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Lecture 1

Derived categories

1.1 Abelian categories

We assume that the reader is familiar with the concepts of categories and func-
tors. We will assume that all categories are small, i.e. the class of objects Ob(C)
in a category C is a set. A small category can be defined by two sets Mor(C) and
Ob(C) together with two maps s,t : Mor(C) — Ob(C) defined by the source and
the target of a morphism. There is a section e : Ob(C) — Mor(C) for both maps
defined by the identity morphism. We identify Ob(C) with its image under e.
The composition of morphisms is a map ¢ : Mor(C) x4, Mor(C) — Mor(C).
There are obvious properties of the maps (s,t,e,c¢) expressing the axioms of
associativity and the identity of a category. For any A, B € Ob(C) we denote
by Morc(A, B) the subset s~1(A) Nt~1(B) and we denote by id4 the element
e(A) € Morc(4, A).

A functor from a category C defined by (Ob(C),Mor(C), s,t,c,e) to a cate-
gory C' defined by (Ob(C’), Mor(C’), s',t',c’,e’) is a map of sets I : Mor(C) —
Mor(C’) which is compatible with the maps (s,t,c,e) and (s',t',c,€’) in the
obvious way. In particular, it defines a map Ob(C) — Ob(C”) which we also
denote by F.

For any category C we denote by C°P the dual category, i.e. the category
(Mor(C),0b(C), s',t',c,e), where s’ = t,t' = s. A contravariant functor from
C to C' is a functor from C° to C. For any two categories C and D we denote
by D (or by Funct(C,D)) the category of functors from C to D. Its set of
objects are functors F' : C — D. Its set of morphisms with source F; and
target Fh are natural transformation of functors, i.e. maps & = ($1,,) :
Mor(C) — Mor(D) x Mor(D) such that (s x t) o ® = (s x t) o (Fy, F») and
(txs)o® = (t xs)o(Fy,Fy), and 3 0 F} = Fy 0 ®;. It is also required that
®i(uowv) = ®i(u) o ®;(v) and ®;(ids) = idp,(a), for any A € Ob(C).

Let Sets be the category of small sets (i.e. subset of some set which we
can always enlarge if needed). We denote by C the category Sets®". A typical
example is when we take C = Open(X) to be the category of open subsets of
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2 LECTURE 1. DERIVED CATEGORIES

a topological space X with inclusions as morphisms, a contravariant functor
F : Open(X) — Sets is a presheaf on X. For this reason, the objects of C are
called presheaves on C.

Any A € Ob(C) defines the presheaf

ha:(d: X —Y) — (Morc(Y, A) 2% Morc(X, A))

For any morphism u : A — A’ in C and any A € Ob(C), composing on the left
defines a map ha(A) — ha/(A), and the set of such maps makes a morphism of
functors hy — hs. This defines a functor

h:C— C, Morc(A, A") — Morg(ha, ha)

called the Yoneda functor or the representation functor. According to the
Yoneda lemma this functor is fully faithful, i.e. defines a bijection

Morc(A, A/) — 1\/101“6(}1147 hA/).

Via the Yoneda functor, the category C becomes equivalent to a full subcategory
of the category C (a subcategory C" is full if Morc: (A, B) = Morc(A, B)). Also
recall that a category C’ is equivalent to a category C if there exist functors
F:C — C,G:C— C such that the compositions F o G,G o F are isomorphic
(in the category of functors) to the identity functors. A presheaf F' € C is
called representable if it is isomorphic to a functor of the form hg for some
S € C. We say that F' and G are quasi-inverse functors. The object S is
called the representing object of F. It is defined uniquely, up to isomorphism.
Dually, one defines the functor 4 : C — Sets whose value at an object X is
equal to Morc(4, X). A functor C — Sets isomorphic to a functor h* is called
corepresentable.

Let S be a subcategory of the category Sets. A category C is called an S-
category if for any X € Ob(C) the presheaf hx takes values in S and for any
(A — B) € Mor(C), the map hx(A) — hxB) is a morphism in S. We will
be interested in the case when S = Ab is the category of abelian groups. In
this case an Ab-category is called a Z-category. It follows from the definition
that the sets of morphisms is equipped with a structure of an abelian group,
moreover, the left composition map Morc(A, B) — Morc(A,C) and the right
composition map Morc(B, C) — Morc(A, C) are homomorphisms of groups.

Another useful example is when A is the category of linear spaces over a
field K. This allows to equip the sets of morphism with compatible structures
of linear spaces. In this case a category is called K-linear.

From now on, whenever we deal with a Z-category category we set Homc (A, B) :=
Morc(A, B).

~ab
Let C be the category of abelian presheaves on C, i.e. the category of
contravariant functors from C to Ab. If C is a Z-category, the Yoneda functor

~ab
is the functor from C to C . For any abelian group A one defines the constant
presheaf Ac (or just A if no confusion arises) by

Ac(S) = A, (S — 8') — ida.
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In particular, we have the zero presheaf 0. For any F € Gab, we have Homgan (0,F) =
{0} and the zero represents the unique morphism 0 — F'.

A zero object of a Z-category is an object representing the functor 0. It may
not exist, but when they exist all of them are isomorphic and can be identified
with one object denoted by 0. The zero object 0 is characterized by the property
that Homc(0,0) = {0}. This immediately implies that 0 is the initial and the
final object in C, i.e., for any X € Ob(C) there exists a unique morphism
0 — X (resp. X — 0). It represents the zero element in Homc (0, X) (resp. in
Homc (X, 0)).

For any morphism u : ' — G of abelian presheaves we can define the kernel
ker(u) by

ker(u)(A) = ker(F(A) — G(A)).

It can be characterized by the following universal property: there is a morphism
ker(u) — F such that the composition ker(u) — F — G is the zero morphism,
and any morphism K — F with this property factors through the morphism
ker(u) — F. We say that C has kernels if, for any X — Y the kernel of hx — hy

in Eab is representable. By the Yoneda Lemma, the kernel ker(X — Y) satisfies
the universal property from above, and this can be taken as the equivalent
definition.

The definition of the cokernel coker(u) of a morphism X — Y in a pre-
additive category is obtained by reversing the arrows. It comes with a unique
morphism Y — coker(u) such that any morphism Y — K with the zero com-
position F' — G — K factors through G — coker(u) — K. In other words,

coker(u) = ker(u°P)°P,
where u°P : G — F is a morphism in the dual category C°? and ker(u°P)°P is
the morphism ker(u’) — G in C°? considered as a morphism G — ker(u°P) in

C.
Note that 6ab has cokernels defined by

coker(F — G)(S) = coker(F(S) — G(9)).

However, even when C = Ab where kernels and cokernels are the usual ones,
coker(ha — hp) may not be representable. For example, if we take [n] : Z — Z
the multiplication by n > 1 in Ab and u = h([n]) : hz — hz, then we get

coker(u)(Z/nZ) = coker(hz(Z/nZ) — hz(Z/nZ)) = coker(0 — 0) = {0},
because Hom(Z/nZ,7) = {0}. On the other hand,
heoker(in)) (Z/nZ) = hz nz(Z/nZ) = Hom(Z/nZ,Z/nZ) # {0}.
It follows from the definition that there is a canonical morphism

coker (ker(u) — s(u)) = ker(t(u) — coker(u)), (1.1)
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where u : s(u) — t(u) is a morphism in C (provided that all the objects in above
exist). The morphism u factors as

s(u) — coker(ker(u) — s(u)) — ker(¢t(u) — coker(u)) — t(u).

~ab
The category C" contains finite direct products over the final object 0 de-
fined by the standard universality property. We have

(H F;)(A) = HFZ(A)

i€l i€l

It also contains finite direct sums @;c7F; over the initial object Oc, defined as
the direct product in the dual category. Moreover,

[[F=EpF.

el i€l

It follows from the Yoneda Lemma that the object representing the direct prod-
ucts (sums) of representable presheaves is the direct product (sum) of the rep-
resenting objects.

Definition 1.1.1. An additive category is a Z-category such that

(i) the zero presheaf 0 is representable;

(ii) finite direct sums and direct products in Gab are representable;
An additive category is called abelian if additionally
(iii) kernels and cokernels exist;
(iv) for any morphism wu,
coker(ker(u) — s(u)) = ker(t(u) — coker(u)),

and the canonical morphism « in (1.1) is an isomorphism. The object
coker(ker(u) — s(u)) is denoted by im(u) and is called the image of the
morphism wu.

Recall that a morphism w : s(u) — t(u) is called a monomorphism if the
corresponding morphism h(u) : hsuy = Py in Cis injective on its values. In
other words, for any S € Ob(C) the map of sets fy(,)(S) = Morc(S, s(u)) —>
Morc (S, t(u)) is injective. By reversing the arrows one defines the notion of an
epimorphism. If C is an abelian category, then w is a monomorphism (resp.
epimorphism) if and only if ker(u) = 0 (resp. coker(u) = 0). Also u is an
isomorphism (i.e. the left and the right inverses exist) if and only if it is a
monomorphism and an epimorphism.

In an abelian category short exact sequences make sense. Also one can define
the cochain complezes as sequences K® = (u™ : K™ — K"t1), c; of morphisms
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with 4" o u™ = 0 € Homc (K™, K"*2). Here n runs an interval I (finite or
infinite) in the set of integers. Also one can define the cohomology of complexes
as the complex

(H™(K*),0) = coker(im(u™) — ker(u"*1))

with the zero morphisms H" — H"*!'. By reversing the arrows one defines
chain complezes and the notion of homology of a complex K® = (u, : K, —
Kn—l)nel-

Finally, let us give some examples of abelian categories. Of course the first
example must be the category Ab of abelian groups, it is the motiviating example

of the whole theory. If A is an abelian category, then the category A" of A-
~ab
valued presheaves on C is an abelian category. In particular, the category ¢

is an abelian category.

