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DERIVED CATEGORIES AND THEIR APPLICATIONS

MARIA JULIA REDONDO AND ANDREA SOLOTAR

ABSTRACT. In this notes we start with the basic definitions of derived cate-
gories, derived functors, tilting complexes and stable equivalences of Morita
type. Our aim is to show via several examples that this is the best framework
to do homological algebra, We also exhibit their usefulness for getting new
proofs of well known results. Finally we consider the Morita invariance of
Hochschild cohomology and other derived functors.

1. INTRODUCTION

Derived categories were invented by A. Grothendieck and his school in the early
sixties. The volume [Ve77] reproduces some notes of his pupil J.L.Verdier, dating
from 1963, which are the original source on derived categories (see also [Ve96]).

Let A be an abelian category and C(A) the category of complexes in A, that is,
objects are sequences of maps

n—1

...—)Xn_ld_) Xnd_)XnJ’_l_)...

with d" o d"~! = 0 for all n € Z, and a morphism f : X — Y between complexes
is a family of morphisms f™: X" — Y™ in A such that d o f* = f"* o d%. The
cohomology groups of the complex X are by definition

H™(X)=Kerd"/Imd" .

A morphism f : X — Y induces a group morphism H"(f) : H"(X) — H™(Y) in
each degree. We say that f is a quasi-isomorphism if H™(f) is an isomorphism for
all n € Z.

The derived category D(A) of A is obtained from C(.A) by formally inverting all
quasi-isomorphisms.

Recall that the definition of derived functors in homological algebra is as follows.
Assume that A has enough projectives and let F': A — Ab be a contravariant left
exact functor. Then the right derived functor R"F : A — Ab is defined in the
following way. Let M be an object in A and let

=P - P —PFPy—0
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be a projective resolution of M, that is,
— P2 — P1 — P() — 0

! ! i !
- 0 - 0 - M — 0

is a quasi-isomorphism. Then R"F (M) is the group homology in degree n of the
complex
0— F(Py) — F(P1)— F(P) —---.
These are well defined functors since the projective resolution of an object M is
unique up to quasi-isomorphisms. Moreover, for any short exact sequence 0 —
M, 4, My 2% My — 0 there is a long exact sequence
L R E(Ms) B RrEvn) TED RrEa) O RTUE(M,) — -

where § is the so called connecting morphism.

In fact, when we are doing homological algebra, we are not dealing with objects
and cohomology groups but with complexes up to quasi-isomorphisms and their
cohomology groups. Hence it is natural to work in D(A) instead of A or C(A).

Any object X in A can be identified in D(A) by the complex concentrated in
degree zero, which will be denoted by X[0]. Let 0 — X Ly % 7 0be ashort

exact sequence in A. Then 0 — X[0] EN Y[0] & Z[0] — 0 is a short exact sequence

in C(A). Since

— 0 - X i) Y — 0 —
! ! Ly !
- 0 - 0 - Z — 0 —

is a quasi-isomorphism, we can replace Z[0] by the complex appearing in the first

line of the previous picture, hence the short exact sequence 0 — X|0] EN vio] %
Z[0] — 0 can be identified in D(A) by the sequence of complexes

[ R !
0O - 0 — 0 — 0 — 0
! i i i !
O - 0 —- 0 — X — 0
! i i Lf !
0o - x Ly = v = o
! i i i !
0 — 0 — 0 — 0 — 0
! i i) i !

which is not an exact sequence.
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DERIVED CATEGORIES AND THEIR APPLICATIONS 3

In this new category, the concept of “short exact sequences” (which are deter-
mined by two morphisms f,g) will be replaced by that of “distinguished trian-

gles” (determined by three morphisms f, g, h). If 0 — X Ly % 7 - 0is ashort
exact sequence in A, then

! ! ! !
0 — 0 — 0 — 0
! ! i i
0 — 0 — X = X
! l Lf !
x Ly = v =0
! ! i i
0 — 0 — 0 — 0
! ! i i
X[0] — Y[0] — Z[0] — X[1]

is a triangle in D(A).

We will consider “cohomological functors” defined in D(.A), that applied to
distinguished triangles will give long exact sequences with morphisms induced by
f,g,h. That is, the extra morphism we are considering when defining triangles is
a morphism of complexes that induces the corresponding connecting morphism.

So, when considering the derived category D(A) of A, we replace objects in A
by complexes, and invert quasi-isomorphisms between complexes. As we shall see,
D(A) is not abelian if A is not semisimple. The abelian structure of A, and of
C(A), has to be replaced by a triangulated structure.

Given an algebra A over a commutative ring k, for simplicity, we will write D(A)
for the derived category D(Mod —A). Given two k-algebras A and B the natural
question is: when are D(A) and D(B) equivalent categories? (triangle equivalent?).
Of course, if A and B are Morita equivalent (that is, Mod-A and Mod-B are k-
linearly equivalent) then D(A) and D(B) are equivalent. We will see that there
other equivalences and we shall present some examples.

2. TRIANGULATED CATEGORIES

Let 7 be an additive category with an additive automorphism 7" : 7 — 7T
called the translation functor. We will write X [n] and f[n] for T"(X) and T™(f)
respectively. A triangle in 7 is a diagram of the form

xLy 2z xp
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that will be denoted as (X,Y, Z, f, g, h), and a morphism of triangles is a triple
(Oé,ﬁ,')/) : (X7KZ7 f7g7h) - (X/aY,7Z/af/ag,7h,)

forming a commutative diagram in 7°

x Ly % z M xp

S X Lefl]
x Loy Loz Koy

A morphism of triangles is said to be an isomorphism if «, 3,7 are isomorphisms
in7.
DEFINITION 2.1. A structure of triangulated category on T is given by a trans-
lation functor T and a class of distinguished triangles verifying the following four
azioms:
TR1. a) (X,X,0,idx,0,0) is a distinguished triangle, for any object X ;
b) Ewvery triangle isomorphic to a distinguished one is distinguished;

c) Every morphism X LY can be embedded in a distinguished triangle
(X7KZ7f7g7h)'
TR2. (Rotation) A triangle (X,Y,Z, f,g,h) is distinguished if and only if
(Y, Z,X[1], g, h, —f[1]) is distinguished.
TR3. (Morphisms) Every commutative diagram

x Ly %z o xp
la LB
x Loy £ o7 8 xq

whose rows are distinguished triangles can be completed to a morphism of
triangles by a morphism Z RNy
TRA4. (The octahedral axiom) Given X LY andvy % z morphisms in A, and
distinguished triangles
(X,Y, X' £, f.s), (X,Z,Y'.gof hr), (Y,Z2,7,94,1),
there exist morphisms X' = Y',Y' % Z' such that
(X"Y", Z' u,v, f'[1] o t)

s a distinguished triangle and

x 4L v L x = xp
| lyg lu |

x © z K vy o x[q
Lf I L f]
y % z £ z L v
Y 1

bl Y, yr Y g

is a commutative diagram.

