linear. If F': £ — Band F’': £ — B are functors
between k-categories, then F' and F’ are called isomorphic if there exists a commutative diagram:

where horizontal arrows are isomorphims and where the bottom horizontal arrow restricts to the identity
map on Ob(B).
A locally bounded k-category is a k-category C verifying the following conditions:

. distinct objects in C are not isomorphic,
. for any x € Ob(C) the k-vector spaces @yeOb(c) 4Cz and @yeOb(c) +Cy are finite dimensional,
. for any x € Ob(C), the k-algebra »C, is local.

For example, let A be a basic and finite dimensional k-algebra (basic means that A is the direct sum of
pairwise non-isomorphic indecomposable projective A-modules) and let {e1,...,en} be a complete set of
pairwise orthogonal primitive idempotents. Then A can be viewed as a locally bounded k-category as
follows: ei,..., ey, are the objects of A, the space of morphisms from e; to e; is equal to e; Ae; for any i, j
and the composition of morphisms is induced by the product in A. Notice that different choices for the
primitive idempotents e1, ..., e, give rise to isomorphic k-categories. In this text we shall always consider
such an algebra A as a locally bounded k-category.

Modules over k-categories. If C is a k-category, a (left) C-module is a k-linear functor M: C —
MOD(k) where MOD(k) is the category of k-vector spaces. A morphism of C-modules M — N is a
k-linear natural transformation of functors. The category of C-modules is denoted by MOD(C).

Notice that if C = C1 [ | C2 where C1 and C; are full subcategories of C, then there is a natural embedding
MOD(C;) — MOD(C) for each i. In particular, if M € MOD(C), then: M € MOD(C,) if and only if
M(z) = 0 for any = € Ob(Ca).

A C-module M is called locally finite dimensional (resp. finite dimensional) if and only if M(x) is
finite dimensional for any z € Ob(C) (vesp. if €D, copc) M(2) is finite dimensional). The category of
locally finite dimensional (resp. finite dimensional) C-modules is denoted by Mod(C) (resp. mod(C)).
Notice that if C = A as above, then Mod(C) = mod(C).

We shall write IND(C) (resp. Ind(C), resp. ind(C)) for the full subcategory of MOD(C) (resp. of
Mod(C), resp. of mod(C)) of indecomposable C-modules. If C = [],; C; where the C;’s are the connected
components of C then for any M € IND(C) there exists a unique ¢ € I such that M € IND(C;). Finally,
if M =N16...@ N with N; € ind(C) for any 4, then we set d(M) :=t and M is called basic if and
only if My, ..., M; are pairwise non isomorphic.

Tilting modules. Let A be a finite dimensional and basic k-algebra. A tilting A-module (see [E],

[@] and [@]) is a module T' € mod(A) verifying the following conditions:

(T'1) T has finite projective dimension (i.e. pda(T') < c0),

(T2) Ext'y(T,T) =0 for any i > 0 (i.e. T is selforthogonal),

(T'3) there is an exact sequence in mod(A): 0 = A —T1 — ... = T, — 0 with T1,..., T, € add(T) (i.e.
T,...,T, are direct sums of direct summands of T').

A module which satisfies the conditions (7'1) and (7'2) above is called an exceptionnal module. When
T is a tilting A-module, we are usually interested in the k-algebra Enda(T"). We refer the reader to @],

[E], [@] and [E] for a deeper study of Enda(T).
Let 74 be the set of basic tilting A-modules up to isomorphism. Then 74 is endowed with a partial order

introduced in [@] and defined as follows. If T' € T4, the right perpendicular category T of T is defined

by (see [H]):
Y : T+ = {X € mod(A) | (Vi > 1) Ext'y(T,X) =0}

If T' € T4 is another basic tilting module, we write T' < T’ provided that T+ C Tt In particular, we
—
have T'< A for any T' € 74. In [@]7 D. Happel and L. Unger have proved that the Hasse diagram IC 4 of



T4 is as follows. Tlle vertices in E 4 are the elemglts in 74 and there is an arrow T'— T" in E’ A if and

only ift T=X@T with X € ind(A), 7' =Y @ T with Y € ind(A) and there exists an exact sequence
— —~ _ —

0— [ﬁé_) M —Y — 0in mod(A) with M € add(T'). For more details on K 4, we refer the reader to [E]

and [[Lq].

Galois coverings of k-categories. Let G be a group. A free G-category is a k-category £ endowed
with a morphism of groups G — Aut(€) such that the induced action of G on Ob(€) is free. In this case,
there exists a (unique) quotient &€ — £/G of € by G in the category of k-categories. With this property,
a Galois covering of B with group G is by definition a functor F': £ — B endowed with a group morphism
G — Aut(F) = {g € Aut(€) | F o g = F} and verifying the following facts:

. the group morphism G — Aut(F) — Aut(£) endows & with a structure of free G-category,

. the functor £/G LR B induced by F' is an isomorphism.

This definition implies that the group morphism G — Aut(F') is one-to-one (actually one can show that
this is an isomorphism when & is connected). Moreover for any = € Ob(B) the set F~'(z) is non empty,
it is called the fiber of F' at x and verifies: if # € F~'(z), then F~'(z) = G.4.

If F: £ — Bis a Galois covering with group G and with B connected then £ need not be connected. In

such a case, if £ = [] & where the &;’s are the connected components of £, then for each 4, the following
i€l
functor:

is a Galois covering with group:
Gi={g € G| g(Ob(&))NOb(E:) # 0} = {g € G | g(Ob(&:)) = Ob(E:) }

Moreover, if ¢,j € I then the groups G; and G; are conjugated in G and there exists a commutative
diagram:

where the horizontal arrow is an isomorphism. This implies in particular that G acts transitively on the
set {& | @ € I} of the connected components of £. Notice that all these facts may be false if B is not
connected.

For short, a Galois covering with finite group is called a finite Galois covering. Two Galois coverings
of B are called isomorphic if and only if they are isomophic as functors between k-categories (see above,
this implies that the groups of the Galois coverings are isomorphic). Finally, we shall say for short that
a Galois covering & — B is connected if and only if £ is connected and locally bounded (this implies that
B is connected and locally bounded, see [@, 1.2]).

Simply connected locally bounded k-categories. Let B be a locally bounded k-category. Then
B is called simply connected if and only if there is no proper connected Galois covering of B (proper
means with non trivial group). This definition is equivalent to the original one (see @] for the triangular
case and [@, Prop. 4.1] for the non-triangular case) which was introduced in [[f]: B is simply connected
if and only if 71 (@5, I) = 1 for any admissible presentation kQp/I ~ B of B (see [E] for the definition

of m1(@s5,I)).

Smash-product categories. In [@], C. Cibils and E. N. Marcos have introduced a useful way to
describe Galois coverings using smash-products of G-graded categories. A G-graded category is a k-
category B endowed with a vector space decomposition yB: = @D . yB7 (for any z,y € Ob(B)) such
that B . B C B for any x,y,z € Ob(B),g,h € G. If B is G-graded, the smash-product category

BfG is defined as follows:
. Ob(B#G) = Ob(B) x G,
) (BEG) (o) = yBE T for any (x,5), (y,t) € Ob(BYG),
. the composition of morphisms in BfG is induced by the one in B.

Notice that the natural projection Ob(B§G) — Ob(B) and the natural injections (, ) (B§G)(z,s) — yl':”fc{1
define a functor BfG — B. The following facts have been proved in [L1]:



. BiG — B is a Galois covering with group G (the action of G on BfG is given by: g.(z,s) =
(z,5¢7") and gu = u € yBi{l = 4.(y,0)(BIG)g.(z,5) for any (z,s),(y,t) € Ob(BYG) and any
UE (y)(BIG) (@,5)),

. if &€ — B is a Galois covering with group G, there exists a G-grading on B such that £ — B and
BiG — B are isomophic.