Let Sh3 be the category of abelian sheaves on a topological space (or on
a Grothendieck topology) considered as a full subcategory of the category of
abelian presheaves PShf;? = E&b. It is not a trivial fact that it is an abelian
category. One uses the fact that the forgetting functor + : Sh3> — PShaP admits
the left inverse functor as : PSh3? — Sh3 (i.e. asot is isomorphic to the identity
functor in Sh3P). The functor as is defined by the standard construction of the
sheafication F# of a presheaf F. For any morphism u : F — G of abelian
sheaves one has

ker(u) = ker(u(u)))#, coker(u) = coker(t(u))#

(in fact, t(ker(u)) = ker(c(u))).

Another example is the category Mod(R) of (left) modules over a ring R
(all rings will be assumed to be associative and contain 1). It is considered
as a subcategory of Ab. The kernels and cokernels in Ab of a morphism in
Mod(R) can be equipped naturally with a stricture of R-modules and represent
the kernels and cokernels in Mod(R).

A generalization of this example is the category of sheaves of modules over a
ringed space (X, Ox). The most important for us example will be the category
Qcoh(X) of qusi-coherent sheaves and its full subcategory Cohy of coherent
sheaves on a scheme X.

Another frequently used example of an abelian category is the category of
quivers with values in an abelian category A (or the category of diagrams in A
as defined by Grothendieck). We fix any oriented graph I' and assign to each
its vertex v an object X (v) from A. To each arrow a with tail ¢(a) and head
h(a) we assign a morphism from u(a) : X(¢t(a)) — X (h(a)) in A.

A morphism of diagrams (X (v),u(a)) — (X'(v),u'(a)) is a set of morphisms
¢y : X (v) = X'(v) such that, for any arrow a the diagram

Dt(a
X(tH(a)) — X' (t(a))
lu(a) u’(a)
Ph(a)

X(h(a)) — X'(h(a))
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is commutative.

One can consider different natural subcategories of the category Diag(T', A)
of the category of diagrams in A with fixed graph I'. A diagram is called
commutative if for any path p = (aq,...,ax) the composition u(p) = u(ay) o

- o u(ag) depends only on t(p) := t(ag) and h(p) := h(a1). It is easy to
check that commutative diagrams form an abelian subcategory of the category
of diagrams. A commutative diagram is called a diagram complex if for any path
different from an arrow, the morphism u(p) is the zero morphism. A complex in
A defined in above corresponds to a linear graph. All diagram complexes form
an abelian subcategory of the category Diag(I',A). In particular, the category
of cochain complexes in an abelian category is an abelian category.

Here are some examples of additive but not abelian categories. Obviously
an additive subcategory of an abelian category is not abelian in general. For
example, the category of projective modules over a ring R is additive but has
no kernels or cokernels for some homomorphisms of projective R-modules. An
additive subcategory may have kernels or cokernels but (1.1) may not be an iso-
morphism. The most notorious example is the category of filtered abelian groups
A = UjenA?l, AY ¢ A1 with morphisms compatible with filtrations. Changing
the filtration by 'A% := A**! and considering the identity morphism we obtain
a non-invertible morphism that is an monomorphism and an epimorphism.

Let us consider the category Mod(R) of left modules over a ring R. Note
that the category of right R-modules is the category Mod(R°P), where R°P is
the opposite ring. The category Mod(R) is obviously an abelian category. It
satisfies the following properties

(i) For each set (M;);cr of objects in Mod(R) indexed by any set of I there
exists the direct sum ®;c;M;. It corepresents the functor Hi€ I WM,

(ii) The ring R considered as a module over itself is a generator P of Mod(R)
(i.e. any object M admits an epimorphism R! — M for some set I, where
R! denotes the direct sum @;c;R; of objects R; isomorphic to R).

(iii) the generator P is a projective object (i.e. the functor M — Homa (R, M)
sends epimorphisms to epimorphisms;

(iv) the functor A commutes with arbitrary set-indexed direct sums.

Theorem 1.1.1. Let A be an abelian category satisfying the conditions (i) —
(iv) from above where Mod(R) is replaced with A. Then A is equivalent to the
category Mod(R), where R = End(P) := Homa(P, P)

Proof. For any ring R we define the new category Mod(R,A). Its objects are
homomorphisms of rings ¢ : R — Enda(X), X € Ob(A). The set of morphisms
from ¢ : R — End(X) to ¢ : R — End(Y) is the subset of morphisms f €
Homa (X,Y") such that ¢¥(r) o f = f o ¢(r) for any r € R. It is easy to check
that Mod(R, A) is an abelian category. For example, if f € Homa(X,Y) is a
morphism in Mod(R, A), then its kernel consists of homomorphisms from R to
End(ker(f)). Obviously Mod (R, Ab) = Mod(R).
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Let R = Enda(U)°P, where U is a fixed object of A. The composition of
morphisms defines a map

R x Homa (U, X) — Homa (U, X).

It is easy to see that it equips the abelian group hY (X) = Homa (U, X) with a
structure of a R-module. Also it is easy to check that hU : A — Sets factors
through the subcategory Mod(R) of Sets, i.e. defines a functor

S="nY:A— Mod(R).

For any R°P-module M, any X € Ob(Mod(R,A)) and any Y € Ob(A) we can
consider the set Hom gop (M, hX (Y)). The assignment Y — Hom gos (M, h¥ (Y))
is a presheaf on A°? with values in the category of R°P-modules. When it is
representable, a representing object is denoted by M ®r X. Replacing R by R°P
we have the notation X @ g M, where M is a R-module, and X € Mod(R°?, A).
This agrees with the usual notation of the tensor product A ® g B of a right
R-module A and a left R-module B.

Now we assume that U is a projective generator of A. Let us consider U as an
object of Mod(R°P) defined by the identity homomorphism R°? — Enda(U).
One proves that under the conditions of the theorem, U ®pr M exists. To
do so we first consider the case M = R, where we get a natural bijection
Hompgo» (R, hY (Y)) — Homa(U,Y). Then we consider the case when M = R!
by considering the bijection Homgos (RY, Y (Y)) — Homa(U!,Y). Finally, if
M = coker(R” — R!) we take U ® M to be the cokernel of U/ — U,

We choose a representing object and denote it by U ® g M. Now we can
define a functor

T:Mod(R)—>A, M —U®g M.

By definition, for any A € Ob(A) and any M € Mod(R), there is a natural
bijection

Homp(M,S(A)) = Hompg(M,Homa (U, N)) — Homa (7 (M), A).

In particular, the functor 7 is the left adjoint functor to the functor S. Recall
that a functor G : C' — C is called a left adjoint functor to the functor F : C —
C’ (and F is the right adjoint to G) if there is an isomorphism of bifunctors on
C x C'°P defined by

(X,Y) — Morc(G(X),Y), (X,Y) — Morc (X, F(Y)).

I leave to the reader to define the product of two categories and a bifunctor
defined on the product. By taking Y = G(X), the image of the identity idy
defines a morphism X — F o G(X). All such morphisms define a morphism of
functors id¢r — FoG. Similarly we define a morphism of functors Go F' — idc.
Conversely, a pair of morphisms of functors

a:ide — FoG, f:GoF —idc
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satisfying the property that the compositions

G%GOFOG@)G, FelpoGor 28 p

are the identity morphisms of the functors make G left adjoint to F'. In partic-
ular, an equivalence of categories is defined by a pair of adjoint functors.

Note that a pair (G, F) of adjoint functors, in general, do not define an
equivalence of categories, i.e. neither a: Go F' — id¢ nor 8 : id¢r — F oG is
an equivalence of categories. However, if F' is an equivalence of categories then
any quasi-inverse functor to F'is a left and a right adjoint functor.

An example of a pair of adjoint functors is (G, F) = (f*, f.), where f : X —
Y is a morphism of schemes and (C,C") = (Qcoh(Y'), Qcoh(X)), the categories
of quasicoherent sheaves. Another example is the functor

Homp(B,?) : Mod(S) — Mod(R), N — Homg(B, N)
and its left adjoint functor
?®pg B :Mod(R) — Mod(S), M — M ®r B,

where R, S are rings and B is a (R — S)-bimodule (i.e. a left R-module and a
right S-module).

Recall that a functor F : C — C’ is called left exact (resp. right evact) if
it transforms monomorphisms (resp. epimorphisms) to monomorphisms (resp.
epimorphimsm). It is called ezact if is left and right exact. Suppose F ad-
mits a left adjoint functor G. Then F' is left exact and G is right exact.
Let us see it in the case of functors of abelian categories. It is enough to
show that F' transforms kernels to kernels. Let K = ker(u : X — Y) and
Y — ker(F(X) — F(Y) be a morphism in A’. Applying G we get a mor-
phism G(Y) — ker(G(F(X)),G(F(Y))). Composing G(Y) — G(F(X)) with
G(F(X)) — X we get a morphism G(Y) — X which as is easy to see factors
through G(Y) — ker(X — Y'). This shows that there is a morphism G(Y) — K
and applying F' we get a morphism Y — F(G(Y)) — F(K). This shows that
F(K) is the kernel of F'(u).

Since 7 is the left adjoint of S, we obtain that S is left exact. Since U is a
projective object in A, we obtain that S is right exact, hence exact, i.e. left and
right exact. Condition (iv) implies that S(U') = S(U)!. It is easy to see that

HomA(UI, U]) = H@je[HOH’lc(Ui, Uj) = HEBJE[HOHIR(S(Ui),S(Uj))
[ el

= Hompg(®ierS(Ui), ®jerS(U;)) = Hom(R, S(®ie1Ui), ©jerF'(Uj)))-

This shows that S defines an equivalence from the subcategory of A formed by
objects isomorphic to direct sums U’ and the subcategory of Mod(R) formed
by free modules. Since U and R are projective generators this easily allows to
extend the equivalence to an equivalence between the categories A and Mod(R).

O
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Example 1.1.2. Let A = PSh**(X) be the category of abelian presheaves on
a topological space X. For any open subset V' denote by Zy the sheaf equal
to the constant sheaf Z on V' and zero outside U. Then ©yeobOpen(x))Zv is
a generator of A. The generator U is not projective, however if we pass to the
category of sheaves and replace U with the associated sheaf U# we obtain a
projective generator.