1
s
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Observe that all the rows in the previous diagram are distinguished triangles,
and morphisms between rows determined the following morphisms of triangles

idx,g,u yidg v
VX f sy TS (X 2y go fohr) A (Y, 2,2 ,9,9',t)

(' hyid ) ’ ’
— (X[, Y[, X 1], f[1], £7[1], s[1])

(s,tv,w)
—

(Y, 2,2',9,9',1) (XY, 2 u, v, w)

The name of last axiom comes from the fact that it can be viewed as a picture of
a octahedron, where four faces are distinguished triangles, and all the other faces
are commutative.

DEFINITION 2.2. Let T be a triangulated category and A an abelian category.
An additive functor H : T — A is said to be a cohomological functor if, for any
distinguished triangle (X,Y, Z, f,g,h) in T, we get an exact sequence in A

mi(x) " giy) ™Y giz)

where H' denotes H o T = H(—[i]).

REMARK 2.3. By TR2, if (X,Y, Z, f,g,h) is a distinguished triangle then (Y, Z,
X[1],9,h,—f[1]) is also distinguished. Then, if H is a cohomological functor,

Hi(Y) "™ Hi(z) T g x)

is also exact. So we get a long exact sequence

o mH ) " g )y " i) T geixy S

LEMMA 2.4. Let (X,Y,Z, f,q,h) be a distinguished triangle in T. Then

i) gof=0;
i) Ifu:U —Y is such that gou = 0, then there exists v: U — X such that
u=fou;
iii) If s: Y — W is such that so f =0, then there exists t : Z — W such that
s=tog.
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Proof. i) From TR1 we know that (X, X,0,idx,0,0) is a distinguished tri-
angle, and from TR3 we know that there exists a morphism of triangles

X X -0 = X[
| idx Lf ls Lidx[1]

X Ly % z M xp

and hence go f = 0.
ii) From TR2 and TR3 we know that the diagram

U % u - o
Lu !
x L v 2 z 4 xq

can be completed to a morphism of triangles. Hence, there exists U — X
such that fowv =u.
iii) Tt follows as (ii).
d

REMARK 2.5. Using TR2 we also get that ho g =0 and f[1]oh = 0.

COROLLARY 2.6. IfU is an object in a triangulated category T , then Hom1 (U, —) :
T — Ab and Homy (—,U) : T°P — Ab are cohomological functors.

COROLLARY 2.7. Any distinguished triangle is determined, up to isomor-
phisms, by one of its morphisms.

Proof. From TR2, it suffices to prove that the distinguished triangles (X,Y, Z, f, g, h)
and (X,Y, 7', f,¢', /) are isomorphic. By TR3, there exists a morphism of trian-

gles
x Ly Lz 4 xq
| idx L idy Lt L idx (1]
x Ly Loz K oxp
If we apply the cohomological functors Homz(—, Z) and Homz(Z’, —), by the 5-
lemma we get that
t* : Hom(Z', Z) — Homy (Z, Z), t. : Homz(Z', Z) — Homy (Z', Z')

are isomorphisms. Then, ¢ has left and right inverse, and therefore, ¢ is an isomor-
phism. O

PROPOSITION 2.8. For any distinguished triangle (X,Y, Z, f, g, h), the follow-
ing conditions are equivalent:

(1) f is a monomorphism;

(i

i) h
(iii) there emzsts Z >Y such that go s = idy;
(iv) g is an epzmorphzsm

)

(v) there exists Y L X such that to f=ridx.

Rev. Un. Mat. Argentina, Vol 48-3



DERIVED CATEGORIES AND THEIR APPLICATIONS 7

Proof. (iii) = (iv) and (v) = (i) are immediate.

(i) = (i1) By TR2 and Lemma 2.4(i) we have that f[1] o h = 0. Since f is a
monomorphism, i = 0.

(#4) = (#i7) If h = 0, by Corollary 2.6,

Homy(Z,Y) % Homy (Z, Z) > Homy (Z, X[1))
is exact, so there exists s : Z — Y such that go s =1idz.

(iv) = (v) By Lemma 2.4(i) we know that hog = 0. Since g is an epimorphism
we have that h = 0, and by Corollary 2.6,

Hom7 (Y, X) & Homz(X, X) > Homz(Z[-1], X)
is exact, so there exists t : Y — X such that to f = idx. O

COROLLARY 2.9. In any triangulated category any monomorphism splits and
any epimorphism splits. Moreover, f is an isomorphism if and only if f is a
monomorphism and an epimorphism.

3. DISTINGUISHED TRIANGLES IN KC(A)

Let A be an abelian category, and let C(.A) be the category of complexes in A.
The homotopy category K(A) is defined as follows: the objects of C(A) are the
objects in C(.A), and morphisms in K(A) are the homotopy equivalence classes of
morphisms in C(A). That is, Homg4)(X,Y) = Home(4)(X,Y)/ ~, where f ~ g
if there exists A" : X™ — Y™~ ! with d§71 oh™ 4+ h"tlody = f* — g™ So, the
morphisms homotopic to zero in C(A) become the zero morphisms in [(A) and
the homotopic equivalences become isomorphisms.

It can be checked that K(A) is well defined as a category, and moreover, it is an
additive category, and the quotient C(A) — K(A) is an additive functor.

Observe that Homyc(4)(X,Y’) can also be defined as the quotient of Home(4)(X,Y")
by the subgroup
Hi(X,)Y)={X Ly f is homotopic to 0}
since Ht is an ideal in C(A), that is, go f € Ht if f or g belongs to Ht.