Basic notions on covering techniques. Let F': £ — B be a Galois covering with group G and
with £, B locally bounded. The covering techniques have been introduced by K. Bongartz, P. Gabriel and
C. Riedtmann (see [E] and @]) and they establish a link between MOD(E) and MOD(B). We recall
here some features of these techniques. First of all, the action of G on £ gives rise to an action of G
on MOD(&): if M € MOD(E) and g € G, then M := Fog™' € MOD(E). Moreover, F defines two
additive functors F: MOD(E) — MOD(B) (the push-down functor) and F.: MOD(B) — MOD(E)
(the pull-up functor) as follows:

. for M € MOD(B), we set F.M := M o F € MOD(E),

. for M € MOD(E), we set Fx € MOD(B) to be the unique module verifying:

- FaxM(z) = @;cp-1(,) M(2) for any z € Ob(E),

- XM (F(w) = @,eq 9ut Dyec M(92) — D, eq M(g9) for any u € 3Ez.
We list below some properties of F. and F) that will be used in the sequel (for more details we refer the
reader to [E])

. F\ and F. are exact and send projective modules to projective modules,

- EN(E) =@, Band F.(B) =€,

. F.F)\ ~ @QEG g]d]wop(g) and F)\F. ~ @QEG IdA{OD(B)7

. Fx(mod(€)) C mod(B), Fx(Mod(£)) C Mod(B), F.(Mod(B)) C Mod(B),

. DoF.=F.oD and D o Fymoa(e) = Fx © Djmoa(s) where D = Homy(?,k) is the usual duality,

. F\ is left adjoint to F.,

. Do FyoD is right adjoint to F. (in particular, there is a functorial isomorphism Homg(F.M,N) ~

Homp(M, FA(N)) for any M € MOD(B) and any N € mod(£)).
These properties give the following result which will be used many times in this text:
Lemma 1.1. If M € MOD(E) (resp. M € MOD(B)) has finite projective dimension, then so does
Fx(M) (resp. F.(M)).
Let M € MOD(E), N € MOD(B) and j > 1. There is an isomorphism of vector spaces:

Extly(F\(M),N) ~ Ext}.(M, F.N)
Moreover, if M € mod(E) then there is an isomorphism of vector spaces:
ExtL(F.N, M) ~ Ext}y(N, Fx(N))

Proof: The first assertion is due to the fact that F. and F) are exact and send projective modules
to projective modules. For the same reasons, F. and Fy induce F.: D(MOD(B)) — D(MOD(E)) and
Fyx: D(MOD(E)) — D(MOD(B)) respectively and the adjunctions (Fy,F.) and (F., Fy) at the level
of module categories give rise to adjunctions at the level of derived categories. Since E:cté (X,Y) =
Hompmopey) (Y, X[j]) we get the announced isomorphisms. ]

Remark that an isomorphism of k-categories is a particular case of Galois covering. When F' is an
isomophism, F. and F have additionnal properties as shows the following lemma.

Lemma 1.2. Assume that F': £ — B is an isomorphism. Then F.F\ = Idyop(e) and FAF. = Idyop(s)-
Moreover, if € =B (i.e. F € Aut(B)) and if F restricts to the identity map on Ob(B), then F.(X) ~ X
for any X € MOD(B).

Proof: The equalities F.F\ = Idyop(e) and FF. = Idyop(s) are direct consequences of the definition
of F. and F. Now let us assume that £ = B and that F(z) = z for any x € Ob(B).

For x € Ob(B), let P, = 2B, be the indecomposable projective module associated to z. Then we
have an isomorphism of B-modules:

O P, — F.P,
u€ Pp(y)= yBs +— F(u) € yBe = F.P(y)



If y € Ob(B) and if f: P, — P, is a morphism of B-modules, then f is defined by ug := f(1y) € yBa,
ie. f(u) = uuo for any u. So F.f: F.P, — F.P, verifies F.f(u) = uF(uo) for any u. Thus we have a
commutative diagram (in M OD(B)) where vertical arrows are isomorphisms:

p,—' - p,

FP, o pp,

This proves that the functors Idpro j5): PROJ(B) — PROJ(B) and F|pro.s): PROJ(B) — PROJ(B)
are isomorphic (here PROJ(B) is the full subcategory of MOD(B) of projective B-modules). Let
X € MOD(B). So X ~ Ker(f) where f: P — @ is a morphism between projective B-modules. The
isomorphism IdprosB) ~ F|pross) implies that Ker(f) ~ Ker(F.f). Since F. is exact we also have
Ker(F.f) ~ F.(Ker(f)). Therefore, X and F.(X) are isomorphic. ]

Modules of the first kind and graded modules. Let F': £ — B be a Galois covering with group
G. A B-module M is called of the first kind w.r.t. /" if and only if for any indecomposable direct summand
N of M there exists N € MOD(E) such that N ~ Fy(N). We will denote by indi(B) (resp. modi(B))
the full subcategory of ind(B) (resp. of mod(B)) of modules of the first kind w.r.t. F. We define similarly
the categories MOD1, Mod1, IN D1, Ind:. Notice the following properties of IN D1 (B):

. if M € IND;(B) and N € MOD(E) verify M ~ F\(N), then N € IND(E),

. if M € IND:(B) and N, N’ € MOD(E) verify M ~ F\(N) ~ F\(N'), then there exists g € G such

that N’ ~ IN.

If B is connected and if &€ = ]_[ie[ &i, where the &;’s are the connected components of £, then an

indecomposable B-module M is of the first kind w.r.t. F if and only if it is of the first kind w.r.t.
F;: & — & — B for any i € I. More precisely, we have the following well know lemma where we keep
the established notations.
Lemma 1.3. Let M € IND(E). If M e IND(E) is such that FA(Z\//I) ~ M, then there is a unique i € I
such that M € IND(E;). In such a case, we have M ~ (F;y)x(M). Moreover, if j € I then there exists
g € G such that g(&) = &;, and for any such g we have: IM € IND(E;) and (Fj)x(IM) ~ M.

When B is a G-graded category and F': £ = BfG — B is the natural projection, the modules of

the first kind have a useful description in terms of G-graded B-modules. A G-graded B-module is by
definition a B-module M endowed with k-vector space decompositions M(z) = @, M(z)? (for any

x € Ob(B)) such that ,BI.M(z)" C M(y)*" for any z,y € Ob(B),g,h € G. If M,N € MOD(B) are
G-graded, a homogeneous morphism M — N of degree g € G is a morphism f: M — N in MOD(B)
verifying f(M(z)") C M(:c)hf1 for any x € Ob(B) and any h € G. Notice that if f: M — N is
a morphism in MOD(B) between G-graded B-modules, then f is the sum of d > 0 (with d unique)
homogeneous morphisms of pairwise different degrees. With these definitions, we have the following well
known property:

Proposition 1.4. Let M € MOD(B). Then M is of the first kind w.r.t. F if and only if M admits a
G-grading. In such a case, we have M = F,\(J\N/[) with M € MOD(B4G) as follows:

. M(z,s) = M(x)® for any (z,s) € Ob(BiG),
. M(u): M(z,s) — M(y,t) is the mapping induced by M (u): M(z) — M(y), for anyu € (v,t)(BIG) 2,5y =
571
B
If My,N € MOD(B) are G-graded B-modules then f — Fx(f) defines an isomorphism from the space of
morphisms ‘M — "N in MOD(BG) to the space of homogeneous morphisms M — N of degree h™'g.

Thoughout this text A will denote a finite dimensional basic and connected k-algebra and n will denote
the rank of its Grothendieck group Ko(A).

2 Galois coverings associated with modules of the first kind

Throughout this section, F': C — A will be a Galois covering with group G, T =T1 Q... P T, € mod(A)
(with T3 € ind(A)) will be a basic A-module of the first kind w.r.t. F and X\i: FA(T;) — T; will



be an isomorphism with 7; € ind(C), for every i € {1,...,n}. Recall that Enda(T) is naturally a
locally bounded k-category with objects T1,...,T, and with space of morphisms from 7; to T equal to
Hom(T;,T;). With this data we wish to construct a Galois covering with group G of Enda(T) and
verifying: the isomorphism class of this Galois covering shall depend only on the isomorphism class of F’
(and not on F, A1,...,An).

The above data defines the k-category Ende (D, ; gﬁ) as follows:

. the set of objects is { Ty | g€ G, i € {1,...,n}} (°T; and g/fj are considered as different objects
if (i,9) # (4,9")),

. the space of morphisms from 97} to hf’j is equal to Homc(gﬁ7 hfj)7

. the composition is induced by the composition of morphisms in MOD(C).

Remark 2.1. 1. The C-modules @gyi gﬁ- and F.T' are isomorphic.

2. If G is a finite group, then C is a finite dimensional k-algebra. In particular, Endc (@g,i 9ﬁ-) and
Endc(F.T) are isomorphic as k-algebras.

The isomorphisms A1, ..., A\, define the following functor:
Fr, Ende(@®,, °T) — Enda(T)
gfl‘ — Tl
~ o p Aj Fa(u) A7t
9T, X, th T A(u) A; T

We are going to prove that Fj , is a Galois covering. Therefore it is natural to ask wether End( gﬁ-)

is connected or not. The followirig lemma partially answers this question.