~ab
More generally, consider the category of abelian presheaves C”ona category
C. Then U = EBXeob(C)ZhX is a generator of this category.

Definition 1.1.2. An abelian category satisfying properties from the assertion
of the previous theorem is called a Grothendieck category.

Corollary 1.1.3. For any abelian category A there exists a fully faithful additive
exzact functor to a a category Mod(R) (an additive functor of abelian categories
is a functor which is a functor of the corresponding abelian presheaves).

Proof. Tt is enough to construct such a functor with values in a Grothendieck

category. We first embed A in the category of abelian presheaves Aab. Then
we consider a canonical Grothendieck topology on A where all representable
presheaves become automatically sheaves. We take B be the category of sheaves
on A with respect to the canonical topology. The product of representable
sheaves will serve as a projective generator. The Yoneda functor h : A — B
will be an additive fully faithful exact functor. Then we apply the previous
theorem. O

Suppose F' : Mod(R) — A is an equivalence of abelian categories. Then
U = F(R) is a projective generator of A and R = End(U). For example,
we may take A = Mod(S) for some other ring S. Then Mod(R) = Mod(S)
implies that there exists a projective S-module U generating Mod(.S) such that
End(S) & R. In fact, the proof of the previous theorem shows that U has a
structure of S — R-bimodule and the equivalence of categories is defined by the
functor M — M ®g U. Two rings are called Morita equivalent if the categories
Mod(R) and Mod(S) are equivalent. A good example is the equivalence between
the category Mod(R) and the category Mod(S), where S = End(R™).

1.2 Derived categories

Let Cp(A) denote the category of cochain complexes K*® = (K", d% )nez in an
abelian category A. We can always assume that the interval parametrizing K™
is the whole Z by adding the zero objects and the zero differentials.

We shall denote by Cp(A)™ (resp. Cp(A)™) the full subcategory formed by
complexes such that there exists N such that K* = 0 for i < N (resp. K* =0
for i > N). They are called bounded from below (resp. from above). A bounded
complex is a complex bounded from below and from above. The category of
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those is denoted by Cpb(A). The category Cp(A) comes with the shift functor
T : Cp(A) — Cp(A), defined by T'(K*) = K*[1], where

K.[l}n = Kn+1,dr711—v(K.) = 7dnK+1.

We set K®[n] = T™(K*®), where T" denotes the composition of functors. Note
that T has the obvious inverse, so we may define K[n] for any integer n. By
definition,

i = (—1)"d"

The differentials (d}) define a morphism d : K — K][1] such that the composi-
tion T'(d) od : K — KJ[1] — K]J2] is the zero morphism.
Recall that a simplicial complex is a presheaf on the category whose ob-

jects are natural numbers and morphisms are non-decreasing maps of intervals

f :0,n] — [0,m]. A simplicial complex X = (X,, x4 Xn)n<m defines a

topological space |X| called the geometric realization. One considers the sets
An = {(20,.. . xn) ER"™ i ag+ .. 42, = 1,2; > 0},
and let

1X| = f[ A, % Xn/R,

n=0

where R is the minimal equivalence relation which identifies the points (s, z) €
Apx Xy and (t,y) € Ay x X if y = X(f)(2), s = A(f)(¢) for some morphism
f : m — n. Here A(f) is the unique affine map that sends the vertex e;
to the vertex ey;). The topology is the factor-topology. For example, A,
is homeomorphic to the topological realization of the simplicial complex hj,
whose value on [m] is equal to the set of non-decreasing maps [m] — [n].

A topological space is called triangulazable if it is homeomorphic to |X| for
some simplicial set X. A chosen homeomorphism is called a triangulation. Let
Cn(X) = Z%» and let 1! : [n — 1] — [n] whose image omits {i}. The map
X(¢8) : X, — X,,—1 defines a homomorphism of abelian groups ¢/, : Cp,(X) —
Cp—1(X) and we set d,, : C,,(X) — C,—1(X) to be equal to the alternating sum
St o(—=1)"8% of the homomorphisms d7,. One checks that (Cy,(X),d,) is a chain
complex. One defines the homology group of a triangulizable topological space
X by choosing a triangulation |X| — X and setting H,(X,Z) = H,(Ce(X)).
Dually one defines the cohomology, as the cohomology of the dual complex
C*(X), where C"(X) = Hom(C,,(X),Z) and d™ is the transpose of d,,. It does
not depend on a choice of a triangulation. Passing to homology or cohomology
losses some information about the topology of | X|. For example, two simplicial
sets may have the same homology but their topological realizations may not be
homotopy equivalent. However, one has an important theorem of Whitehead
that states that |X| is homotopy equivalent to |Y| if and only if there is a
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diagram of simplicial maps (i.e. morphisms of functors)

Z

RN

X Y

inducing the isomorphism of the homologies of the corresponding chain com-
plexes. Note that a morphism of simplicial complexes f : X — Y defines a
morphism f, = (f,) of the chain complexes. One defines a homotopy between
two morphisms of simplicial complexes f,g: X — Y as a morphism of simplicial
complexes hj;) X X — Y such that the composition of this map with kg — hyy
defined by sending 0 to 0 (resp. 0 to 1) is equal to f (resp. g). It induces the
maps h; : C3(X) — C;41(Y) such that f; —¢; = dfj_l o h; + hi_y odY for all
1 € Z. This easily implies that f. and g, induce the same maps on homology.
This allows one to introduce the category of hopotopy types of simplicial com-
plexes, define a functor to the category of complexes of abelian groups modulo
homotopy of complexes, and use the derived category of complexes to interpret
Whitehead’s Theorem by stating that two triangulizable spaces are homotopy
equivalent if and only if their derived categories of chain complexes are equiva-
lent.

After this brief motivation let us proceed with the categorical generalizations
of the previous discussion.

Let Cp(A) be the category of complexes in an abelian category A.

Definition 1.2.1. Two morphisms f,g: (K*,d%) — (L*,d}) are called homo-
topy equivalent if there exist morphisms h : K* — L*[—1] such that

ffg:hod}(oﬁ*dLoOh.

Here we view the differential dxe of a complex X*® as a morphism dx. : X* —
X*[1]. In components, h = (h* : K* — L*~!) and

fr=g' = ndig +d7 0

In pictures

i—1 di ditt
N L>Ki$Ki+lL>...
d'ifl dl d'i+1
Li-1 —— i R —

It is clear that the homotopy to zero morphisms form a subgroup in the group
Homcyp(a)(K®, L®) . Thus the homotopy equivalence is an equivalence relation.
Let Homga)(K*®, L*) be the quotient group by the subgroup of morphisms
which are homotopy to zero.
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Let f: K®* — L® g : L* — M*® be two morphisms of complexes. Assume
that f is homotopy to 0. Then g o f is homotopy to zero. To see this we check
that, if (k%) define a homotopy for f to the zero morphism, then g(k*) will define
the homotopy for g o f.

This allows one to introduce the category K(A) whose objects are compexes
in A and morphisms are equivalence classes of morphisms in Cp(A) modulo the
homotopy equivalence relation.

It is easy to verify that the cohomology functor

H : Cp(A) — Cp(A), K* — (H"(K*))

factors through the category K(A).

To imitate the Whitehead Theorem we need to convert morphisms in K(A)
that induce the isomorphism of the cohomology into isomorphisms. This can
be done using the general notion of localization in a category.

Theorem 1.2.1. Let C be a small category and S be a set of its morphisms.
There exists a category Cs and a functor Q : C — Cg satisfying the following
properties:

(L1) for any f € S, Q(f) is an isomorphism;

(L2) if F : C— C is a functor satisfying property (i), then there exists a unique
functor G : Cg — C such that F = G o Q.

Proof. The idea is simple, we have to formally add the inverses of all s € S. Let
us consider an oriented graph I whose vertices are objects of C and whose arrows
from A to B are morphisms from A to B. For each s € S from t(s) to h(s) that
has no inverse, we add an arrow from #(s) to h(s). Let I" be the new graph. Now
define the category Cg as follows. Its objects are vertices of I". Its morphisms
correspond to paths in I' modulo the following equivalence relation: two loops
are equivalent if they obtained from each other by the following elementary
operations:

(a) two edges u, v with h(u) = ¢(v) can be replaced by the edge corresponding
to the composition u o v;

(b) the loop (t(s),h(s),t(s)) (resp. (h(s),t(s),h(s))) corresponding to an
edge s € S are equivalent to the loop (£(s),t(s)) (resp. (h(s),h(s))) correspond-
ing to the identity morphisms id,(,) (resp. idy)).

The functor @ : C — Cg is defined by considering the inclusion of the graphs
IV C T. The properties (L1) and (L2) are checked immediately. O

Definition 1.2.2. The category Cg is called the localization of C with respect
to the set of morphisms S.

Now we take C = Cp(A) and let S be a set of morphisms f : K* — L® such
that H*(f) is an isomorphism (such morphisms are called quasi-isomorphisms.

Definition 1.2.3. The derived category is the category D(A) = Cp(A)[S~!],
where S is the set of quasi-isomorphims. Similarly one defines the categories
D*(A), D~(A) and D°(A).
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Unfortunately, after localizing an additive category, we will get in general a
non-additive category. In order that this does not happen we need impose some
additional properties of the set of localizing morphisms S.

Definition 1.2.4. A set S of morphisms in a category C is called a localizable
set if it satisfies the following properties:

(L1) S is closed under compositions and contains the identity morphisms;
(L1y If se Sand fosorso feS, then f €S;

(L2) for any s : Z — X from S and a morphism f : Z — Y there exists
g: X - Wfrom Candt:Y — W from S such that gos =to f. Also
the similar property holds when we reverse the arrows

(L3) for any f,g : A = B the existence of s € S such that so f = sog is
equivalent to the existence of ¢t € S such that fot=got.