Let T : C(A) — C(A) be the automorphism defined in the following way: for
any complex X in C(A), T(X)" = X"*! and T(d)" = —d"*?; for any morphism

XxLym C(A), T(f)™ = fn*l. The functor T is additive and it is an automor-
phism. Since T'(f) is a morphism homotopic to zero if and only if f is a morphism
homotopic to zero, it induces an additive automorphism 7' : KL(A) — K(A). We
denote X [n] =T™(X) and d[n] = T™(d), for any n € Z.

We will see that K(A) is a triangulated category with translation functor T'.
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LEMMA 3.1. The cohomology functors H" : C(A) — A induce well defined
functors H™ : K(A) — A.

Proof. If f,g : X — Y are homotopic, then d?,_l oh™ + A"l odl = f* — g™, so
H™(f) = H"(9). O

DEFINITION 3.2. Let X LY be a morphism in C(A).

(i) The mapping cone of f is the complex cone(f) such that cone(f)" = X" 1@
Y™, and the differential d} : X"*' @ Y™ — X" @ Y™ is given by

w [ —dE 0
F fody )

(ii) The mapping cylinder of f is the complex cyl(f) such that cyl(f)" = X" @
X" @Y™, and the differential d” : X" @ X" @Y —» X"t g X2 g
Y+l s given by

A% id 0
=1 0 —dy"' 0
I

PROPOSITION 3.3. Any short exact sequence 0 — X Ly % z-0m C(A)
fits into a commutative diagram

0 — Y 2, cone(f) LN X[1] —0
la I
0 — X % oyl(f) = cone(f) — 0
I Lp Ly
0 - x L v Sz — 0

defined in degree n by the following diagram

0 )
Y" % Xn+1 QY™ &) Xn—i—l

0
()
( 0 01id 0
Xn #} XnEBXn+1 EBYn M} Xn+1 EBYn
(=f"0id) (0g™)

X" - Vel . zn

with exact rows, a, B homotopy inverse equivalences and vy a quasi-isomorphism.
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DERIVED CATEGORIES AND THEIR APPLICATIONS 9

Proof. A direct computation shows that all the maps are morphisms of complexes.
It is clear that f o« =id. On the other hand,

(id_aoﬁ)(xvxl7y) = (J), l‘/a y)_(oa 0, —f(a?)+y) = (xvxla f(l‘)) = (hOd—l—dOh)(x,x',y),

where h(z,2’,y) = (0,2,0). Then o and 3 are homotopy equivalences, so they are
quasi-isomorphisms. Now, since 3 is a quasi-isomorphism, the 5-lemma applied to
the long exact sequences obtained from the second and the third row, implies that
v is a quasi-isomorphism. O

DEFINITION 3.4.
(i) A short exact sequence 0 — X Ly %7500 C(A) semi-splits if

0— X" AN yn N Z™ — 0 splits, for all n.
(il) A triangle in K(A) is a distinguished triangle if it is isomorphic, in K(A),

to one of the form X Ly™ cone(f) 3, X[1].

THEOREM 3.5. [Ve96, 11.1.3.2] The category K(A) is a triangulated category
with translation functor T.

Let H" : C(A) — A be the functor defined by H"(X) = Kerd™/Imd"~!. For
any morphism f homotopic to zero, H™(f) = 0. Then H™ factors uniquely through
K(A).

The following are immediate consequences of Proposition 3.3.

PROPOSITION 3.6. Any short exact sequence in C(A) is quasi-isomorphic to
a semi-split short exact sequence.

PROPOSITION 3.7. Any distinguished triangle in K(A) is quasi-isomorphic to
one induced by a semi-split short exact sequence in C(A).

PROPOSITION 3.8. The functor H" : K(A) — A is a cohomological functor,
for any n € Z.

Proof. Let X Ly oz X[1] be a distinguished triangle in (A). By definition,
it is isomorphic to

xLy™h cone(f) 2, X[1]
Since 0 — Y 2 cone(f) 2 X[1] — 0 is a short exact sequence in C(A), it induces
an exact sequence

HY(V) " B (cone(£)) T B ()

O

A simple computation shows that the connecting morphism H"*1(X) — H"1(Y)
associated to the exact sequence appearing in the previous proof is H"*1(f): recall
that the connecting morphism is defined by chasing the following diagram
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Xn-l—l@yn (idO)) Xn+1 —_ 0

W [ —dlF 0
4=("% &)
Pt 0)
00— yntl — Wni2 oyl
so, if # € X" is such that d%"*(x) = 0, then z = §"(x,0). Finally,
d}(x,0) = (=d5(z), f(2)) = (0, f(x)) = K" (f(=)).

REMARK 3.9. Let 0 — X Ly %z 0 be a semi-split short exact sequence
in C(A), that is, Y™ ~ X™ ® Z"™. Then'Y is isomorphic to the complex

=t opnt an pm
0 ay~! ( & d;)

where h : Z — X[1] is a morphism of complezes and

N anl D anl Xn o Zn Xn+1 o Zn+1 I

x Ly 2z xp

is a distinguished triangle in KC(A). Moreover, the connecting morphism 6 in the
long exact sequence

w1 x) " ey "2 e zy Do (x) -
is just H™(h).

4. DERIVED CATEGORIES

As we said in the introduction, the derived category D(A) of A is obtained from
C(A) by formally inverting all quasi-isomorphisms. So D(A) is the localization
of C(A) with respect to the class of quasi-isomorphisms in C(A): there exists a
functor @ : C(A) — D(A) sending quasi-isomorphisms to isomorphisms which is
universal for such property, that is, for any functor F': C(A) — B sending quasi-
isomorphisms to isomorphisms, there exists a functor G : D(A) — B making the
following diagram commutative

c(A) —%= D)

Fllg/

The category D(.A) can be obtained just by adding formally inverses for all quasi-
isomorphisms. But in this case, morphisms in D(.A) are just formal expressions of

the form
1 —1

o...ofnosn ,

fiosylofaosy
where all f; are morphism in C(A) and s; are quasi-isomorphisms en C(A). To work
with these kind of expressions, we would like to find a “common denominator”. It
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was Verdier’s observation that we can obtain a better description of the morphisms
by a “calculus of fractions” if we construct D(A) in several steps:

C(A) = K(A) = D(A)

that is, we consider complexes and their morphisms, then complexes and homotopy
classes of morphisms of complexes, and finally, we invert all quasi-isomorphisms in
K(A). Then D(A) = K(A)[S™!] is the localization of K(A) with respect to the
class S of all quasi-isomorphisms.