Lemma 2.2. IfC is not connected, then Ende (€D, , 9ﬁ-) is not connected.

W9

Proof: For simplicity let us set & := Ende(ED, , 9T,). Assume that C is not connected and let C =
I.c; C» where the C.’s are the connected components of C. Let i € {1,...,n}, since T; € ind(C), there
exists a unique z; € I such that ﬁ € ind(Cy,;). Let us set:

Gay = {9 eG | g(czo) = Czo}

Since G acts transitively on {C, | « € I}, for every i € {1,...,n} there exists g; € G such that ¢;(Ce,) =
Co,; (in particular g1 € G4,). Therefore:

(Vie{l,...,n}) % Ti € mod(Cay)
Let us set O to be the following set of objects of &£:
O:={T;, |ie{l,...,n} and gg; € G4y} C Ob(E)

Remark that O satisfies the following:
.00 for Ty € 0.

. Since C is not connected and since G acts transitively on {C, | © € I} we have G, € G. Let
g € G\Gay,, then gg1 & G4, (recall that g1 € Gz,) and 11 ¢ O. Hence O C Ob(C).

. For any 97; € Ob(€), we have 9T} € O if and only if 9T; € ind(C,). As a consequence, there is no
non zero morphism in £ between an object in O and an object in Ob(E)\O.

These three facts prove that £ is not connected. |

The following example shows that if F' is a smash-product, then so does Fis ,.

Example 2.3. Assume that A is G-graded, that C = A$G and that F: C = A$G — A is the natural
projection. Then Th,..., T, are G-graded A-modules. Fir a G-grading on Ti,...,T,. These gradings
define T, ..., T, € mod(AiG) verifying Fx(Ti;) = T; for each i (see Proposition |[.4). Let us set \; =
Idr, : FA(TZ) — T;. According to the above construction, the data Tl, .. ,Tn,)\l = Idr,,...,\n = Idr,
define the functor:

Fyp gt Ende(@ °T:) — Enda(T)
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On the other hand, the G-gradings on T1, ..., T, induce a G-grading on Enda(T) (where Homa(T;,T;)?
is the vector space of homogeneous morphisms T; — T; of degree g). With this setting, the reader may
eaysily check that the following diagram commutes:

Ende(@D,, °T) Enda(T)tG

Ff‘,ld /

Enda(T)
where the horizontal arrow is the following isomorphism (see Proposition ):

Ende(@,,; °T) — Enda(T)$G
gTi — (Tu gil)

IT, T, e (Thg ) 2 (7 Y

Hence, in this particular case, the functor Fi 415 a Galois covering with group G.
Now let us prove that the isomorphism class of I , depends neither on the choice of fl, A fn, Alyeeoy An

nor on the choice of F' in its isomorphism class. This will be done through the two following lemmas.

Lemma 2.4. For each i € {1,...,n}, let p;: Fx(T;) — T; be an isomorphism with T; € ind(C). Then
Fz , and F5 |, are isomorphic.

Proof: We need to exhibit a commutative square:

Ende(@D,; , “Ti) — > Ende(@D, , °T:) (%)

FT,M\L lF’IA“,/\
P

Enda (T) B —— EndA(T)

where ¢, are isomorphism and where ¢(z) = x for any x € Ob(Enda(T)) = {T1,...,Tn}. Let i €
{1,...,n}. We have F) (TZ) ~ T; ~ F)\(T;), so there exists an isomorphism 6; : T; = 97T, with ¢g; € G.

Let us define ¢ by:

e Ende(®,, °T:) — Ende (D, , IT})
IT, — 99T,
hg . -1 .
gTZ_ i> th — ggif@ 0] v ggi hngj

Then ¢ is an isomorphism of k-categories. Notice that 6; defines an isomorphism Fy(6;): F\(T:) —
F\(T3). So we can define ¢ by:

v:  Enda(T) — Enda(T)

where ¥ (u) is the composition:

A7t . -1 — w it _ 0; S~
T, 2 F\(T)) M,FA(TZ-) LT STy Y F\(T;) ) FA(Tj)LTj

So % is also an isomorphism of k-categories which restricts to the identity map on Ob(Enda(T)). More-
over ¢ and 1) make (*) commutative. ]

Lemma 2.5. Let F': C' — A be a Galois covering with group G and isomorphic to F. Then T is of the
first kind w.r.t. F'. For each i € {1,...,n} let p;: F{(T;) — T; be an isomorphism with T; € ind(C’).
Then F% u and Fs  are isomorphic.



Proof: Let us fix an isomorphism between F' and F’:

c—2s¢

|k

A——A

Let us set v: Aut(C') — Aut(C) to be the isomorphism of groups (recall that Aut(C') = G and Aut(C) =
QG):
v Aut(C) — Aut(C)
g — ¢pogoy
Recall that any g € Aut(C) = G (resp. g € Aut(C') = G) defines an automorphism g of MOD(C) (resp.
of MOD(C')). Therefore we have an equality of functors MOD(C') — MOD(A):

(Vg € Aut(C')) @xog=rv(g)opr

Let us show that T is of the first kind w.r.t. F’. In this purpose, let us fix, for each ¢, an isomorphism

0;: . T; — T; (see Lemma E and let us set T; = ¢.(T3). In particular: oy (T ) = T; (see Lemma E
Since ¢.¢x = Idyop(ay (loc. cit.) and Y F' = Fo, we infer that:

F(T:) = 0 F(T;) = . Fapa(Ts) = . FA(T))

Therefore, we get for each i an isomorphism p;: Fx(T;) — T} equal to the composition:

1

i Fﬁ(ﬁ) = . FA(T)) ), Y (Ty) %, T;

This proves that T is of the first kind w.r.t. " and this also defines the functor F: : Endes SV IT;) —

Enda(T). Thanks to Lemma @ we only need to prove that F Tou and Fy , are 1somorphlc in order to
prove the lemma.
First, we have the following functor induced by ¢x:

@C Sndcz(@iy QTZ) — Sndc(@ ng)

9T, — V(Q)T - t,O)\(gT )
gTi i) th — V(g)Ti ;PA(U) V(h),Ijj

Since v: G — G is an isomorphism and because of the equalities pxp. = Idyop(c) and p.ox = Idyop(c)
(see Lemma @ the functor % is an isomorphism.
Secondly, we have the following functor induced by )x:

P:  Enda(T) — Enda(T)
T — T;
u 6;u6; !
P Y ML\ )

Since Y. = Y.\ = Idpyop(a), the functor 9 is a well defined isomorphism and restricts to the identity
map on Ob(Enda(T)). Therefore, we have a diagram whose horizontal arrows are isomorphisms and
whose bottom horizontal arrow restricts to the identity map on the set of objects:

Ender (D, , Ti) —— Ende(D,, *T))

!
FT,ul/ lF'va

Enda(T) —— > Enda(T)

This diagram is commutative, indeed, for any 9T; — th we have:

TFL (@) = Bl FAr) = (65 s F (w)s 160)

"/}A( j 19]"/" ()‘]) /( )¢ ()‘ ) 1‘91 19 )

i (UaF3)(uw) )\;1 because Y. = Idyrop(e)
Aj (Fapx)(u) A because Fyp = F’

= Fp,(ea(u) =

T A‘P( u)
This proves that F% u and F .\ are isomorphic. |



Remark 2.6. The preceding lemma shows that if T is of the first kind w.r.t. F then T is of the first kind
with respect to any Galois covering F' isomorphic to F. Hence, one may talk about a module which is of
the first kind w.r.t. an isomorphism class of Galois coverings of A.

Example @, Lemma @, Lemma E and the fact that ®; 4 9T, ~ F.T justify the following definition:

Definition 2.7. The isomorphism class of F and the basic A-module T =T P ... D T of the first kind
w.r.t. F (with T; € ind(A)) uniquely define an isomorphism class of Galois covering of Enda(T) which
admits Fy , as a representative. This isomorphism class will be denoted by Fr: Ende(F.T) — Enda(T).

Starting from T and F' we have constructed Fr. Therefore one may try to perform the same construc-
tion starting from T and Fr in order to get (Fr)r. The end of this section is devoted to the comparison of
(Fr)r and A. Until the end of the section we shall write B for Enda(T"). Remark that for any € Ob(A)
the vector space T'(z) is a B-submodule of 7" and that T' = €D, c o5,y T'(2) is a decomposition into a direct
sum of B-modules. In particular, if T'(z) is indecomposable for every z € Ob(A) (which happens if T is
a basic tilting A-module, see [@, Thm.1.5]) then Endp(T) is naturally a k-category with set of objects
equal to {T'(z) | x € Ob(A)} and with space of morphisms from T'(x) to T'(y) equal to Homp (T (), T (y)).
Thus, we have a well defined functor between k-categories:

A — Endp(T)
z € Ob(A) +— T(z) € Ob(Endp(T))
a€ yAr — (t—at) € ey Endp(T)r@)

Recall from [@, Thm.1.5] that p is an isomorphism of k-categories if T is a basic tilting A-module. These
facts motivate the following lemma where we keep the setting of the beginning of this section.