Condition (L2) means that we can write each s™!f in Cg in the form gt !
or can write each fs~! in the form t~!g. Let f : X’ — Y be a morphism in C
and s : X’ — X belongs to S. We say that the morphism fs~! in Cg by a roof

X/
N
X Y

Two roofs define the same morphism if they can be extended to a common
roof

N

X Z Y

RN

X//

where r € S. This is an equivalence relation on the set of roofs and a morphism
in Cg is the equivalence class of roofs. To check that this is indeed an equivalence
relation one has to use the third property of localizing sets. If (X’,s, f) : X — Y
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is equivalent to (X", t,g) by means of (Z',r,h) and (X" t,g) is equivalent to
(X", u,e) by means of (Z”,p,i), then we first define sr: 7' — X,tp: 7" — X,
then take v: W — Z',k: W — Z" such that srv = tpk. Then f1 = hv, fo = pk
satisfy tf1 = tfy. Thus we find w : Z" — W such that fiw = fow. If we
take ¢ = row : Z” — X’ and j = itkw : Z"” — X" we get the equivalence
(X', 8,t) ~ (X" u,e).

The composition is defined by composing the roofs:

» Q
X' Y
X Y Z

where the top square exists by property (L2). One has to check here that this
definition does not depend on the choice of representatives in the equivalence
class of the corresponding roofs. We refer for this verification to Milicoc’s lec-
tures. Note that here we must use property (L4).

Proposition 1.2.2. Let S be a localizing set of morphisms in an additive cat-
egory C. Then Cg is an additive category.

Proof. The idea is to reduce to common denominator. Suppose we have two
morphisms ¢, ¢’ : X — Y represented by two roofs fs~! = (s, f) and f's'~! =

(s, f")
Z z
JNC X
X Y X Y

Let U = Z xx Z' with respect to s : Z — X, s’ : Z — X. By property (L2) we
can find a commutative square

’

U-=~=z
|

| r is'
\V S

where 7’ belongs to S. Since s, s’ € S, property (L1la) implies that » € S. Thus
our two morphisms can be represented by

U U
X Y, X Y
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where t = sor = s'or’,g = for, g’ = f'or’. It remains to define the sum ¢+ ¢’

as the morphism represented by the roof X LUy,
Next observe that the zero morphism 0 : X — Y is equivalent to any roof of

the form X <~ X’ -2 Y. They are related by the morphism X’ Loxr Lox
In particular, the zero object 0 in C is the zero object in Cg since Endc,(0) =
{0}. Finally, the direct sum in Cg is represented by the direct sum in C and
the canonical injections and the projections are defined by the corresponding
morphisms in C. O

Note that one can prove the proposition without using property (Fla) (see
Milicic’s Lectures, www.math.utah.edu/ milicic/dercat.pdf). However it greatly
simplifies the proof and it is checked in the case of derived categories.

Since replacing a morphism of complexes by a homotopy equivalent mor-
phism does not change the map on the cohomology, the definition of a quasi-
isomorphism extends to the category K(A).

It turns out that the set of quasi-isomorphisms in K(A) is a localizing set
(but not in Cp(A)). We will see later that the corresponding localization of
K(A) is equivalent to the derived category D(A).

Before we show that the set of quasi-isomorphisms in K(A) is a localizing
set we have to introduce some constructions familiar from homotopy theory.

Recall the cone construction from algebraic topology. Let f : X — Y be
a continuous map of topological spaces. We define the cone C(f) of f as the
topological space

c() =y [[xx[0.1/~,
where (x,1) ~ f(z) and (z,0) ~ (z0,0) for some fixed 2o € X. In the case
Y is a point, C(f) = XX is the suspension of X (XX is a ‘double cone’, it is
obtained from X x [0,1] with X x {0} and X x {1} identified with a point).
In the case when X — Y is an inclusion, C(f) is homotopy equivalent to Y/X
(the space obtained by contracting Y to a point). So in this case C(f) is an
analog of a cokernel. Also note that there is an inclusion Y — C(f) and if we

apply the cone construction to this we get that C(f)/Y is homotopy equivalent
to XX. Thus we have a sequence of morphisms in the homotopy category:

X-Y-=C(f) — EX.
Recall that we have the suspension isomorphism:
H;1(EX) 2 Hi(X),

and
Hi(C(f)) = Hi(Y, X).

This gives a long exact sequence
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There is an analogous construction of the cone C(f) of a morphism f: X —
Y of simplicial complexes which is I am not going to remind. The cochain
complex of C(f) is

crem) =crme ), a= (B )

in the sense that (a,b) € C*H1(X) @ C*(Y) goes to (dy'(a), f+1(a) + di (b)) €
C*2(X) ® C**1(Y). This can be taken for the definition of the cone C(f) for
any morphism of cochain complexes f: X* — Y in Cp(A).

Definition 1.2.5. Let f : X* — Y® be a morphism in Cp(A). Define the cone
of f as the complex

dxn 1 0
C(fy=X*[laY*, d= () :
(N=xMe (S 2)

Define the cylinder Cyl(f) as the complex

dxe -1 0
Cyl(f)=X*eX*[1JeY®, d=| 0 dxeny O
0 fl1]  dye
Example 1.2.3. Let f : X — Y be a morphism in A considered as a morphism

of complexes with support at {0}. Then (C(f))™' = X,C(f)°=Y and d = f.
Thus H°(C(f)) = ker(f) and H'(C(f)) = coker(f).

Example 1.2.4. Take f =idge : K* — K*. Let K : X' "1 X! - X' @ X!
defined by (2! 2?) — (2%,0) This defines the homotopy between id¢ () and
Oc(y)- In particular, all cohomology of the complex C(f) vanish.

Lemma 1.2.5. Let f : X* — Y* be a morphism of complexes. There is a
commutative diagram in Cp(A):

0 Yl Y o(f) 2 xeq] 0
oﬂx-ﬂcw () c(f) 0

X. H Y.
Its rows are exact and the vertical arrows are quasi-isomorphisms.

Proof. Let us describe the morphisms in this diagram. The morphism iy : Y* —
C(f) = X°*[1]@Y* is the direct sum inclusion. The morphism py : C(f) — X*[1]
is the projection to the first summand. The morphism Cyl(f) = X°* & X°*[1] @
Y* — X°*[1] @ Y" is the projection to the last two summands. We take a to be
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the direct sum inclusion and 8 = (f, ®idy+). The morphism f : X* — Cyl(f)
is the direct sum inclusion. We leave to the reader to check that this defines
morphisms of complexes, the diagram is commutative and its rows are exact.

Obviously, foa = idy. Let us check that oo 3 is homotopy equivalent to the
identity. We define the homotopy h‘ : Cyl(f)% — Cyl(f)*~! by (af, 21 1%) =
(0,2%,0). We have

aof(a, 2™ 1) = (0,0, f(z™) +1),

(dzC_y}(f)hz_thdZCyl(f))(xl7xl+17lz) = (_xiv _dé('(l‘i% f(l’l))—F(O, dé((xi)_xi+170) =
(_xiv _xi+1a f(xH_l)) = (Oé © ﬂ - idCyl(f))(xiv xi+17 ll)
This checks that a0 8 ~ idy-e. O

Corollary 1.2.6. Let f : X* — Y* be a morphism in K(A). Then it can be
extended to a sequence

f g

X ye C(f) —2

X°[1],
where the composition of any two morphisms is zero.

Proof. We define g : Y* — C(f) = X*[1]@Y*® and h : C(f) — X°[1] as in
the first row of the diagram from the lemma. By the proof of the previous
lemma, the composition go f : X* — Y* — C(f) is homotopy equivalent
to the composition X* — Cyl(f) — C(f) which is zero. The composition
hog:Y* — C(f) — X*[1] is zero because the top row in the lemma is an exact
sequence. O

Definition 1.2.6. A triangle in Cp(A) is a diagram of the form
X*—-Y*—Z°— X°[1].
A distinguished triangle is a triangle which is quasi-isomorphic to the triangle
x* Loy Yoo 2L xeq).

It follows from Lemma 1.2.5 that a distinguished triangle is quasi-isomorphic
to the triangle
X* = Cyl(f) — C(f) — X*[1]

with morphisms defined in the lemma.

Lemma 1.2.7. Any short exact sequence of complexes is quasi-isomorphic to
the middle row of the diagram from Lemma 1.2.5.

Proof. Let

0= x* Ly 9 g0y
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be an exact sequence in Cp(A). We define § : Cyl(f) — Y* to be equal to
g from Lemma 1.2.5 and v : C(f) — Z* by composing the natural projection
C(f) — Y* with g. We have ker(y) = X°*[1] @ im(f) = X*[1]® X* = C(idx.).
By Example 1.2.4, the latter complex has trivial cohomology. Thus, using the
exact sequence 0 — ker(y) — C(f) — Z* — 0 we obtain that 7 is a quasi-
isomorphism. O

Theorem 1.2.8. Any distinguished triangle
X*—->Y*—>2Z°— X°[1]
defines an exact sequence of cohomology:
.= HY(X®*) - H(Y®) - H(Z*) - H(X*[1]) = HTY(X*) — .... (1.2)

Proof. Tt is enough to prove it for the distinguished triangle:

X* = Oi(f) = C(n) & x° 1.
We have the exact sequence

0— X*—Cyl(f) = C(f) — 0.
It gives the exact sequence of cohomology

L= HI(X*) = H(CYI(f)) — H'(C(f) & B (X*) -
It remains to identify the coboundary morphism & with H(g). We use that
Cyl(f)! = X* @ C(f)" and check the definitions. O

Theorem 1.2.9. In the category K(A) quasi-isomorphims form a localizing set
of morphisms.

Proof. Properties (L1) and (L1’) are obvious.