DEFINITION 4.1. A class S of maps in a category C is said to be a multiplicative
system if it satisfies the following conditions:

S1. For any object X in C, idx € S. If s,t are composable maps in S, then
soteS.

S2. Given X >V, X L Z and W %Y with s € S, there exist morphisms in
C completing the following diagrams in a commutative way

X 2 v y’ 4w
Lf Lf g lg
z L x X 5y

with t,u € S, that is, t 1o f = fos ' and s tog=g ou?!.
S3. Given f,g: X — Y, there exists W = X with fos = gos if and only if
there exists Y 5 Z withto f=1tog, s,t €S.
The multiplicative system S is said to be saturated if it satisfies:
S4. A morphism X = Y belongs to S if and only if there exist morphisms
YL Z and W% X such that fose S and sog e S.

If C is a triangulated category with translation functor T, the multiplicative system
S is said to be compatible with the triangulation if it satisfies:

S5. A morphism s belongs to S if and only if T'(s) belongs to S.
S6. Given a morphism of triangles (o, 3,7) : (X,Y,Z, f,g,h) — (X", Y', Z', f',
g 1), if a and (B belong to S, then ~ belongs to S.

If S is a multiplicative system, the morphisms of the localization of C with
respect to S can be described by a “calculus of fractions”.

If S is saturated and @Q : C — C[S™!] is the localization functor, then s belongs
to S if and only if Q(s) is an isomorphism.

Finally, if S is compatible with the triangulation, C[S~!] is a triangulated cat-
egory, with distinguished triangles isomorphic to images of distinguished triangles
in C.

We refer to [Ve96, I1.2] for more details.

PROPOSITION 4.2. Let S be the class of quasi-isomorphisms in K(A). Then
S is a saturated multiplicative system in IC(A), compatible with the triangulation.

Proof. See for instance [Ha66, 1.4]. O
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REMARK 4.3.
(1) The class S of quasi-isomorphism in C(A) is not a multiplicative system.
(2) The localization of C(A) with respect to S is isomorphic to the localization
of K(A) with respect to S.

Now we can describe D(A). The objects are those of C(A). The morphisms
X — Y in D(A) are equivalence classes of pairs

slof=(xLUly)
with s € S. The equivalence relation is defined as follows:
XLviv)~xLviy)
if there exists a commutative diagram
X
X oW

N

with v € S, that is, s71 o f ~t" 1o g if and only if (a0 s) Lo (aof)=u"ltoh=
(Bot)~to(Bog). The composition of morphisms in D(A) can be visualized by the

diagram
W
U Vv
t
X Y Z
that is,

(tTtog)o(sTtof)=(uct)" o (hof),
where the existence of u and h comes from S2.
Finally, the functor @ : K(A) — D(A) is defined as the identity in objects and

sends a morphism X L ¥ to the equivalence class of the pair id;l of =(X 4
Y&y,

Since S is saturated, a morphism X L yin K(A) is a quasi-isomorphism if and
only if Q(f) is an isomorphism.

REMARK 4.4.
(i) A complex X in IKC(A) is quasi-isomorphic to zero if and only if Q(X) =10
in D(A).
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(i) Let X LY bea morphism in C(A). Then Q(f) =0 in D(A) if and only
if there exists a quasi-isomorphism' Y > Z such that s o f is homotopic to
zero in C(A). Moreover, if f is a monomorphism (epimorphism) in KC(A),
then Q(f) is so.

(iil) The cohomological functor H™ : K(A) — A sends quasi-isomorphisms to

isomorphisms, so it factors through D(A), inducing a cohomological functor
H™:D(A) — A, for anyn € Z.

The automorphism T : K(A) — K(A) sends quasi-isomorphisms to quasi-
isomorphisms, so it induces an automorphism 7' : D(A) — D(A).

THEOREM 4.5. The category D(A) is a triangulated category with translation
functor T and Q : K(A) — D(A) is an additive functor of triangulated categories.

Proof. The class of quasi-isomorphisms in K(A) is a multiplicative system compat-
ible with the triangulation, so the localization is triangulated and the distinguished
triangles are those isomorphic to images by @ of distinguished triangles in IC(A).
Clearly @@ commutes with the translation functor 7' and sends distinguished trian-
gles to distinguished triangles. O

Since A — C(A) is fully faithful, we identify objects and morphisms in A with
objects and morphisms in C(A) concentrated in degree zero.

PROPOSITION 4.6. The composition A — C(A) — K(A) — D(A) is a fully
faithful functor.

Proof. Denote ¢q : A — D(A) the composition functor. For any object X in A, ¢(X)
is the complex concentrated in degree zero, and for any morphism X 4 Y, q(f) is

the equivalence class of the pair (X Ly idy Y). Observe that the composition of
q with the cohomological functor H° : D(A) — A is the identity of A.

The functor ¢ is faithful: if ¢(f) = 0, there exists a quasi-isomorphism s such that
so f is homotopic to zero; then H°(s) o HO(f) = 0, but H(s) is an isomorphism,
and hence f = H°(f) = 0.

The functor ¢ is full: let (¢(X) ENy/ R q(Y")) be a representative of the equivalence
class of a morphism in D(A) from ¢(X) to ¢(Y). Since s is a quasi-isomorphism,
the complex Z has cohomology Y in degree zero, and zero otherwise. Then, the
morphism of complexes

7z e ooz 70 o Lo
lu ! | ug | [

n° d*
U =0 = ZY%Imdt - ZV S 77 —

uos 0
is a quasi-isomorphism and Y (uog) Z%/Tmd~" is the kernel of Z°/Imd~! a2l

Now, houo f = d%o f = 0, so there exists a unique morphism X 2 Y in A such
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that u% 0 s° 0 g = u° o f. Finally the commutative diagram

says that s~ o f and id{/1 o g are equivalent, so ¢ is full. O

From now on, we will identify A with the full subcategory ¢(.A). We already
know that Homp(4)(X,Y) ~ Hom4(X,Y) for any pair of objects X,Y in A. Now
we want to describe Homp(4) (X [m], Y[n]) for any m,n € Z.