Lemma 2.8. Assume that for every x € Ob(A), the B-module T(z) is indecomposable and that T =
D.cova) T'(2) is a basic B-module (i.e. the T'(z)’s are pairwise non isomorphic). Then T' is of the first
kind w.r.t. Fr (see Remark @) Moreover, if p: A — Endg(T) (as defined above) is an isomorphism
of k-categories, then the isomorphism class of F coincides with p~' o (Fr)r. As a consequence, if C is
connected, then Endc(F.T) is connected.

Proof: For simplicity, we shall consider Fr as a Galois covering rather than as an isomorphism class of
Galois coverings. Thanks to Example E, to Lemma E and to Lemma @ we may assume that:

. Ais G-graded, C = AfG and F': AfG — A is the natural projection,
. T,...,T, are G-graded A-modules,

. Fr is the natural projection B{G — B, where the G-grading on B is given by the homogeneous
morphisms T; — T between G-graded A-modules.

In order to prove that T is a B-module of the first kind w.r.t. to Fr it thus suffices to exhibit a G-grading
on the B-module T'(z), for every x € Ob(A). Let x € Ob(A). Let us set, for g € G:

T(z)y:=Ti(@) @...PRTu@)?

Using the fact that T(z) = T1(z) @ ... D Tn(x), it is easily verified that:

T(z) = P T(x), (4)

geG

On the other hand, if f € 7, B%7 then f € Homa(T;,T;) is homogeneous of degree g, so:

—1

(Vh € G) f(Ti(x)") C Ti(x)"

Therefore:
(Vhe G) fT(z)n CT(x)gn (41)
From (¢) and (i) we deduce that T'(z) is a G-graded B-module for any « € Ob(A). In other words, T is
of the first kind w.r.t. Fr (here we implicitely use the assumtpion T'(z) € ind(B)).
Now let us assume that p: A — Endp(T) is an isomorphism of k-categories and let us prove that
F and p~! o (Fr)r are isomorphic. Recall that since the T'(z)’s are G-graded B-modules, Endg(T) is
also endowed with a structure of G-graded k-category as follows: r(,)Endp (T)%(z) is the vector space of
homogeneous morphisms f: T'(z) — T'(z) of B-modules and of degree g, i.e. verifying:

(Vhe @) F(T@)) C Ty, i-e. F(T(a)") S T(y)" (i)

10



Therefore, using Example @, Lemma @ and Lemma @ we may assume that (Fr)r is the natural
projection:
(FT)T: EndB(T)ﬁG i EndB(T)

On the other hand, if a € ,AY, then a.T(z)" C T(y)?" for any h € G. Thanks to (iii), this means that
p(a) € 1) Ends(T)7,,,. Thus:

p: A — Endp(T) is an isomorphism of G-graded k-categories

Therefore, the following commutative diagram is an isomorphism between F and p~!o (Fr)r:

ARG —— "% Endp(T)G

Fl lPIO(FT)T
Idy

A A

where pfG is the isomorphism defined by:
AG —  Endp(T)iG
(z,9) +— (T(2).9) .
w€ @nAtGas = vAT  — p() € 1) Endp(T)T0) = 1) Ende(TiGr @),

This proves that F and p~* o (Fr)r are isomorphic. The last assertion of the lemma is a consequence of
Lemma E |

3 Comparison of 7, and 7, when A’ — A is a finite Galois covering

Throughout this section, A" will be a basic finite dimensional k-algebra and F': A’ — A will be a Galois
covering with (finite) group G. The aim of this section is to compare the posets 74 and 74/. In this
purpose, we begin with the following proposition:

Proposition 3.1. Let T' € Ta, then F.T € Ty/. Moreover T is of the first kind w.r.t. F. Finally, if X
is an indecomposable summand of T and if T € mod(A’) verifies Fa(X) ~ X then G = 1.

Proof: From Lemma EI applied to T, we have pd s/ (F.T) < oo together with:

(Vi > 1) Exty/(F.T,F.T)~ Exty(F\F.T,T) ~ Exty (P T,T) ~ @) Exty(T,T) =0
geG geG

Thus F.T is an exceptionnal A’-module. Moreover, we have an exact sequence in mod(A):
0—-A—-T —...—-T.—0
where T; € add(T) for every i. Applying F. to this exact sequence gives an exact sequence in mod(A’):
0 FA~A -FTy—...—>FT. -0

where F.T; € add(F.T) for every i. Hence F.T is a tilting A’-module.

Now let us prove that F.T is basic and that 7' € modi(A). Since T' € T4, we have T =T1 P ... P T
with T; € ind(A) for each ¢ and T; % Tj if ¢ # j. For each 1, let us write F.T; = @ Xi; with X;; €
ind(A’). Hence F.T = @, ; X, is a tilting A’-module and is the direct sum of 77", m; indecomposable
A’-modules, so (see [E, Thm 1.19)):

> mi =k Ko(A') = n.|G| (4)

i=1
Moreover, we have for each i:
P 1. = FF(T) = P Fr(Xi) (i)
geG 1=1

where the last term (resp. the first term) of the equality is the direct sum of at least m; (resp. exactly
|G|) indecomposable A-modules, so:

Vie{l,...,n}) |G| =m (iii)

From (1), (#3) and (éi7) we deduce that:

11



(iv) m; = |G| for each 4,
(v) Fx(X;,;) = T; for each 4,! (in particular, for any ¢, T; is of the first kind w.r.t. F),
Hence F.T = @, Xiy is a tilting A’-module and is the direct sum of 37, m; = n.|G| = rk Ko(A")
indecomposable A’-modules. This shows that (see [@, Thm 1.19]) F.T is basic (and therefore F.T € Ty/),
and (v) shows that T € modi(A).
Finally, let X € ind(A) be a direct summand of T" and let X € ind(A") verify Fx(X) ~ X. Thus, we

have F.(X) ~ @ ¢ 9X. Moreover, F.X is a direct summand of F.T which is basic. So D,cc IX is
basic, i.e. G = 1. |

Remark 3.2. . Proposition @ proves that F. sends tilting A-modules to tilting A’-modules.
. In general, given X € ind(A’) (with G non necessarily finite), the property Gx = 1 (like in Proposi-
tion 13.1) implies that Fx(X) is indecomposable (see /@, 3.5]).

The following example shows that F does not always preserve tilting modules.

Example 3.3. Let A be the path algebra of the quiver Q equal to:

Let A’ be the path algebra of the quiver Q' equal to:

1——3

'
N

3=—1

The mapping i, — i (i € {1,2,3}) uniquely defines a Galois covering A" — A with group Z/27Z. For x a
vertez of Q or Q', let P, be the associated indecomposable projective module and let Ta (resp. Tar) be the
Auslander-Reiten translation (see [ﬂ]) of A (resp. of A'). Let T =P P.@® Ps@ P P P D7, (Py)
be the APR-tilting A'-module associated with the sink 3' of Q' (see ﬁ?) Then:

. Ps@ 7, (Py) is a selforthogonal A'-module.
. EX(Ps@ T, (Py)) = Ps@ 7, (Ps) is not selforthogonal because of the almost split sequence in
mod(A):
O—>P3—>P1@P2—>T21(P3)_>0

This shows that Fx(T') is not selforthogonal and therefore not tilting.

Although F\ does not always transform a tilting A’-module into a tilting A-module, it is possible to
characterise those tilting A’-modules T such that F)\(T) is tilting. We establish this characterisation in
the following proposition.

Proposition 3.4. 1) If T € Ty then Grr =G.

2) Let X € Ty verify Gx = G. Let T € mod(A) be a basic A-module such that add(T) = add(F.X).
ThenT € Ty and X ~ F.T.

3) Let X € Tys, then Fx\(X) is tilting if and only if Gx = G.