Let t : Y* — W*® and g : X* — W?*, where t is a quasi-isomorphism. We
have to find a quasi-isomorphism s : Z®* — X*® and a morphism of complexes
f:Z* —Y* such that fot =sog. Let X* — C(t) be the composition i; o g,
where i, : W — C(t) is the canonical inclusion. Let s : C(iy 0 g)[—1] — X* be
the morphism p;,o4[—1], where p;,oq : C(it 0 g) = X*[1] ® C(f) — X°*[1] is the
canonical projection. We have the following diagram

Clivo g)[-1] > x* % C(1) Clir o g)
ok o
Ye* t W. i C(t) Y.[l]

where the morphism f is constructed as follows. An element from C(i; o g)[—1]
is a triple (2%, y%, w'™!) € X'@YioWi =l Weset f(z¢,y%, wi™1) = —y'. I claim
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that this diagram is commutative in the category K(A) (but not in Cp(A)!). We
have

gos—tof(a'y',w'™h) =g(a) — t(y"),

, where x* : C(i; o g)[—1]" = C(i; 0 g)""! — Wil is given by
) = —w'~!. We have

(X © dc(itog) [_1] +dwe o X)((xi7 yiv wi_l)

= X((dxe (@), dys ('), —dwe (W) = t(z") = g(2")) + dwe(~w'™") =
dus (w'™1) = t(a") + g(a') = dywe (') = gla) = t(y").

This shows that g o s — t o f is homotopy to zero. It remains to show that s is
a quasi-isomorphism. Since t is a quasi-isomorphism, exact sequence of coho-
mology (1.2) implies that all cohomology of C(f) are equal to zero. Applying
the same exact sequence to the top row of the diagram, we obtain that s is a
quasi-isomorphism.

To finish the verification of property (L2) we have also verify that a pair
s: 2% — X® f:Z* — Y*, where s is a quasi-isomorphism, defines a pair
g: X®*—>W*t:Y®*— W*, where t is a quasi-isomorphism, and go s =t o f.
This follows from a similar argument using the following commutative diagram
in K(A):

C(s)[-1] —=z* —>—>Xx* C(s)

e

O]y — L C(for) —C(s)

We leave it to the reader.

Finally we have to check property (L3). Let f : X* — Y® be a morphism in
K(A). Assume so f = 0 in K(A) for some quasi-isomorphism s : Y* — Z°. Let
ht : X* — Z*[—1] defines a homotopy between s o f and the zero morphism.
We have to find a quasi-isomorphism ¢ : W*® — X*® and a homotopy between
f ot and the zero morphism. Consider the following commutative diagram:

C(s)[-1] ye ———2°

1

C(s)[-1]<- - x* < -~ C(g)[-1]

where the morphism g : X* — C(s)[—1] is defined by ¢'(x?) = (f*(z?), —h*(z?))
and ¢ is the natural projection. Then to f = 0 because tog = 0. Also ¢t is a
quasi-isomorphism because s is a quasi-isomorphism and hence C(s) has trivial
homology. A similar assertion with the roles of s and t reversed can be proven
in analogous manner. O
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It remains to show that the localization of K(A) with respect to the localizing
set of quasi-isomorphisms is equivalent to the derived category D(A). By the
universality property we have a functor from D(A) — K(Ag), where S is the
set of quasi-isomorphisms. This functor is bijective on the sets of objects and
surjective on the set of morphisms. It remains to show that it is injective on
the set of morphisms. This follows from the following lemma.

Lemma 1.2.10. Let f,g : X* — Y* two homotopy equivalent morphisms.
Then their images in D(A) are equal.

Proof. Let h : X* — Y*[—1] be a homotopy between two morphisms f,g
X* — Y*. First we extend h to a morphism c(h) : C(f) — C(g) of the cones
by setting

c(h) (=", y") = (", y" + h(a"™).

It is a morphism of complexes. In fact, we have
deg) (c(M) (=" y")) = dogg) (2" y' + h(a™™)
= (—dxe (@), g(@"™*) +dy (y') + dys (h(z"11)),
c(h)(dep (2, y1))) = e(h)(—dxe (a™*1), f(2'T) + dy+ (y"))

= (=dxe(a"™), f (") + dy+ (y') — h(dx+(="))).

Since f(zt) — g(2'1) = dyeh(x**1)) + h(dxe(z*T1)), this checks the claim.
Similarly, we extend h to a morphism cyl(h) : Cyl(f) — Cyl(g) of the cylinders
by setting

eyl(h) (e, &' y") = (2, 2yt + h(a'T).

Consider the following commutative diagram

Py

oﬁyoﬁc f) =2 xo ] ——>0
Je
0—=Y* —2 C(g) —2= X*[1] — >0

where the arrows in the horizontal rows are the natural inclusions and the pro-
jections. The commutativity is easy to check. Applying the exact cohomology
sequences and the five-homomorphism lemma (extended easily to abelian cate-
gories), we obtain that c(h) is a quasi-isomorphism. Similarly, one proves that
cyl(h) is a quasi-isomorphism.

Finally we consider the diagram

X'i_X.

P
9 f
a(g) cyl(h) B(f)

Y* ——=Cyl(g) —=Cyl(f) ——=Y*
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Here we employ the notation a(f),3(f) and a(g),3(g)f,g from Lemma
1.2.5. One easily checks that the square and the right triangle are commutative.
The left triangle becomes commutative in D(A). In fact we know from Lemma
1.2.5 that a(g) has the inverse ((g). Since g = 8(g) o g, we have a(g)og =g
in D(A). This implies that left triangle is commutative in D(A). Finally one
checks that B(f) o cyl(h) o a(g) = idy., hence the images of f and ¢ in D(A)
are equal. O

A generalization of the notion of the derived category of an abelian category
is the notion of a triangulated category.

Definition 1.2.7. An additive category C is called triangulated if it is equipped
with the following data:

(i) An additive auto-equivalence functor T': C — C (the shift functor).

(ii) A class of distinguished triangles (closed under a naturally defined isomor-
phism of triangles)

A—B—C—T(A)

(one writes them as

A

B

to justify the name).
The following axioms must be satisfied:
(TR1) A ida A — 0 — T(A) is distinguished;
(TR2) any morphism f: A — B can be completed to a distinguished triangle;

(TR3) a triangle A % B % C % T(A) is distinguished if and only if

B¢ ra) YW (B
is a distinguished triangle;
(TR4) Any commutative diagram
A——B
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extends to a morphism of triangles (i.e. a commutative diagram whose
rows are distinguished triangles)

(TR5) Given three distinguished triangles

) )

ALBLC STA), BLCLHA -T(B), AYC— B —T(A)

there exist two morphisms f : ¢’ — B’,g: B' — A’ such that (ida, v, f), (u,id¢, g)
define morphisms of the triangles and

oL g2 g oy

is a distinguished triangle.
One can illustrate it by using the following diagrams:

i %

A’ c A C.
(1] v
g
1] B vou T(j)ou B’ vou
"
C'—A4A ¢ ——A

Here the upper and the bottom triangle in the left diagram are distinguished
triangles and the other two triangles are commutative. In the right diagram,
the upper and the bottom triangles are commutative and the other two are
distinguished triangles. It is also required that the two possible morphisms
B — B’ (factored through C and C’) are equal. The axiom says that the left
diagram can be completed to the right diagram.

Intuitively, if one expresses a distinguished triangle A — B — C — T(A)
by saying that C' = B/A is the cokernel of A — B, then axiom (TR5) says that
f defines a morphism B/A — C/A with cokernel C/B.

Proposition 1.2.11. Let A be an abelian category. Each of the categories K(A)
and D(A) has a structure of a triangulated category with distinguished triangles
defined by the cone construction and the shift functor defined by the shift of
complezes.
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Proof. Let us first check that K(A) is a triangulated category. Axiom (TR1)
follows from Example 1.2.4 since the cone C(id4) of the identity morphism is
homotopy to zero morphism, hence C(id4) = 0 in K(A).

Axiom (TR2) follows from Corollary 1.2.6.

Axiom (TR3) follows from Lermma 1.2.5 where we replace the morphism f
with the morphism f[—1]: X*[-1] — Y*[—1] and apply Corollary 1.2.6.

Axiom (TR4) is immediate. We may assume that C' = C(u), C' = C(u')
and take h = f[1] @ g.

We skip the verification of axiom (TR5) since we are not going to use this
property (see [Gelfand-Manin] or [Kashiwara]).

To check that D(A) is a triangulated category, we use a more general asser-
tion. Suppose C is a triangulated category and S is a localizing set of morphisms
in C satisfying the following additional properties

(L4) s € S if and only if s[1] belongs to S;

(L5) if in axiom (TR4) the morphisms f, g belong to S, the morphism h belongs
to S.

Then we claim that Cg inherits the structure of a triangulated category. For any

morphism u in Cg represented by a roof A4 <—— A’ N B we can define the
s[1] £

A1) B[1].
It is easy to check that it does not depend on the choice of a representative roof.
This defines the shift functor in Cg. We define distinguished triangles in Cg as
triangles A — B — C — A[1] isomorphic (in Cg) to distinguished triangles in
C.

shift T'(u) as the morphism represented by the roof A[1]

Now, axiom (T'R1) becomes obvious. Suppose u : A — B is represented by

a roof (s, f) as above. Let A’ Lo A’[1] be a distinguished triangle
in C. Then it is isomorphic to the triangle A % B % C — A’[1] in Cg. This
checks axion (TR2). Axiom (TR3) follows immediately from Axiom (TR3) in
C.

To check Axiom (TR4) we may assume that the distinguished triangles ex-
tending the morphisms A — B and A’ — B’ are distinguished triangles in C.
Consider the following diagram

A—">B——>(C—"= A[l]
P e
X Y Z X[1]
if lq lh iT(f)
A g o s A,

where the arrows (s,t,7) belong to S. Here the morphism f : A — A’ in the

localized category is represented by a roof (s, f) and similar for the morphism
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g : B — B’. We are looking for a morphism h : C — C’ represented by some
roof (r,h).
First, by property (L2) of localizing sets, we find a morphism ¢ : X’ — X in
S and a morphism @ : X’ — Y in C such that touos = todw. Replacing X with
X', s with sotm and f with f o, we may assume that there exists a morphism
" X — Y such that uos = tou”. Since /o fos ! = got tou=gou"os !
in Cg, we can apply property (L2) of a localizing set to obtain that there exists
a: X' — X in S such that jou” oa = u/ o f o a. Replacing X with X’ we
obtain a commutative diagram of morphisms in C

A—=B——=(C—= A[l]
{1
X Y 7 X[1]

1!