It is clear that Homp4) (X [m], Y'[n]) ~ Homp(4)(X, Y [n—m)]), so we only have
to study Homp(4)(X,Y[n]) for n # 0.

Following Yoneda, let Ext’ (X,Y) be the set of isomorphism classes of exact
sequences

P 0—-Y—>Z">...oZ 15X >0
in A. It is clear that we can define a map Ext’(X,Y) — Homp4)(X,Y[n]) by
sending ¢ to the equivalence class of the morphism (X Lze Y [n]) given by

X el 0 —

L ! ! ! [ !
A e | I S//An LE— - Zz!' 4 X = 0 —
Ts 7 7 T T T
Y[n] R | e — 0 - 0 = 0 —

with s a quasi-isomorphism.

On the other hand, let (X Lz Y'[n]) be a representative of a map from X to
Y [n]. Since s is a quasi-isomorphism, the complex Z has cohomology zero except
in degree —n. Consider the following quasi-isomorphism

z B zn ozt
lu l l |
U S0 > ZImd Y -z

Observe that if n < 0, then uo f = 0,50 s 1o f ~ (uos) to(uof)~0. Hence
Homp4)(X,Y[n]) = 0 for any n < 0.

If n > 0, consider the quasi-isomorphism W = U given by
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o> 0—>Z7Z""/Imd "z " — 7 > Imd  ——= 00— -

L

o 0—>Z" " /Imd " T szl 70 sl

and observe that there exists a commutative diagram

Z
/ u\
uo f
uos
\U
7 t
w
where t, g are given by
X 0 0 0 X 0
| L
w o> 0—=Z""/Imd ""* Z1 Imd™! 0
] ]
L I — Y 0 0 0

Finally the morphism s~ o f ~ ¢t ! og from X to Y[n] can be associated with
the exact sequence appearing in the first row of the diagram

0—=Y —=Z"/Imd " ! — gz ¥l —> ... —> 72 E X 0
0—Y—>2Z2"/Imd "' —>z "t —> .. —> 72 —> 771 —> 4! —=0

This shows that there is a close connection between Homp)(X,Y[n]) and
Ext’ (X,Y). In fact, the following theorem holds.

THEOREM 4.7. Let X,Y be objects in A. Then
(i) Hompa)(X[m],Y[n]) = Hompa)(X,Y[n —m]) for all n,m € Z;
(ii) Homp(a)(X,Y) = Homu(X,Y);
(iii) Homp(a)(X,Y[n]) = Ext}(X,Y) for all n > 0;
(iv) Homp ) (X,Y[n]) =0 for all n < 0.
An abelian category A is said to be semisimple if any short exact sequence in A
splits.
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16 MARIA JULIA REDONDO AND ANDREA SOLOTAR

THEOREM 4.8. The derived category D(A) is abelian if and only if A is semisim-
ple.

Proof. Tf A is semisimple then D(A) is equivalent to the abelian semisimple cate-
gory [], A, as we shall see in the second example of the following section.

Assume that D(A) is abelian. We know from Proposition 2.8 that any monomor-
phism splits, and that any epimorphism splits. Let X L Ybea morphism in D(A).
Then f is equal to the composition X = Im f = Y. Since 7 is an epimorphism
and ¢ is a monomorphism, they split. Hence there exist Im f - X and Y 4 Im f
such that if v = sot then f = fowvo f. Assume that A is not semisimple and let
U 2 V be a non-split monomorphism. Then there exists a morphism q(V) 2 qU)
in D(A) such that ¢(g) = ¢(g) o v o q(g). Now, g is fully faithfull, so there exists
a morphism V = U in A such that ¢ = gouog. But ¢ is a monomorphism, so
idy = u o g, a contradiction. O

5. EXAMPLES

5.1. Hereditary categories. Let A be an hereditary category, that is, Exti‘(—, —)
= 0. For instance, the category of abelian groups is hereditary. In this case we can
easily describe objects, morphisms and triangles in D(A).

We start with the description of the objects of D(A). Let X = (X™,d") be a
complex in C(A). The vanishing of Ext? (-, —) implies that Ext’(Z, —) is right

n—1
exact for any Z in A. Let X"~! %" X" and consider the short exact sequences

0— Kerd" ' = X" ! S Imd* ! =0

0—Imd" ! — Kerd" — H"(X) — 0
Since
Exty (H™(X), X" ') — ExtY (H"(X),Imd""') — 0
is exact, there exists a morphism between short exact sequences

0 - x»t 2 op Lomx) - o

l Ls" I
0 — Imd"! — Kerd® — H"X) — 0

which induces the following quasi-isomorphisms

- H"Y(X) RS HY(X) %  H"(X) -
T TCm o) T
(5% )
s En—l P Xn—l O_? Ergp X" s En+1 P Xn—i—l s
! Lesm da) !
s Xn—l dn_:l xXn d_n) Xn—i—l s

where 5™ is the composition E™ 2 Kerd® — X" So (X™,d") is quasi-isomorphic
to (H"(X),0) = I[, H"(X)[=n].
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Let X,Y be objects in A. Then
Homp(4)(X[n],Y[m]) ~ Homp4) (X, Y[m —n]) ~ Ext’ ™" (X,Y)

which is zero except for m—n € {0, 1}. Finally, Homp4)(X[n], Y[n]) ~ Hom4(X,Y)
and Homp 4)(X[n], Y[n + 1]) ~ Ext} (X, Y).

Concerning triangles, let X [n] EN Y[n] be a morphism in D(A). The previous
computation applied to the complex

cone(f):---—>0—>Xi>Y—>O—>---

says that it is quasi-isomorphic to the complex

-—>0—>Kerf£>Cokerf—>0—>---

Hence any distinguished triangle is isomorphic to one of the form
X|[n] ER Y[n] — Ker f[n + 1] @ Coker f[n] — X[n + 1]
In particular, if 0 — X L v % 7 - 0is a short exact sequence in 4, then
x Ly 2 z2xp

is a distinguished triangle in D(A), and § € Homp(4)(Z, X[1]) is the morphism
associated to the given short exact sequence.