Proof: 1) is a consequence of the definition of F.. Let us prove 2). From Lemma EI we get pda(Fx (X)) <
pda(T) < oo. Since X is selforthogonal and G is finite, Lemma E implies that:

(Vi > 1) Exth(FA(X), FA(X)) ~ Exty (X, FF\(X)) ~ Exty (X, @ *X) ~ @ Extia (X, ?X) =0
gea geG

So Fx(X) and T are selforthogonal. This shows that 7" is an exceptionnal and basic A-module. Hence, in
order to prove that T € Ty, it suffices to prove that d(T) > n (see [E, Thm 1.19], recall that d(7T') is the
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number of indecomposables whose direct sum is T"). The equalities add(T") = add(FA(X)) and Gx = G
imply that:
add(F.T) = add(F.Fx(X)) = add(@P ¢X) = add(X) (i)
geG
Since X is basic, we infer that X is a direct summand of F.T'. In particular, we have:

d(F.T) > d(X) = n.|G| (44)
the last equatity of (i7) is due to the fact that X € T,/. Using (i) we get:

d(T) = éd(éBGT) _ éd(FAF.(T)) > éd(F.T) > ﬁn|G| —n

Hence T is an exceptionnal basic A-module satisfying d(T) > n. So T € 74 and d(T) = n. Now let us
prove that F.'T ~ X. From Proposition @ we know that F.T is basic. Since X is basic as well and since
add(X) = add(F.T) (see (i) above) we infer that X ~ F.T. This proves 2).

Let us prove 3). If Gx = G, then add(Fx(X)) = add(T) with T € T4 (see 2)), so Fx\(X) is tilting.
Conversely, suppose that F)(X) is tilting. Then we get from Lemma EI (recall that G is finite):

(Vi > 1) 0= Exty(FA(X), FA(X)) ~ Exty (X, FF\ (X)) ~ @ Extiy (X, °X)
geG

So: _
Eat'y, (X, 9X) =0
Batiy, (X, X) ~ Ext'y, (X, 7 ' X) =0

Since X € T4/ for any g € G we infer that X ~ X for any g € G.

(Vi > 1) (VgGG){

Before stating the theorem comparing 74 and 74/, we remark that the action of G on mod(A")
naturally defines an action on the poset 74/ (the action is compatible with the order: X > X' = X >
9IX").

Theorem 3.5. The mapping:
t: Ta — Ty
T — FT

is a well defined injective morphism of posets. It’s image is equal to:
TS ={T €Ty | (Vge @) /X ~ X}

Proof: Thanks to Proposition @ and Proposition @ we only need to prove that ¢ is injective and
increasing. If T, T" € Ty are such that F.T' ~ F.T' then @ . T ~ FaF.(T) ~ I\F.(T") ~ @, T" and
therefore T ~ T (recall that T and T are basic). So ¢ is injective. Now assume that 7' < 7" in 74. Let
X € (F.T)*, then Lemma EI implies that:

(Vi >1) 0= Exty/ (F.T,X) ~ Ext'y(T, F\(X))
So F5\(X) € T+ C T'"*. Using once more Lemma @ we infer that:
(Vi>1) 0= Exty(T',Fx(X)) ~ Ext'y, (FT', X)

So X € (F.T")*. This shows that ¢ is a morphism of posets. |

In Proposition @ we have proved that any basic tilting A-module is of the first kind w.r.t. F.
Therefore, Definition B and Remark give a Galois covering Fr: Enda/(F.T) — Enda(T) with
group G. In view of the proof of Theorem [l| we now verify that this Galois covering is connected.

Proposition 3.6. Let T be a basic tilting A-module. Then the Galois covering Fr: Enda(F.T) —
Enda(T) is connected.

Proof: Let us write T = T1 @ ... Ty, (with T; € ind(A)). For each i let us fix T; € ind(A’) verifying
Fx(T;3) ~ T;. In order to prove that the Galois covering Fr is connected we thus need to prove that
the k-category EndA,(@gEG 97T5) is locally bounded and connected. From Proposition @ we know that

FT ~@D,cq 9T} is a basic tilting A’-module. So Enda (D ,cq gﬁ-) is a finite dimensional basic and
connected k-algebra, i.e. a locally bounded and connected. |

13



4 Comparison of EA and EEndA(T) for a tilting A-module T

Throughout this section, T' will be a basic tilting A-module. Let B = Enda(T), in particular, T is
a basic tilting B-module (see [@, Thm 1.5]). The aim of the present section is to establish a link
between K 4 and Kp. This link will be used in the comparison of the Galois coverings of A and B.
For simplicity, if X € mod(A) (resp. u € Homa(X,Y)) we shall write X7 (resp. ur) for the B-module
(resp. the morphism of B-modules) Homa(X,T) (resp. Homa(u,T): Homa(Y,T) — Homa(X,T)).
Also, whenever f is a morphism of modules, we shall write f. (resp. f*) for the mapping g — fg (resp.
g +— gf). We begin with a useful lemma.

Lemma 4.1. Let X € mod(A) and let T' € E}A be a predecessor of T' (i.e. there is a path in E}A starting

at T' and ending at T). Then, for any direct summand Y of T, the natural morphism:

ex’yi HOTTLA(X,Y) — HomB(YT,XT)
u — uT
is an tsomorphism. In particular: Y € ind(A) & Yr € ind(B).

O0x,v; 0
0 anyz
isomorphism for any direct summand Y of 7" if and only if x 7 is an isomorphism.

Proof: Remark that for Y1,Y2 € mod(A) we have O0x v, ey, = { } Thus, 0x,y is an

By assumption on 7", there exists a path in fA starting at 7" and ending at T'. Let us prove by induction
on the length [ of this path that fx r/ is an isomorphism.
If I =0then T =T". So 0x r = 0x,r is equal to:

HOTTLA(X,T) = XT — HOTTLB(TT,XT) = HOTTLB(B,XT)
u o (f > fu)

So Ox 1/ is an isomorphism (with inverse ¢ — ¢(1p)). This proves the lemma when [ = 0.
Now assume that n > 0 and assume that 0x 7 is an isomorphism whenever 7" is the source of a

pa,tE> in EA ending at T and with length equal to [ — 1. We have a path 7" — T"" — ... — T of length [
in IC 4. Therefore:

0x,y is an isomorphism for any direct summand Y of T" (7)
Moreover, thanks to the arrow 77 — T" in EA, we have:
(ii) T' =T @Y’ with Y’ € ind(A),
(it3) T =T @Y" with Y € ind(A),
(iv) a non split exact sequence 0 — Y’ — T — Y" — 0 with T € add(T).

Thanks to (i), (i2) and (i) we only need to prove that x y/ is an isomorphism. Remark that by
assumption on 7” and 7" we have T' € T+ C T"*. This implies in particular that Exth (Y, T) = 0.
Therefore, (iv) yields an exact sequence in mod(A):

0—>YT”—>7:T—>Y7'~—>O
This gives rise to the exact sequence:
0 — Homp(Yy, Xr) — Homp(Tr, Xr) — Homp (Y4, X1)
On the other hand, (iv) yields the following exact sequence:
0— Homa(X,Y') — Homa(X,T) — Homa(X,Y")

Therefore, we have a commutative diagram:

0 — Homa(X,Y') —— Homa(X,T) — Homa(X,Y")

] ) |
0 — Homa (Y7, X1) — Homa(Tr, Xr) — Homa (Y7, X71)

where the rows are exact and where 6 7 and 6x y~ are isomorphisms (because of (¢), (i4¢) and (iv)).
This shows that 0x y/ is an isomorphism. So fx 7 is an isomorphism and the induction is finished. This
proves the first assertion of the lemma. The second assertion is due to the functoriality of Ox y. | ]
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Remark 4.2. 1. Lemma B holds for any Y € add(T").

2. Assume that A is hereditary. Then Lemma B still holds if one replaces the hypothesis "T" is
a predecessor of T” by "T" > T” (i.e. T+ C T'*). The proof is then a classical application of
left-add(T') approximations (in the above proof, one replaces the exact sequence € by a coresolution,
which necessarily a short exact sequence, of T' in add(T)).

The following proposition is the base of the link between E} 4 and E B: it explains how to associate
suitable tilting B-modules with tilting A-modules.

Proposition 4.3. Let X — Y be an arrow in E)A where X and Y are predecessors of T'. Then:
— —
XreKpeYrekKa

N
When the two conditions of the above equivalence are satisfied, there is an arrow Yr — Xr in KpB.

Prcic))f: Let us assume that Yr € E)B and let us show that X+ € EB and that there is an arrow Yr — X1
in Kp (the proof of the remaining implication is then obtained by exchanging the roles of X and Y).

The arrow X — Y in K A gives the following data:
. X = M@X with M € ind(A),
.Y = NP X with N € ind(A),
Le:0—> M5 X' 2 N = 0is a non split exact sequence in mod(A) with X’ € add(X).