/ u

i l | %m)

;v c’ w A'l],

where the middle row is a distinguished triangle in C and 7 is defined by Axiom
(TR3) in C. By property (L5), » must belong to S. Now the roof (r, h) together
with morphisms f, g define a morphism of distinguished triangles in Cg satisfying
Axiom (TR3) in Cg.

We skip the verification of Axiom (TR5).

Since the set of quasi-isomorphisms in K(A) obviously satisfies properties
(L4) and (L5), we obtain the assertion of the proposition. O

Definition 1.2.8. A subcategory of a triangulated category is called triangu-
lated subcategory if each its morphism A — B can be extended to a distinguished
triangle with morphisms in the subcategory. A functor of triangulated categories
is a functor which commutes with the shift functors and sends distinguished tri-
angles to distinguished triangles (it is also called a §-functor). An equivalence
of triangulated categories is a functor of triangulated categories such that its
quasi-inverse functor is also a functor of triangulated categories.

1.3 Derived functors

Let F' : A — B be an additive functor of abelian categories. We would like
to extend it to a functor of the corresponding derived categories. Of course,
we can immediately extend it, componentwise, to a functor Cp(A) — Cp(B).
Also it does extend to a functor K(F) : K(A) — K(B) since F' commutes with
homotopy morphisms. It is easy to see that it transforms cones to cones, and
hence defines a d-functor. To extend it further we need to check that K(F')(u)
is a quasi-isomorphism for any quasi-isomorphism u in K(A). Then, by the
universal property of localizations, we obtain a functor D(F) : D(A) — D(B)
such that D(F) o Qa = Qg o K(F). It is easy to see that an exact functor F'
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transforms quasi-isomorphism to quasi-isomorphisms, but this is a very special
case.

Let F : K(A) — K(A) be a functor of triangulated categories in the sense of
Definition 1.2.8. Note that we do not assume that F is of the form K(F). Ob-
viously, F extends to derived categories if it transforms quasi-isomorphisms to
quasi-isomorphisms, and, in particularly, acyclic complexes (i.e. with zero coho-
mology) to acyclic complexes. In this case it becomes a functor of triangulated
categories. Also by considering

Conversely, suppose F is a functor of triangulated categories. Let f: X® —
Y* be a quasi-isomorphism of complexes from K(A). Extending it to a dis-
tinguished triangle X* — Y* — C(f) — X°*[1] we obtain an acyclic complex
C(f) (apply the exact cohomology sequence). Consider the distinguished tri-
angle F(X)* — F(Y)* — F(C(f)) — F(X)*[1]. If moreover we know that F
transforms acyclic complexes to acyclic complexes, then F(C(f)) is acyclic, and
F(X)* — F(Y)* is a quasi-isomorphism. The idea of defining the derived func-
tor is to find a sufficiently large subcategory of K(A) such that the restriction
of F to it transforms acyclic complexes to acyclic complexes.

In the following Cp*(A) denotes either Cp(A), or Cpi(A), or Cpb(A) and
similar definitions for K*(A), D*(A).

Definition 1.3.1. A full triangulated subcategory K*(A)" of K*(A) is called
left (right) adapted for a left (right) exact functor F if the following properties
are satisfied

(A1) F(X*) is acyclic for any acyclic complex X* in K*(A)’;

(A2) for any object in X* in K*(A) there is a quasi-isomorphism X°® — R*®
(R* — X*), where R® is an object in K*(A)’;

(A3) the inclusion of categories ¢ : K*(A)" — K*(A) defines an equivalence of
triangulated categories W : K*(A) ;; — D*(A), where qis is the set of
quasi-isomorphisms.

By property (A1), F o transforms acyclic complexes to acyclic complexes.
By the universality property ?f localizations this defines a functor F : K*(A)q;
D*(A) such that QgoFor = FoQ). Let ® : D*(A) — K*(A){;, be a quasi-inverse
functor. We set

—

D*(F) =Fo ®.

By property (A3), the functor D*(F)’ is a functor of triangulated categories.
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We have the following diagram:

K*(A) ——> K*(A) —— K*(B)

|

Qa D*(A) Qs
)
K*(A)L, F D*(B)

Take X* € Ob(K*(A)) and consider it as an object of D*(A). Using the iso-
morphism of functors id p-a) — Yo ® we can find a (functorial) isomorphism in
D*(A) from X*® to ¥(Y*), where Y* = &(X*) € Ob(K*(A)"). The isomorphism
can be given by X* - Z* £ Y*®, where s, t are quasi-isomorphisms. By prop-
erty (A2) we can find a quasi-isomorphism a : Z* — W*, where W* € K*(A)".
Replacing s with a o s and ¢ with a o ¢, we may assume that Z* € K*(A)".
Applying F we get a morphisms in K*(B)

F(X*) ~ Rz <

F(Y*).
Since t : Y* — Z* is a quasi-isomorphism in K(A)', F(¢) is a quasi-isomorphism.
Applying Qg, we get a morphism in D*(B)

QoF(X®) — QeoF(((Y*)) = FoQA(Y*") = Fod(Qa(X*)) = D*(F) 0Qa(X").
This defines a morphism of functors
er : Qg o F — D*(F) o Qa.

Note that, by definition, Fodol = D*(F) oW¥. Thus we have an isomorphism
of functors F — D*(F)’ o ¥. Composing with Q) we get an isomorphism of
functors

QeoFoir=FoQr — D*(F) oVoQgr =D*(F) oQpot (1.3)

This shows that ep defines an isomorphism of functors after we restrict them to
K*(A).

One can show that the pair (D*(F)’, ep) satisfies the following definition of
the derived functor.

Definition 1.3.2. Let F : K(A) — K(B) be a left exact additive functor
of abelian categories. A right derived functor of F is a pair consisting of an
exact additive functor D (F) : D*(A) — DT (B) and an morphism of functors
er : Qg o KT (F) — DT (F) o Qa, where Qa : KT(A) — DT (A) and Qg :
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K*(B) — DT (B) are the natural morphisms of the localizations.

Qn

K*(A) —2> D*(A)

lKJr(F) iDJ“(F)

K+(B) _Qe D*(B)

This pair must satisfy the following universality property: for any exact functor
G : D*(A) — D" (B) and a morphism of functors € : QgoK*(F) — GoQa there
exists a unique morphism of functors  : DT (F) — G such that the following
diagram is commutative

Qe o K (F)

GoQn o D(F) o Qa

Similarly we give a definition of the derived functor of a right exact additive
functor F. In this case there exists a morphism of functors D*(F)’ : D*(A) —
D*(B) and a morphism of functors

er : D*(F) oQaoF.

satisfying the previous definition with the appropriate change of the universality
property.
The next theorem will be left without proof.

Theorem 1.3.1. Assume that F has an adapted subcategory K(A)'. The func-
tor DE(F) is a deriwved functor of F. In particular, it does not depend, up to
isomorphism of functors, on a choice of an adapted subcategory.

To define a left (right) adapted subcategory K*(A)’ for left (right) additive
functor F : K*(A) — K*(B) we choose it to be the full subcategory K*(R)
of K*(A) formed by complexes of objects belonging to a left (right) adapted
subset R C Ob(A) in the sense of the following definition.

Definition 1.3.3. A set R of objects in A is called left (right) adapted for F if
it satisfies the following properties

(i) For any acyclic complex X*® in Cp™(R) the complex F(X*) is acyclic.

(ii) Any object A in A admits a monomorphism A — R (epimorphism R —
A), where R € Ob(R);

(iii) R is closed under taking finite direct sums.
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We will show that K*(R) is an adapted subcategory for F : K¥(A) —
K™ (B). This will allow us to define the derived functor

DX (F): DT (A) — DT (B).
By above we obtain a morphism of functors
er 1 Qs o Kt (F) — D} (F) 0 Qa.
Le+mma 1.3.2. Any X* € K*(A) admits a quasi-isomorphism to an object in

Proof. Without loss of generality we may assume that X? = 0,p < 0. Let
ip : X° — RY be a monomorphism of X to an object from R. Let R® ITxo X!
be the direct product over X° (the cokernel of X° — R? @ X*!). Composing
X' — RIIyo X' with a monomorphism a : R%IIyo X' — R! for some R' from
R, we obtain a morphism i; : X! — R!. We define a complex dOR : R — R!
by taking d% equal to the composition of the morphism R® — R?IIxo X! with

d%e
a. This defines a morphism of complexes (X° =5 X1) — (R* — R'). Next we
consider the diagram

die

X1t X2

R—= coker(d%) — 2 coker(d%) x1 X2 —— R2

and define iy as the composition of X? — coker(d%) IIx: X? and a monomor-
phism coker(d%) IIx1 X? — R?. We define d}, : R' — R? as the composition of
the morphisms in the second row. It follows from the definition that d},od% =
Continuing in this way we use the diagrams

d%e

Xn Xn+1

in ) in41
DPOn

R™ *g Coker(dﬁfl) Hbcoker(d?{fl) HXn Xn+1 o Rn+1

to define a bounded from below a complex R® of objects from R and a morphism
of complexes i : X®* — R°®.

To check that ¢ : X®* — R® is a quasi-isomorphism, we fully embed A in
the category of modules over some ring to assume that all our complexes are
complexes of modules so we can use set-theoretical definitions of monomorphims
and epimorphisms. Consider the morphism of cohomology

H(iy) : H"(X*®) = ker(d'%.)/im(d'%s") — H™"(R®) = ker(dg. ) /im(d}a ).

An element 7" € H"(R®) can be represented by an element in ™ € coker(d )
which is sent to zero under the map b : coker(ds ') — coker(dpy ') Ixn X"+,
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Since coker(dpy ') Ixn X! = coker(X"™ — coker(d% ') @ X"*1), we obtain
that (r™,0) must be the image of some element from X", in particular r"™ =
p(in(z™)) for some ™ € X™. Obviously, " € ker(d'%.). This checks that H(i,,)
is surjective. We leave to the reader to check that H(i,) is injective. O

Proposition 1.3.3. Let R be an adapted set of objects for a left exact functor
F. Then the subcategory KT (R) of K+ (A) is an adapted subcategory.