5.2. Semisimple categories. Let 4 be a semisimple category. In this case, A is
hereditary, so the conclusions in the previous example hold. But now Ext}4(—, —-)=
0, so Homp4)(X[n],Y[n]) ~ Hom4(X,Y) and Homp4)(X[n],Y[m]) = 0 for all
m # n. Hence D(A) is equivalent to [[, A

5.3. A =modk(As). Let A be the full subcategory of finitely generated left mod-
ules over the path algebra associated to the quiver As : 1 — 2. In this case we only
have three non-isomorphic indecomposable modules: the simple projective module
So, the projective module of length two P;, and the simple module S;. Moreover, if
X,Y € {51,852, P}, then Homu(X,Y) =k if (X,Y) = (Sa, P1) or (P1,51) and it
is zero otherwise, and ExtYy (X,Y) = k if (X,Y) = (S1, S2) and it is zero otherwise.
Then D(A) has the following picture

Pi[0] Sa(1] S11]

/\/\/\/

S1(0] Pi[1]

where the composition of any two consecutive arrows is zero. Observe that this
category has neither monomorphisms nor epimorphisms. All distinguished triangles
can be visualized in the picture as the diagrams of three consecutive arrows.

Rev. Un. Mat. Argentina, Vol 48-3



18 MARIA JULIA REDONDO AND ANDREA SOLOTAR

6. MORITA THEORY IN D(A)

Given an algebra A over a commutative ring k, we shall denote D(A) for the
derived category D(Mod —A). Given two k-algebras A and B the natural question
is: when are D(A) and D(B) equivalent categories? (triangle equivalent?). Of
course, if A and B are Morita equivalent (that is, Mod-A and Mod-B are k-linearly
equivalent) then D(A) and D(B) are equivalent. Are there other equivalences ?
The answer is yes. In fact, we shall present some examples later.

Rickard developed [Rick89)], [Rick91] a Morita theory for derived categories based
on the notion of tilting complex. As we shall see this is a generalization of the
notion of tilting module. A summary of the history of the subject is developed for
example in [KZ98]. Keller’s approach [Ke94] is a little different and we will follow
it. This is also the point of view of [DG02].

DEFINITION 6.1.

(1) A functor F between triangulated categories S and T is said exact if it
commutes whith shifts and preserves distinguished triangles, that is, F
is equipped with a natural isomorphism ix : F(X[1]) — F(X)[1], VX €
Obj(S) such that for every distinguished triangle

x Ly 2z xp
n S,
Fx) "™ ry) ™9 pz) B poxopn
1s a distinguished triangle in T .

(2) An equivalence between two triangulated categories is an equivalence of cat-
egories which is exact and whose inverse functor is also exact.

REMARK 6.2. If F': § — T is exact then it is automatically additive.

We know from classical Morita theory that two k-algebras A and B are Morita
equivalent if and only if there exists a bimodule 4 Pp such that it is finitely gen-
erated projective, balanced and generator A-module and B ~ End4(P) as a B-
bimodule. We have that P is a generator for Mod-A, that is for every M € Mod-A,
there exists a set I and an epimorphism P() — M. For example, A is a generator
A-module but this progenerator gives the trivial equivalence. The fact that P is
f.g. projective implies that P is a direct summand of A™ for some n € N, in
particular Hom 4 (P, —) commutes with direct sums. The notion of tilting complex
appears naturally if we look at the properties verified by A[0] in D(A).

The free rank one A-module A considered as a cochain complex concentrated in
degree 0 verifies that, Vn # 0,

Homp(a)(A[n], A) = Homp(a)(A, A[-n]) = Ext " (A, A) = 0.

DEFINITION 6.3. A complex X in D(A) is a generator of this category if and
only if the smallest full triangulated subcategory of D(A) containing X and closed
by infinite direct sums is D(A).

EXAMPLE 6.4. A[0] is a generator of D(A).
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DEFINITION 6.5. A tilting complex T'® for a k-algebra A is a bounded cochain
complex of f.g. projective A-modules which generates the derived category D(A)
and such that the graded ring of endomorphisms Hompa)(T,T) is concentrated in
degree 0.

As a special case of tilting complexes we have the tilting modules over a fi-
nite dimensional k-algebra (k is a field) (when thinking them as their projective
resolutions).

DEFINITION 6.6. Let A be a finite dimensional k-algebra and T a finitely
generated A-module. We say that T is a tilting module if
(1) pdim () < 1.
(2) Ext!y(T,T) =0 (that is, there are no self-extensions of T).
(3) There exists a short exact sequence of A-modules
0—A—-T, —T,—0

such that T; are direct summands of finite direct sums of T (that is, T; €
add(T)) fori=1,2.

REMARK 6.7. If T is a projective A-module the first and second conditions are
automatic. In that case the exact sequence in 3 splits, so A is a direct summand of
T™, for some n. The third condition is verified if and only if T is a generator in
Mod-A. As a consequence A ~p; Enda(T).

When A is self-injective, every A-module of finite projective dimension is projec-
tive. Then for these algebras, tilting complexes are the same as Morita equivalences.
The following theorem is due to Rickard [Rick89]

THEOREM 6.8. Given two k-algebras A and B such that A or B is k-flat, then
the following are equivalent:
(1) The unbounded derived categories of A and B are equivalent as triangulated
categories.
(2) There is a tilting complex T in D(A) whose endomorphism ring Hompay (T, T')
s isomorphic to B.
(3) There exists a cochain complex of B-A-bimodules M such that the derived
tensor product
— @% M : D(B) — D(A)
s an equivalence of categories.

We shall give a proof of this theorem following Keller. For this we must recall
some preliminaries first.

7. DERIVED CATEGORY OF A DIFFERENTIAL GRADED ALGEBRA

7.1. DG algebras. Let A = @,czAP be a differential graded algebra (DG algebra
for short), that is, A is Z-graded algebra with a morphism d : A — A of degree
one such that d(ab) = d(a)b + (—1)Pad(b), if a € AP, b € A. The map d is called
differential.
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EXAMPLE 7.1.
(1) Let A= A° be a k-algebra, and d = 0.
(2) Given a k-algebra B and a complex (X°®,d) of B-modules, let us take A =
Homp (X, X), that is, A = ®pez AP with AP = [],., Homp (X", X"*?) and
differential defined by (6(f))! = do fi—(=1)Pfi*tod, for f = (f)icz € AP.