The tilting A-module Y is a predecessor of T. Hence T € T+ C Y+ and therefore Exty(N,T) = 0. We
infer that Homa(e,T') gives an exact sequence in mod(B):

0— Ny 22 X0 2 My — 0 (e7)

Notice that we also have:
. Xr=Mr@PXr,
. Yr=Nr®Xr,
. X7 € add(XT).
Hence, in order to prove that Xr € E’B and that there is an arrow Yr — X7 in EB, we only need to
prove the following facts:
1) er does not split,
2) Mr € ind(B) and Nr € ind(B),
3) pdp(Xr) < o0,
4) Xr is selforthogonal,
5) d(Xr1) =n and Xr is basic.

1) Let us prove that er does not split. If er splits, then ir is a retraction:
3Ne HomB(MT,Xf'p)) Idy, =iT oA

Since M is a direct summand of Y € E)A and since Y is a predecessor of T, Lemma implies that
A = 7mp with 7 € Homa(X', M). Thus we have (w 04)r = (Idy)r. Using again Lemma we deduce
that m o4 = Idas which is impossible because € does not split. So er does not split.
2) Lemma @ implies that Mr, NT € ind(B).
3) Since we assumed that Yr € ICB7 we have de(XT) < o0, pdp(X7) < oo and pdp(Nr) < oo.
Hence er gives pdp(Mr) < co. So pdp(Xr) < 0.
4) Let us prove that Xr is selforthogonal. In this purpose, we use the following lemma.

Lemma 4.4. The following morphisms induced by pr: NT — X/ are surjective:

(pr)* HomB(XT7XT) — HomB(NchT)
— fopr

(pT)* HOTTLB(X{F, MT) — I‘IOTTLB(]\/VT7 MT)
fo— fopr
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Proof: We only prove that the first morphism is surjective, the second morphism is dealt with the same

J— J— — p— p—
way after replacing X by M. Since X = M @ X € K 4, we have Extly(X, M) = 0. Hence Homa(X,¢)
gives rise to a surjective morphism induced by p:

pe: Homa(X,X') — Homa(X,N)
J — pof

Let us apply Lemma EI and Remark @ to X' € add(Y) and N € add(Y). We get the following
commutative diagram where vertical arrows are isomorphisms:

Homa(X,X') — Homa(X,N)

QY,X' \L QY,N\L

(p7)”*

Homp (X, X1) — Homp(Nr, X71)
Since p. is surjective, we infer that so is (pr)*. So the lemma is proved. [ ]

Now we can prove that X7 = Xr @ M is selforthogonal. Since Xr e add(Yr) and Yr € EB7 we
get: S
(Vi>1) Extz(Xr,X1)=0 (4)

For each ¢ > 1, Hompg (YT, er) gives the following exact sequence:
Ext%(yT, X)) — Ext%(yT, Mr) — E:ctgl(YT, Nr)
Since X, X7, N7 € add(Yr) and Yr € E& we get:
(Vi > 1) Exts(Xr, Mr)=0 (i4)
On the other hand, Hom B(ET,YT) gives the following exact sequences:
.HomB(X'T7YT) ﬂ HomB(NcnYT) — EwtlB(MT7YT) — Eﬁ?t}B(X/%YT)
Extls(Np, X1) — Bzt (Mr, X1) — Ext'y ' (X5, X1) fori>1
These exact sequences together with Lemma @ and the selforthogonality of Yr imply that:
(Vi > 1) Extis(Mr,X71)=0 (iid)

In order to get the selforthogonality of X7 = M+ @ X r it only remains to prove that Mr is selforthogonal
(because of (), (it) and (ii7)). Notice that Homp(Nr,er) gives the following exact sequence for each
1> 1:

Eaxt's(Nr, X;) — Extls(Nr, Mr) — Ext'y' (N7, Nr)

Using Y7 € K 5 and X7, Nr € add(Yr) we deduce that:
(Vi > 1) Eaxts(Nr,Mr) =0 (iv)
Finally Homp(er, Mr) gives the following exact sequences:
Homp (X7, Mt) Ler)”, Homp(Nr, Mr) — Exty(Mr, Mr) — Exty(X5, Mr)
Extls(Nr, Mr) — Ext'y ' (Mr, Mr) — Bzt (X7, Mr) fori>1
These exact sequences together with Lemma @, (ii) and (iv) imply that (recall that X7 € add(Xr)):
(Vi > 1) Eats(Mr,M7) =0 (v)

From (i), (i4), (iii) and (v) we deduce that X7 = Mr @ X7 is selforthogonal.

5) To finish, let us prove that Xr is basic and that d(X7) = n. Since Yr = N @YT c EB we infer
that X7 is basic. Therefore, if X7 = My @YT is not basic, then My € add(YT) - YTL which implies
that Ealct]lg(MT7 Nr) = 0. This last property contradicts the fact that er does not split. This proves that
X is basic. Moreover, Yr € E)B and Nr € ind(B) imply that:

d(YT) = d(YT) — d(NT) =n-—1
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Since Mt € ind(B) we deduce that:
d(Xr) =d(Mr) + d(YT) =

This finishes the proof of the proposition. |

Remark 4.5. As in Remark @ concermng Lemma E when A is heredztary, Proposition B has
the following generalisation: Let X € ICA be such that X > T, then Xt € ICB The proof of this
generalisation is obtained by replaing the use of the exact sequence € by a coresolution of X in add(T).

Proposition @ gives the following proposition which will be used in the comparison of the Galois
coverings of A and B. We omit the proof which is immediate using Proposition E

Proposition 4.6. Let X € E)A be such that there exists a path in E)A starting at X and ending at T.
— —
Then X1 € Kp and there exists in K a path starting at B and ending at Xr. In particular, Xt and
=
B lie in the same connected component of Kp.

Proposition @ also allows us to prove the main result of this section. Recall that for a quiver @, we
write Q°P for the opposite quiver (obtained from @ by reversing the arrows).

Theorem 4.7. Let K A (T) (resp. E}B(T)) be the full conver subquiver of K 4 (resp. EB) generated by
{A, T} (resp. {B,T}). Then we have an isomorphism of quivers:

— —
a: Ka(T) — Kp(T)°®
X +— Xr=Homa(X,T)

Under this correspondance, A € E)A(T) (resp. T € fA(T)) is associated with T € EB(T) (resp.

B e Kp(T))

Proof: Thanks to Proposition @, the mapping « is a well defined morphism of quivers. Thus, it
only remains to exhibit an inverse morphism. From [@, Thm 1.5] we know that 7' is a basic tilting
Endp(T)-module and that we have an isomorphism of k-algebras:

A — EndB (T)

a +— (t—at)

Henceforth, we shall consider A-modules as Endp(T)-modules and vice-versa using the above isomor-
phism. In particular, we have an identification of quivers:

— ~ —
Ka(T) — Kgnagm(T)
X - X

Therefore, we also have a well defined morphism of quivers:

— —
o Kp(T)? — Ka(T)
X — XT:HOTTLB(X,T)

Let us prove that o/« is an isomorphism. Let X € EA (T). Then X is a predecessor of T. Therefore,
Lemma @ implies that:

Homp(Homa(X,T),T) ~ Homp(Homa(X,T), Homa(A,T)) ~ Homa(A,X) ~ X
This proves that o'« is an isomorphism of quivers. With the same arguments one also shows that aa’ is

— —
an isomorphism. So does a: K A(T) — Kg(T). ]

Remark 4.8. Assume that A is hereditary, then Theorem has the following generalisation, thanks

to Remark @: Let Qa (resp. QB) be the full subquiver of KCa (resp. EB) made of the tilting modules
X >T. Then X — X7 induces an isomorphism of quivers Qa — Q.
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5 Tilting modules of the first kind w.r.t. infinite Galois coverings

Let F': C — A be a Galois covering Wlth group GG and with C locally bounded. The aim of this section is
to give sufficient conditions for 7" € K A to satisfy the following conditions (compare with Proposition @
in the case G is finite):

. T is of the first kind w.r.t. F,

. for each indecomposable summand N of T, any N € mod(C) such that Fy(N) ~ N has trivial
stabiliser: Gy = G.

We begin with the following proposition.
Proposition 5.1. Let T — T’ be an arrow in E)A. Then:

T € modi(A) & T’ € modi(A)

Proof: Let us assume that T' € modi(A). Since T — T’ is an arrow in EA, we have the following data:
. T=X@T with X € ind(4),
=Y @T with Y € ind(A),
. €:0—X — M —Y — 0 anon split exact sequence in mod(A) with M € add(T).
Let us write:
. M=M&... M with M; € ind(A) for each 1,

Ui
cu= | X —>M=M@.. .0 M,
Ut
.v:[vl vt]:M:Ml@..‘@MtﬁY.