Proof. Since the cone of a morphism of complexes in KT (R) is an object from
K*(R), the subcategory K*(R) is a triangulated subcategory of Kt (A).

Property (A1) follows from the definition. Property (A2) follows from Lemma
1.3.2.

It remains to verify (A3). Let us first show that the functor K (R)qs —
DT (A) is an equivalence of categories. Applying Lemma 1.3.2, it suffices to
prove that this functor is fully faithful. Any morphism u : X* — Y* in DV (A)
of objects from K*(R) is represented by a roof g : X* — Z* ¢t :Y* — Z°,
where Z* is an object of K(A) and ¢ is a quasi-isomorphism. Applying Lemma
1.3.2, we find a quasi-isomorphism s : Z* — W*, where W € K*(R). The roof
(sot,so0g)is a morphism v : X* — Y* in K(‘;S such that ¥(u') = u. We leave
to the reader to check the injectivity of the map on Hom’s defined by W¥. This
proves the assertion.

Obviously, the set of quasi-isomorhisms in K*(A) is a localizing set satisfy-
ing the additional properties (L4) and (L5). Thus KT (R)gs is a triangulated
category and the inclusion functor K™ (R) — K™ (A) defines a functor of trian-
gulated categories. To show that it is an equivalence of triangulated categories,
we have to verify that its quasi-inverse functor is a functor of triangulated cat-
egories. This follows from the lemma below. O

Lemma 1.3.4. A triangle in K1 (R)qis isomorphic to a distinguished triangle
in DY (A) is isomorphic to a distinguished triangle with objects in R.

Proof. Without loss of generality we may assume that a triangle X* Loye
Z* — X°*[1] in K(R) is isomorphic in DT (A) to a distinguished triangle of the

form X* L ¥ — C(f) — X*[1].

xo Lo ye VA X*[1]
b e
Ko L= yo —— () —Xx*[1]

The morphism f here is a morphism in the derived category, it is represented
by a roof X* < W* L Y* where s is a quasi-isomorphism and W* €
Ob(Cp™(R)). Let

we L y* C(g) — W'[l]
be a standard distinguished triangle in K(R)qs. We have a morphism § :
Clg) = W*[l]@Y* — C(f) = X°*[1] ® Y* given as the direct sum of the
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morphisms ¢ o s[1] : W*[1] — X*[1] and ¥. The composition r = vy 0§ :
C(g) — Z°* defines a commutative diagram

We —>y* —— C(g) —> W*[1]

T

X* Ye A X°*[1]

Since s is an isomorphism in D*(A), we obtain an isomorphism of triangles in
DT (A). Since the upper row is a distinguished triangle in KT (R)s, we are
done.

O

From now on we will identify any A € Ob(A) with the complex A® such
that A = A and A = 0 if i # 0. We will call such a complex an object-
complezx. Note that now A[n] makes sense for any object A. This identification
of objects with object-complexes defines a canonical fully faithful functor A —
Cp®(A). Composing it with the functor Cp’(A) — KP®(A) we obtain a functor
A — KP(A). Tt is clear that a morphism A — B in A is homotopy equivalent to
the zero morphism only if it is the zero morphism. This shows that the functor
A — KP°(A) is fully faithful. Finally, since H*(A) = A any quasi-isomorphism of
object-complexes is an isomorphism. Thus composing the functor A — K°(A)
with the localization functor K?(A) — D?(A) we obtain a fully faithful functor

A — Db(A).

It can be used to identify A with a full subcategory of D’(A). Let F': A — B be
a left exact additive functor and F be its extension to a functor of triangulated
categories K(A) — K(B). We denote by RF the right derived functor D (F) :
D*(A) — D*(B) defined by some choice of a an adapted set objects. This
defines a functor

R"F=H"oRF:A—B

which is called the n-th right derived functor of F. If F is right exact we can
similarly define the left derived functor LF : D~ (A) — D~ (B) and the n-th left
derived functor

L,F=H"oLF:A— B.

It follows from the construction of the derived functor that
R"F(A) = D" (K" (F))(A[n]), LnF(A) = D~ (K™ (F))(A[-n]),
where K*(F) is the canonical extension of F' to a functor of triangulated cate-
gories K*(A) — K*(B).
For any distinguished triangle,

X*—-Y*—>2Z°— X°*[1]
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we have the distinguished triangle
RF(X*) - RF(X*) — RF(X*) — RF(X*)[1]
that defines a long exact sequence of cohomology
- — H"(RF(X*)) — H"(RF(Y*)) — H"(RF(Z®*)) — H""/(RF(X*)) — --- .
In particular, a short exact sequence of objects in A

0-AlB-c—o
considered as the distinguished triangle (see Lemma 1.2.7)
A — Cyl(f) — C(f) — A[l]
defines a long exact sequence
0 — F(A) - F(B) — F(C) - R'F(A) - R'F(B) - R'F(C) — - --
Similarly, a right exact functor defines a long exact sequence
-+ — [LWF(A) — L1F(B)— [LF(C)— F(A) — F(B) — F(C) — 0.

Very often we will choose R to be the set of injective objects in A. Recall
that an injective object in a category C is an object I which is a projective object
in the dual category, i.e. the functor hy : C — Sets transforms monomorphisms
to surjective maps of sets. In other words for any monomorphism u : A — B in
C and a morphism f : A — I there exists a morphism f’: B — I such that the
diagram

A—=B

l /
£ 7,
/«/f

I

is commutative. If C is an additive category, an injective object is characterized
by the property that the functor h; is exact.

We say that an additive category has enough injective objects if any object
admits a monomorphism to an injective object.

Theorem 1.3.5. Suppose that an abelian category A has enough injective ob-
jects. Then the set T of injective objects is an adapted set for any left exact
additive functor F'.

We need to check that for any acyclic complex I°* of injective objects its
image under K(F') is an acyclic complex. Let us show this.

Lemma 1.3.6. A morphism f : X® — I°® of an acyclic bounded from below
complex to a complex from Cp™t(I) is homotopic to zero.
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Proof. We may assume that I™ = 0,n < 0. We have to construct a morphism
h:X* — I*[-1] such that d7s ' o h™ + h" ' o d%. = 0.

%0 dSe X, die X2 d%e
SEpd S
/7 1 7/ 2
; d?c £ d}o d?o
10 I, 2

By definition of an injective object, the identity morphism I° — I? extends to
a morphism h! : I — I such that h! o d% = f°. Because I*® is acyclic, the
natural morphism coker(d% ) — I? is a monomorphism. Consider the morphism
d% o ht — f1. Since ht o d%. = f0, we get

(A% oh! — fHYod%e =d% o fO — frod%. = 0.

Thus d% o h! — f! : X1 — I'! defines a morphism coker(d%,) — I' which can
be extended to a morphism A% : I? — I'. Continuing in this way, we construct
a set of morphisms h = (k™ : I — I"~1) which as is easy to see define a
homotopy between f and 0. O

Applying the lemma to the identity morphism of an acyclic complex in
Cp™ (), we obtain the following.

Corollary 1.3.7. An acyclic complex in Cp™ (T) is isomorphic to the zero object
in KT(A).

Corollary 1.3.8. Let f : I* — X°® be a quasi-isomorphism from an object of
KT (Z) to an object from KT (A). Then f admits a left inverse. If X* € K(Z),
then f is an isomorphism.

Proof. We have to find a morphism of complexes g : X*® — I°® such that go f is
homotopic to idje. Consider the distinguished triangle

I* — X* = C(f) — I'[1].

Since f is a quasi-isomorphism, the complex C(f) is acyclic. By Lemma 1.3.6,
the image of the morphism § : C(f) — I°*[1] in K(A) is the zero morphism.
Thus there exists a homotopy map h : C(f) = I°[1] & X* — I°® between §
and the zero morphism. On the other hand, we know that ¢ is the projection
to the first summand of C(f). The homotopy h is defined by two morphisms
hy: I*[1] — I®, and hy : J — I*® satisfying

(id[o[l], O) = (h1 [1], hg[l]) o dc(f) +dje 0 (hl, hz)
This gives
idjeq],= h1odpep) +dpe 0 hy + hao f1] = hy o f[1],

ha o de gy + drepy © he.



1.3. DERIVED FUNCTORS 33

This implies that hs is a morphism of complexes and becomes the left inverse
of fin K(A).

Suppose that X*® € K(Z). Since f has the left inverse, it must be a monomor-
phism and ho : X® — I® must be an epimorphism. Now we replace f with ho.
Since f is a quasi-morphism, we get that hs is a quasi-isomorphism. The previ-
ous argument shows that h? admits a left inverse, hence hy is a monomorphism
and, since it was an epimorphism, it must be an isomorphism. Therefore f is
an isomorphism. O

Remark 1.3.9. The same argument shows that all epimorphisms in K(A), and
in particular in A, split if the category K(A) is abelian. In fact, assume f :
X* — Y* is an epimorphism. Since K(A) is abelian, and the exact sequence
0 - X — Cyl(f) — C(f) — 0 is isomorphic to the sequence X — YV —
C(f) — 0 (see Lemma 1.2.5), we obtain that C'(f) = 0 in K(A). This implies
that C(f) — X°*[1] is the zero morphism in K(A). Now we us the homotopy
and the previous argument to construct the left inverse of w.

The previous corollary shows that the localization morphism K(Z) — K1 (Z)qis
is an equivalence of categories. Thus we obtain

Theorem 1.3.10. Assume that A has enough injective objects. Then
K" (Z) = Dt (A).

An object-complex A is a special case of a complex X* € Cp(A)* such
that H'(X®) = 0,i # 0. A complex of this sort with X? = 0 for i < 0 and
HO(X*®) = X0 is called a resolution of X°. If R is a set of objects and all
X% i # 0, belong to R we call it an R-resolution. For example, we can define
injective resolutions.