7.2. DG modules. Let A be a DG algebra.

DEFINITION 7.2. A differential graded A-module (DG A-module for short) is
a Z-graded right A-module M = @pczMP together with a k-linear differential d :
M — M (of degree one) such that

d(ma) = d(m)a+ (—=1)’md(a), Vm e MP ac A.

A morphism of DG modules M and N is an A-linear map f : M — N of degree
zero wich commutes with the differentials.

EXAMPLE 7.3.
(1) The DG modules for the DG algebra A of the first ezample of the previous
subsection are the same as the cochain complexes of A-modules.
(2) Let A be the DG algebra of the second example of the previous subsec-
tion. Each complex (N°®,d) of B-modules gives rise to a DG A-module
Homp (X, N) with A-action

(97)jen([ien = (9" 0 [T)iez,  V(¢7) € Homa(X, N), (f') € Homa (X, X)P.
Also, (X*,d) is a DG A-module by means of the action:
Homu (X, X)© X — X, (f)(=) = (f'(z")).

7.3. The homotopy category H(A). We recall that the homotopy category
H(A) is defined as follows.

Tts class of objects is given by Obj(H(A)) = Obj(DG Mod-A) and the set of mor-
phisms Homy(4)(M, N) is defined as Homa (M, N)/ ~ where ~ is the equivalence
relation given by identifying homotopic maps.

There is a shift operator

S:H(A) — H(A)
defined by
(S0 = b+t

and dS(M) =—dy, VM € Ob](H(A))
We recall that endowed with S and all the triangles isomorphic to the standard
triangles, H(A) becomes a triangulated category.

EXAMPLE 7.4. For the first example of the previous subsection we have that
H(A) is the standard homotopy category of cochain complexes of A-modules.
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7.4. The derived category. We also recall that D(A) = H(A)[X '], where &
denotes the class of all the homotopy classes of quasi-isomorphisms.

EXAMPLE 7.5. For the first example of the previous subsection we have that
D(A) may be identified with the standard derived category of cochain complexes of
A-modules.

REMARK 7.6. We notice that D(A) has infinite direct sums (ordinary sums of
DG A-modules).

Consider now the free DG A-module A and let M be a DG A-module. Then
Homgy(a) (A, M) — H°(M)

f=fQ)
is bijective. In particular, each quasi-isomorphism s : M — M’ induces a bijection
HOIDH(A)(AA,M) —>HomH(A)(AA,M'). (1)

Since H°(M) ~ Hompa)(A, M) then Homy(a)(A, M) ~ Homp(ay(A, M).

DEFINITION 7.7. A DG A-module M is said to be closed if
HomH(A) (M, N) ~ HomD(A)(M, N)

for all N. We shall denote by H,(A) the full subcategory of H(A) formed by closed
objects.

EXAMPLE 7.8.
(1) Free DG A-modules of finte type are closed.
(2) Complezes of f.g. projective A-modules are closed.
(3) Suppose that M and N are closed and let f : M — N be a morphism of
DG A-modules. Consider the mapping cone cone(f) = S(M) @ N. Then
cone(f) is also closed.

REMARK 7.9. As a consequence H,(A) is a triangulated subcategory of H(A).
Why are we interested in considering the subcategory H,(A)?

PROPOSITION 7.10.
(1) For all M € H(A) there is a quasi-isomorphism ,M — M with ,M closed.
(2) The map M — ,M may be completed to a triangulated functor commuting
with infinite direct sums and such that it gives a triangulated equivalence
D(A) ~H,(A).
(3) Hp(A) is the smallest full subcategory of H(A) containing A and closed
under infinite direct sums.

We will say that ,M is the projective resolution of M.

EXAMPLE 7.11. For M and A concentrated in degree zero, choose ,M to be
the homotopy class of any projective resolution of M. Then ,M is closed since all
epimorphisms split.

EXAMPLE 7.12.
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(1) If M is a right bounded complex, ,M is a “projective resolution” of the
complex M (see [Ha66]).

(2) For A = A% d = 0 and arbitrary M the description of ,M has been
obtained by Spaltenstein ([Sp88]).

(3) For A and M arbitrary, see [Ke94].

REMARK 7.13. The two last items of the previous proposition imply that D(A)
coincides with the smallest full subcategory containing A and closed by infinite direct
sums.

7.5. Left derived tensor functors. Let A and B be two DG algebras and let
X4 be a DG B-A-bimodule, that is, X = @,z X? with a k-linearmap d: X — X
of degree one such that
d(bza) = d(b)xa + (—1)Pbd(xa) = d(b)xa + (—1)Pbd(x)a + (—1)PT9bxd(a),

forbe BP, z € X% and a € A.

Define the DG algebra B ®j A by (B Qi A)" = @®pyq=nBP Qi A? and the
map d is given by

d" : (B°P? @ A)" — (B°P @ A)"T!
db®a) =dp(b) ® a+ (—1)Pb® da(a),
for b € BP and a € A4. The product is given by
b@a)t ®d)=(—1)"bb ad,

forbe BP, b € B”,a € A% and a’ € AY .

We notice then that X is a right DG B°P? ®; A-module since

z(b®a)=(-1)"Pbza, VbeBP,xe X" ac Al

Let N be a right DG B-module. We define N ®; X as the DG A-module with

action of A in X as before and with the DG structure given by

(N ®k; X)m = @pJ,»q:mNp ®k} Xq7
dn®x)=dnn)@z+ (—1)’n® dx (z),

for n € NP and =z € X9.

The k-submodule generated by all differences nb ® x — n ® bx is stable under
d and under multiplication by elements of A. So N ®p X, the quotient module
of N ®; X by this submodule, is a well defined DG A-module. Moreover, this
construction is functorial in N and X.

The functor (—)®p X : DG-Mod-B — DG-Mod-A yields a triangulated functor
from H(B) to H(A), denoted by the same symbol.

We define the left derived tensor product (—) ®% X : D(B) — D(A) by

NekXx .= /NepX.
Notice that (—) ®5 X commutes with direct sums since ,(—) and (—) ®p X do.

LEMMA 7.14. The functor F = (=) ®% X is an equivalence if and only if the
following conditions hold:
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(a) The functor F induces bijections
Hompp)(B, B[n]) ~ Hompa)(Xa, Xan]), Vne€LZ.