Since 7' =Y @ T, since T = X @ T and since T € mod1(A), we only need to prove that Y € modi (A)
in order to get 7" € modi(A). Without loss of generality, we may assume the following:

. Ais G-graded, C = AfG and F': C = A§G — A is the natural projection,
. X, M,..., M, are G-graded A-modules.
In order to prove that Y € modi(A), we will need the following lemma.
Lemma 5.2. Assume that A is G-graded and let:
0-X5M35Y —0 (e)
be an ezact sequence in mod(A) verifying the following hypotheses:
. X € ind(A) is G-graded and Y € ind(A),
. M=ME...E M where M; € ind(A) is G-graded for every i,
. Bxth(Y,M) = 0.
Then () is isomorphic to an exact sequence in mod(A):
uy
u
0=X—=MEP.. PMr—Y -0
where each ui: X — M; is a homogeneous morphism (of some degree).
U1
Proof of Lemma @: Let us write u = with u;: X — M, for each i. We may assume that
Ut
u1: X — M is not homogeneous. Thus:

ur=h1+ ...+ hyg

where d > 2 and hi,...,hq: X — M; are non zero homogeneous morphisms of pairwise different degree
(recall that d is uniquely determined by u1). In order to prove the lemma, it suffices to prove the following
property which we denote by (P):
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“ (&) is isomorphic to an exact sequence of the form:

up
U2

Ut

0-X —MEP. M-y -0 (")

where u} is the sum of at most d — 1 non zero homogeneous morphisms X — M of pairwise different
degree. “

For simplicity we adopt the following notations:
 M=M@ - P M (so M =M PM),

U2

Lu= | :X—>M(s0u:{uﬂl}:X—>M169M)7
Ut
.E:hg—‘r .+ ha: X—>M1(SOU1=h1+E).

From Homa(e, M1) we get the exact sequence:
Homa(My @ M, My) ““ Homa(X, Mi) — Exti(Y, M) =0
So there exists [\, p]: M1 @ M — M such that h1 = [, p]u. Hence:
hi = Au1 + p@ = Mha + N + p@ (@)
Let us distinguish two cases wether A € Enda (M) is invertible or nilpotent (recall that M € ind(A)):
e If ) is invertible then:
0= B Icgﬁ} : My @M% M, @M

is invertible. Using (¢) we deduce an isomorphism of exact sequences:

U1
O—>X—>M1€BM—>Y—>0 (e)
RS
0—>X—>M1€BM—>Y—>O (&)

Since hi: X — M; is homogeneous, (¢') fits property (P). So (P) is satisfied in this case.
o If X\ € Enda (M) is nilpotent, let p > 0 be such that A’ = 0. Using (¢) we get the following equalities:

hi = MNhi4+ W2+ Nh+ (N4 Idy, )@

h1

MNhy 4+ A X RO N Tday) T

ha NPhi+ N+ XN R+ (WP L AN+ Tda ) pT

Since AP = 0 and w1 = h1 + h we infer that:
ur = Nh + )\'uﬂ

where X' := Idpyy, + A+ ...+ AP e Enda (M) is invertible. So we have an isomorphism:

0:= {’(\) Id_} MiPM— M PM
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and consequently we have an isomorphism of exact sequences:

h
u
0—=X—>M PM—Y —0 G
e
u
0—=X—MPM—Y —0 (e)

where b = ha + ...+ hy is the sum of p — 1 homogeneous morphisms of pairwise different degrees. So (P)
is satisfied in this case. This finishes the proof of the lemma. |

Now we can prove that Y € modi(A). Thanks to the preceding lemma we know that (&) is isomorphic
to an exact sequence in mod(A):

!

!
u
0—X = M@..M—Y —0 ()

where each u}: X — M; is homogeneous of degree g; € G. From Proposition we get:

(Vie{l,...,n}) (3@, € Home(X, % M) ) = Fx(a@)

This gives (recall that F) is exact):

uy Fx(uh) )

Y ~ Coker = Coker ~ F\ | Coker

uy Fi(u}) Uy

This proves that Y € modi(A). Therefore T =Y @T € modi(A).
The proof of the implication T” € modi(A) = T € mody(A) is identical to the one we have just
written except that instead of using Lemma we use a dual version:

Lemma 5.3. Assume that A is G-graded and let:
0—-X—-MZY =0 (e)

be an ezact sequence in mod(A) verifying the following hypotheses:
. Y € ind(A) is G-graded and X € ind(A),
. M=ME...E M where M; € ind(A) is G-graded for every i,
. Bxth (M, X) = 0.

Then (€) is isomorphic to an exact sequence in mod(A):

O—>X—>M1€B...@MT—>Yv—t>0

where each vi: X — M, is a homogeneous morphism (of some degree).

This finishes the proof of Proposition @ |

Remark 5.4. The proof of Proposition shows that for an arrow T — T' in E)A such that T, T" €
modi(A) there exists an exact sequence in mod(C):

0-X-5MILY—o0

with the following properties:
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. T=F(X)PT and Fr(X) € ind(A),

T =FE(Y)PT and Fr(Y) € ind(A),

. Fx(M) € add(T).

Proposition @ gives immediately the following result.

Proposition 5.5. Let F: C — A be a Galois covering with C locally bounded. If T,T' € E’A lie in a
—
same connected component of K a then:

T € modi(A) & T’ € modi1(A)

In particular, any T € fA lying in the connected component of fA containing A is of the first kind w.r.t.
F.

Remark 5.6. The preceding proposition is similar to part of , Thm 8.6] where P. Gabriel proves
the following: if F': C — A is a Galois covering with group G, with C locally bounded and such that
G acts freely on ind(C), then for any connected component C' of the Auslander-Reiten quiver of A, all
indecomposable modules of C lie in ind1(A) as soon as any one of them does.

Recall that EA has a Brauer-Thrall type property (see [@, Cor. 2.2]): E)A is finite and connected if it
—
has a finite connected component. In particular, K 4 is finite and connected if A is of finite representation

type. Using Proposition @, we get the following corollary.

Corollary 5.7. If E)A is finite (e.g. A is of finite representation type), then any T € EA is of the first
kind w.r.t. F.

Now we turn to the second goal of this section: for T' € modi(A) a basic tilting A-module, give
sufficient conditions for T to verify: if X € ind(A) N add(T) and if X € ind(C) verifies F)(X) ~ X then
G ¢ = 1. Notice that T verifies this property if and only if F.T is a basic C-module.

Proposition 5.8. Let T, T’ € EA Nmody(A) lie in a same connected component of E)A, then:
F.T is a basic C-module < F.T' is a basic C-module.

Proof: Without loss of generality, we may assume that there is an arrow T'— T” in E’ A. Let us assume
that F.T is basic and let us prove that so is F.T". We will use Remark @ from which the adopt the
notations, in particular, the exact sequence 0 — X - M 5 Y — 0 in mod(C) will be denoted by (¢).
Because F.T is basic and because of the properties verified by (&), we only need to prove that Gy = 1.
Let ¢: Y — 7Y be an isomorphism in mod(C) (with g € G), and let us prove that g = 1. To do this we
will exhibit an isomorphism #: X — 9X. Notice that:

"X, "M € add(F.T)
(Vh € G) { Y, "M € add(F.T') (1)

Moreover, thanks to T' € fA and to FAF.T = @, ., T, we have:
(Vi > 1) Eato(F.T,F.T) ~ Exty(FAF.(T),T) ~ [[ Eota(T,T)=0
hea

In particular:
Exts (M, X) = Exte(M, °X) =0 ()

With Home (M, 9¢), this last equality gives the exact sequence:
I9n «
Home(M, °M) 2% Home(M, 7Y) — Exth(M, °X) =0

From this exact sequence, we deduce the existence of ¢y € Home (M, 9 M) such that the following diagram
commutes:
M——Y

1

IV —= 9y
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This implies the existence of § € Home(X, 9X) making commutative the following diagram with exact
rows:

0 X—>M—"T=Y 0 ()
g, 9n
0 9x 9N 9y 0

We claim that : X — 9X is an isomorphism. The arguments that have been used to get (i) may be
adapted (just replace the use of Home(M, %¢) and of p: Y — 9Y by Homc(9M,e) and o~ ': 9V — Y)
to get the following commutative diagram with exact rows:

9. I

0 9x IM 9y 0 (iid)
ell w/l vll
0 X—>M—"=Y 0

In order to show that 6: X — 9X is an isomorphism, let us show that 6’0 € Endc(X) is an isomorphism.
Notice (i7) and (4i7) give the following commutative diagram:

0 X - M i Y 0 (iv)
9’91'Xm w’wldMl ol
0 X ‘ M ul Y 0

In particular we have m(v'yp — Idp) = 0. Thus, ¢’y — Idy factorises through . So there exists
A € Home(M, X)) such that:
W' — Idar = 1A
This last property implies that:
100 — Idx) = 1)\

and since ¢ is one-to-one, we get 0’0 — idx = A\, i.e.:
0'0 = Idx + M\

If A\t € Endc(X) was an isomorphism, then ¢:: X — M would be a section. This would imply that
F\(X) is a direct summand of Fx\(M). This last property is impossible because: T = F\(X)PT,
Fy\(M) € add(T) and T is basic. This contradiction proves that A € Endc(X) is nilpotent. Therefore
0'0 = Idx + M\ € Endc(X) is invertible. As a consequence, §: X — 9X is a section. Since X, ?X €
ind(C), we deduce that 0: X — 9X is an isomorphism. Since we assumed that F.T is basic, we get g = 1.

This finishes the proof of the implication:
F.T is basic = F.T" is basic.

N
under the assumption that 7" — T is an arrow in K 4. After exchanging the roles of 7' and 7" in the
above arguments, we also prove that:

F.T is basic <= F.T" is basic.

_
under the assumption that T — 7" is an arrow in K a. This achieves the proof of the proposition. |

We end this section with a result which be useful to prove Theorem ﬂ Recall from Definition E that
to T' € mod(A) of the first kind w.r.t. F it is possible to associate a Galois covering Fr of Enda(T). The

following proposition gives sufficient conditions on T' € mod1(A) N E 4 for Fr to be a connected Galois
covering.

Proposition 5.9. Let F': C — A be a Galois covering with group G and with C locally bounded. Let

— —
T,T" € K a lie in a same connected component of Ka. Assume that T, T' € mod (A). Then:
Fr is a connected Galois covering < Fp: is a a connected galois covering.

Proof: Without loss of generality, we may assume that there is an arrow T — T’ in E A. Let us as-
sume that Fr: Ende(F.T) — Enda(T) is a connected Galois covering, i.e. F.T' is basic C-module and

Endc(F.T) is connected. Thanks to Proposition we already know that F.T” is a basic C-module. On
the other hand, since C is connected, Lemma proves that Endc(F.T") is connected. |
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6 Comparison of the Galois coverings of A and Ends(T) for T basic
tilting A-module

This section is devoted to the proof of Theorem ﬂ Let T € EA and let B = Enda(T). In Section 3 and
Section 5 we have given sufficient conditions for 7" to be of the first kind w.r.t. a given Galois covering
of A. Moreover, when C — A is a Galois covering with group G (and with C locally bounded) and such
that T € modi(A), we have constructed (see Definition ﬁ) an isomorphism class of Galois covering
Fr: Ende(F.T) — Enda(T) with group G. Recall that we are mainly interested in Galois coverings
C’ — B where C’ is connected and locally bounded. For this reason, we introduce the following property
depending on A, T and a fixed group G:

P(A,T,G) =" For any connected Galois covering F: C — A with group G, we have: T is of the first kind
w.r.t. F and Fr is a connected Galois covering”

Notice that P(A, A, G) is true for any G. The above definition of P(A,T,G) is relevant because of the
following proposition.

Proposition 6.1. Let G be a group. Assume that P(A,T,G) and P(B,T,G) are true. Then A and B
have the same connected Galois coverings with group G.

Proof: Let us denote by Galg(A) (resp. Galg(B)) the set of isomorphism classes of connected Galois
coverings of A (resp. of B) with group G. So we need to exhibit a bijective map Galg(A) — Galg(B).
For simplicity we shall consider Fr both as a Galois covering and as an isomorphism class.

From Definition E and because P(A, T, Q) is true, we have a well defined mapping:

¢: Galg(A) — Galg(B) (i)
F — Fr

Simlarly, P(B, T, G) is true so we have a wel defined mapping:
Galg(B) — Galg(Endp(T)) (i)
F +—— Fr
Recall from [@, Thm. 1.5] that we have an isomorphism of k-categories:
A — Endp(T)

z € Ob(A) +— T(z) € Ob(Endgp(T))
a€ yAr — (t—at) € 7oy Endp(T)rw)

So (i1) gives the well defined mapping:

¥:  Galg(B) — Gala(A)

F o plery (ii1)

From Lemma @ we know that ¢ = Idgai,(a). Similarly, 1) = Idga () (the situation is symetrical
between A and B because B = Enda(T') and because of the isomorphism p: A — Endp(T)). This proves
that ¢: Galg(A) — Galg(B) is a bijection. [ ]

Thanks to Proposition @ we are reduced to find sufficient conditions for P(A,T,G) and P(B,T,G)
to be simultaneously true. Proposition @ and Proposition @ give immediately the following sufficient
condition.

Proposition 6.2. Let G be a finite group. Then P(A,T,G) and P(B,T, Q) are true.

When dealing with an infinite group G, we need more steps in order to know if P(A,T,G) and
P(B,T,G) are true. The following proposition is a direct consequence of: Proposition @, Proposition
and the fact that P(A, A, G) is true.

Proposition 6.3. Let G be a group. Let T' € E)A lying in the connected component of E)A containing
T. Then:

P(A,T,G) is true & P(A, T, G) is true
In particular, if T lies in the connected component of EA containing A then P(A,T,G) is true.

Thanks to Proposition @, we may look for conditions for 7" to lie in both connected components of
N
K 4 and K g containing A and B respectively. Such a condition is given by the following proposition.
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N
Proposition 6.4. Let G be a group and assume that there exists a path in K a4 starting at A and ending

at T. Then T lies in the connected component of EA (resp. EB) containing A (resp. B). Consequentely,
P(A,T,G) and P(B,T,G) are true.

Proof: Theorem @ implies that there exists a path in EB starting at Homa (T, T) = B and ending at
Homa(A,T) =T. Using Proposition E we get the desired conclusion. |

Now we can prove Theorem :
Proof of Theorem mz 1) is a consequence of Proposition E and Proposition @

2) We may assume that there exists a path in E)A starting at 7" and ending at 7. Using Lemma @
and Proposition @ we infer that:

(1) Enda(T') and Endg(Homa(T',T)) are isomorphic as k-algebras,
(#4) there exists a path in Ks starting at Homa (T, T) = B and ending at Homa(T",T).

This implies (thanks to Proposition @ and to Proposition @) that Enda(T') and Enda(T) = B have
the same connected Galois coverings with group G.

3) is a consequence of 2), of the fact that Enda(A) ~ A°? and of the fact that A and A°? have the
same Galois coverings (F': C — A is a Galois covering if and only if F°P: C°? — A is a Galois covering
and C° is connected and locally bounded if and only if C°? is). |

Now we can use Theorem | to prove Corollary EI
Proof of Corollary m: 1) and 2) are consequences of Theorem EI and of the fact that A is simply
connected if and only if it has no proper connected Galois covering (see [ﬂ, Cor. 4)).

3) is a consequence of 2).

4) If Enda(T) is simply connected, then A = kQ has no proper connected Galois covering with finite
group (see Theorem ) On_the other hand, A admits a connected Galois covering with group 71(Q)
which is a free group (see ) So A admits connected Galois coverings with group arbitrary factor
groups of m1(Q). Note that if m1(Q) # 1, then 71(Q) admits non trivial finite factor groups. Therefore,
we necessarily have m1(Q) =1 (i.e. A is simply connected). |

Final remark

The Hasse diagram K a of basic tilting A-modules describes the combinatoric relations between tilting
modules. When A is hereditary (i.e. A = kQ with @ a finite quiver with no oriented cycle) these
combinatorics are also described by the cluster category Cq of the quiver @ (see [@]) In particular, the
underlying graph of EA is embedded into the graph of tilting objects in Cq. Since the latter is always
connected (see [JL{, 3.5]) it is natural to ask if it is possible to remove all conditions concerning connected
components in Theorem EI and Corollary [l (in the hereditary case). As an example, it is indeed possible
to adapt the proof of Proposition to the framework of the cluster category. Therefore, using the
connectedness of the graph of tilting objects in Cg one can prove that any tilting kQ-module is of the first
kind w.r.t. any connected Galois covering of kQ. These developpements will be detailed in a forecoming
version of the present text.
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