(b) The functor Hompay(Xa, —) commutes with (infinite) direct sums.
(¢) The smallest full triangulated subcategory of D(A) containing X 4 and closed
under (infinite) direct sums coincides with D(A).

Proof. The conditions are necessary since they hold in D(B) for B and they must
be preserved by equivalences.

In order to prove that they are sufficient let us consider the full subcategory C
of objects V' in D(B) for which the maps

Hompp)(B[n],V) — Homp(a)(Xaln], F(V))

are bijective for all n € Z. This category is clearly closed under the shift and its
inverse. Using the 5-lemma we check that it is a triangulated subcategory. Using
(b) we get that it is closed under (infinite) direct sums. Also, using (a) we see that
C contains Bp. Thus we must have that C = D(B). So, the full subcategory C’ of
objects U in D(B) such that

HOIIID(B)(U, V) — HOIIID(A) (F(U), F(V))

is bijective for all V' in D(B) contains B. Again it is closed under the shift and its

inverse, and also closed under (infinite) direct sums. It is a triangulated category

by the 5-lemma. Thus C' = D(B) and as a consequence F is fully faithful.
Condition (c¢) shows that F' is surjective. O

EXAMPLE 7.15. Suppose that ¢ : A — B is a quasi-isomorphism, that is,
a morphism of DG algebras inducing an isomorphism H®(A) — H®(B). Then
(=) ®% Ba : D(B) — D(A) is an equivalence. In fact, By is isomorphic to A in
D(A), so the conditions (b) and (c) of the lemma before hold. In order to prove (a)
consider the commutative diagram

Homp ) (B, B[n|) —— Homp)(Ba, B[n]a)

| ]

H"™(B) ~ . Homp(a)(A, Bln]a).

Similarly, (—) ®% Bg : D(A) — D(B) is an equivalence.
We may perform compositions of left derived functors of this kind.

LEMMA 7.16. If A, B and C are DG k-algebras, A is a flat k-module, ¢Yg is
a DG C-B-bimodule, we have

() ®5Y) @5 X ~ (=) ®¢ Z,
for some DG C-A-bimodule Z.
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Proof. Take P = ,(5Xa4), considering pX 4 as a DG right B°? ®;, A-module. The
morphism of functors

(-)@p P —(-)®p X
is clearly invertible since the composition
PS5 FB)=BekP—-BopX > X

is an isomorphism and, using a result of [Ke94], a morphism of functor between
triangulated categories is invertible if and only if it is an isomorphism when one
applies the functors to a generator of the category.

Also the morphism

NekP=(,N)@p P — N®pP

is invertible in D(A) for each N € D(B), using the same result and the facts that
P is closed over B°? ®j, A and that the functor (=) ®p (BP @ A) = (—) @ A
preserves quasi-isomorphisms by the k-flatness of A. Thus

(LRLY)eh X ~(LekY)op P S ,LocY @3 P=LeL (Y @5 P),

and we take Z =Y ®p P. O

8. APPLICATIONS TO TILTING THEORY

Let k be a commutative ring, B a k-algebra, A a flat k-algebra. Recall Rickard’s
theorem:

THEOREM 8.1. Given two k-algebras A and B such that A or B is k-flat, then
the following are equivalent

(1) The unbounded derived categories of A and B are equivalent as triangulated
categories.

(2) There exists a cochain complex of B-A-bimodules X such that the derived
tensor product

- ®% X : D(B) — D(A)

s an equivalence of categories.

Proof. (1) = (2)
Let F' : D(B) — D(A) be the given triangulated equivalence. Take 7' =
»(F(Bp)) and B = Homu(T,T). There are canonical isomorphisms

H"™(B) = Homy(a)(T,T[n]), VneZ
Since T is closed in H(A), we also have
Homy(a)(T, T[n]) = Hompa)(T, T[n]) = Hompp) (B, B[n]), VneZ.

Thus H"(B) if n # 0 and H°(B) may be identified with H°(B) = B. If we view
A as a DG algebra concentrated in degree zero we may view 17" as a DG B-A-
bimodule. We claim that (—) ®LB T :D(B) — D(A) is an equivalence. Since F is
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an equivalence, conditions (b) and (c¢) of lemma 7.14 clearly hold. For (a) use the
commutative diagram

Homp, ) (B, B[n]) —— Homp 4y (T, T'[n])

| |

H™(B) — Homp () (T, T'[n]).

To establish a connection between B and Bz let us introduce the DG subalgebra
C C B with C" = B" forn < —1, C° = Z9B and C™ = 0 for n > 1. Note that
there are canonical morphisms
7z°/dz* = H(B)=B — C — B
which are both quasi-isomorphisms. So, by example 7.15, we have a chain of

equivalences

D(B) D) 2P DBy D(A).

Applying the previous lemma twice we get the required complex X of B-A-bimodules.
O

(-)®LB (-)®ET
— —

9. APPENDIX

In this section we show an example of tilting equivalence which is not a Morita
equivalence. The example is due to Schwede ([Sch04]).

Consider a field k and take the k-algebra A defined by:
A = {upper triangular matrices in M5(k)}
Up to isomorphism, there are three indecomposable A-projective modules:

P = {(y1,y2,y3)|y: € k}, P? = {(0,y2,y3)|ys € k} and P = {(0,0,y3)|yi € k}.

The P! are the projective covers of the simple modules S* = P*/P? S? = p?/p3
and S® = P3. In particular, S? is projective and pdim 4(S?) = 1 for i = 1, 2.

Let us take T = P! @ P? @ S?, which is clearly not projective. The following

projective resolution of S?:

0—-PaoPPoP-P aPoP’—5—0
may be used to compute Ext)y (T, T) = Ext}(S?,T) = 0. The module P* @ P?@ P?
is A-free of rank one, then T is a tilting A-module.

The k-algebra End4(T") may be identified, by a direct computation, to the sub-
algebra of Ms(k) consisting of upper triangular matrices (z;)1<s ;<3 such that
To3 = 0.

Now A and End 4 (T) are NOT Morita equivalent since their lattices of projective
modules differ.

Acknowledgement: we want to thank Estanislao Herscovich for his help in
the preparation of this notes.
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