Let X* be a resolution of A. A choice of an isomorphism A — H%(X*)
defines an acyclic complex

0—A—- X X ... X" ...,

Proposition 1.3.11. Let A be an abelian category with enough injective objects.
For each object A in A there exists an injective resolution I® of A. Any mor-
phism f : A — B in A can be extended to a morphism of injective resolutions,
and this extension is unique up to homotopy.

Proof. The existence of an injective resolution is obvious. We first find a
monomorphism d° : A — I'', then find a monomorphism coker(d®) — I and so
on. We search for a commutative diagram

€A

A IO Il . In—l Im

A

en

B JO Jl . Jn—l Jn
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Since ey : A — I° is a monomorphism, and J° is injective, the composition
egof:A— JOextends to a morphism f0: I° — JO such that fCoes =ego f.
Assume that we can define f™ in this way. Since d’j o f" o d’}_l =djo dT}_l o
"1 =0 we see that f defines a morphism from im(d7) to J"*!. Since I"*!
is injective we can extend it to a morphism f"*!: ["*+1 — J»+l This extends
f to a morphism f™*!. This proves the existence of an extension.

Let us prove the second assertion. Let f,§ be two extensions of f: A — B
to morphisms of the resolutions I* — J*®. Obviously, f — ¢ induce the zero
morphism on the cohomology. Then f — g is an extension of the zero morphism
A — B. So, we may assume that f : A — B is the zero morphism. We need
to show that the extension f is homotopy to zero. Since A — B — J° is
zero, we have a morphism coker(d?) — J°. Since J° is injective, it extends
to a morphism h? : I' — JO Clearly, f© = h? o d} + h' o d%, where h! = 0.
Assume we can construct homotopy morphisms (h?),i < n: I — J"~1. Thus
fr=h"lody +d} oh™ Let a = frtt —hnHlody : [ — JnFL Tt is easy
to see that d” o = 0. Thus « factors through im(d} ") and then extends to
Rt L g We have f7t = k"t o Pt 4+ d% 07! and, by induction,
we are done.

O

Corollary 1.3.12. Suppose A has enough injective objects. Then A is equivalent
to the full subcategory of K+ (Z) that consists of injective resolutions.

Proposition 1.3.13. Let F': A — B be a left exact additive functor of abelian
categories. Suppose A has enough injective objects. There is an isomorphism of

functors
F = RF.

Proof. We take the set of injective objects as an adapted set of F' and define the
derived functor accordingly. Let I® be an injective resolution of A. It follows
from the definitions that RCF(A) = HO(F(I*)). Since F is left exact, F(I°) =
F(A) — F(I') is a monomorphism. This shows that HY(F(I°®)) = F(A). To
make this isomorphism functorial, we use that any morphism A — A’ in A
defines a unique morphism in K(A) of their injective resolutions. Since taking
cohomology H? is a functor K(A) — B we see that RPF is isomorphic to F. [

Note that, if the derived functor is defined by using an adapted set of ob-

~

jects, we always have an isomorphism RCF(A) = F(A) but we do not have an
isomorphism of functors.

Example 1.3.14. We assume that A has enough injective objects. Consider
the additive functor F = Homa(A4,?7) : B — Homa(A, B) from A to Ab. By
definition of a monomorphism, F' is a left exact functor. We denote by

RHom(A,?): D (A) — D™ (Ab)
its right derived functor. The functors Ext’(4,?) : A — Ab are defined by
Ext4(A,?) := R"Homa(A4,?).
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Let us recall the definition. First we extend the functor Homa (4, 7) to a functor
KHoma(A4,7) : KT(A) — K*(Ab). By definition,

KHoma (A, X*) = Hom®(4, X*),

where Hom'(4, X*) = Homa (4, X*) = Homga)(4, X*[i]). To extend it to a
derived functor, we replace X*® with a quasi-isomorphic complex of injective
objects I*® and apply the extended functor to I°® to get

HomZ(A, X*®) = Hi(RHom(A, I°)) = Homg a) (A, I°[n]))
= HOHIDJr(A)(A,X.[n])).

If X* = B is an object-complex, then I® is an injective resolution of B, and
Hom) (A, B) coincides with the familiar definition of Ext4 (A, B) from homolog-
ical algebra.

More generally, let A® and B® be two complexes in A, we define the complex
of abelian groups Hom®(A®, B*) = (Hom®(A®, B*)",d") in A by setting

Hom®(A®, B*)" = l_IHomA(Ai7 BT,
icz
d"(f;) =dpeo fi—(=1)"fiodas, fi: A — B"*".

Note that the kernel of d" consists of morphisms A®* — B*®[n] in Cp(A) and the
image of d"~! consists of morphisms of complexes homotopic to zero. Thus

H™(Hom® (A%, B*)) 2= Homua) (A*, B* [n]) = Homg(ay(A*[ 1], B*).
Via the composition of morphisms in Cp(A) we get a bi-functor
Hom*(?,7) : Cp(A)? x Cp(A) — Cp(A)
that can be extended to a bifunctor
Hom®(?,?) : K(A)®" x K(A) — K(Ab).

It follows easily from the definition that both partial functors are d-functors.
If A has a set of right adapted objects for the first partial functor (e.g. A has
enough projective objects), then we can extend Hom®(?7,?) to a bi-functor

RHom*(?,7) : D™ (A)°P x DY (A) — D°(Ab).

The composition of both partial functors with the cohomology functor H® :
DP(Ab) — Ab are isomorphic functors (so we may choose one, if only one partial
functor is defined) and we set

Hom) (A®, B®) := H'(Hom*(A®, B*)).
If the second partial derived functor exists, we have

Hombh (A®, B®) = Homp+ay(A®, B*[i]).
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If the second partial derived functor exists, we have

Hom} (A®, B®) = Homp - (a)(A®[~i], B).
The restriction of the bifunctors Hom} (7,7) to A°" x A and taking the cohomol-
ogy, we get the familiar bifunctors Exta(?,?).

Example 1.3.15. Let (X,Ox) be a ringed space. For any sheaf of right Ox-
modules M and a sheaf of left O x-modules N one can define its tensor product
M @0, N. This is a just an abelian sheaf on X. If furthermore, M (resp.
N) has a structure of a Ox-bimodule, then the tensor product is a sheaf of
left (resp. right) Ox-modules. In particular, this is true if Ox is a sheaf of
commutative rings. Fix M and consider the functor

Mo, : Mod(Ox) — Shi®, N = M ®0p, N.

This functor is right exact and, after passing to the homotopy category of com-
plexes defines a d-functor. Similarly, we define the right exact functor

20N : Mod(O) — Sh, M — M@0, N.

A sheaf of Ox-modules is called flat if the functor M®e, is exact. An example
of a flat sheaf is a locally free sheaf (maybe of infinite rank). Any sheaf of Ox-
modules admits a flat resolution. One uses the sheaves Oy defined by

Ox, ifxeU s
Ov)z = :
(Ov) { 0 otherwise,

where U is an open subset. Since we have a natural bijection Home, (Oy, F) —
F(U), it is easy to see that the sheaf ®yOy is a projective generators in
MOd(Ox)

The set of flat sheaves is a right adapted set for the functor M®e, and one
defines its left derived functor

Méox : D™ (Mod(Ox)) — D™ (Sh¥).
By definition,
TorO% (M, ?) = H (Mo, ).
Replacing A by its flat resolution
=Py —=P1—Py—N—0,
we obtain

Tor?* M,N)=H (- = M@Py = MP, - M@Py = MRN).

If X is a point and Ox = R is a commutative ring, this is a familiar definition
from commutative algebra.
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For any two bounded complexes M* N* in Cp*(Mod(Ox)), one defines
their tensor product by

M® RAN® = (M®* @ N*)™,d"), (1.4)
where (M® @a N*)" = @iy j=n M’ @ N7, and d"(z' @ y!) = dpms(2") @ 37 +
(=1)"z* @ dars (17). If A has enough flat objects, we can extend this definition
to the derived category to define
° L ) — ab
M* @N*® € D™ (ShY).
If M* = M,N*® =N are object-complexes, we define

, L . L
Tor (M,N) := H'(MON) = H (MON).
It follows from the definitions that the left derived functor

Mo, : D~ (Mod(Ox)) — D(Sh)

L
of the functor M®e, coincides with the functor N* — M @ N'*. We also get
that

TorA(M, ) = HH (M Bo, N).

Note that one can compute Tor?x (M, N) by using either flat resolutions of
M or N, the result is the same.

Example 1.3.16. Let f: X — Y be a morphism of ringed spaces and
frx : Mod(Ox) — Mod(Oy)

be the direct image functor, where f.(M) is the sheaf U — M(f~*(U)). This
functor is left exact. An injective object in Mod(Ox) is a sheaf Z whose stalks
T, are injective Ox z-modules. The category Mod(Ox ) admits enough injective
objects (see [Hartshorne], Chap. III, Prop.2.2 ). Also an injective Ox-module
is flabby, i.e. the restriction maps F(U) — F(V) are surjective. It follows from
the definition of f,.JF that f, is exact on the subcategory of flabby sheaves. Thus
we can define the right derived functor

Rf. : D(Mod(Ox) — D(Mod(Oy)).
Specializing to object-complexes we define the right derived functors
R'f, : Mod(Ox) — Mod(Ox), F — H (Rf.(F)).

In particular, taking Y to be a point so that Oy is defined by a ring R, we obtain
that f.(F) = I'(X,F) is the R-module of global sections. Also R'f.(F) =
H(X,F), is the i-th cohomology R-module. One can show that R’ f,(M) is the
sheaf associated with the presheaf U — H*(f~1(U), M).
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We also have the inverse image functor
f*:Mod(Oy) — Mod(Ox), M - M®p, Ox.

Since we can compute Tor’s by using either of its two arguments, we check that
flat sheaves is an adapted set of objects for f*. This allows one to define the
left derived functor

Lf*: D~ (Mod(Ox)) — D~ (Mod(Ox)).

1.4 Spectral sequences

Suppose we have two left exact additive functors F' : A — B,G : B — C
of abelian categories. We would like to compare the functors R(G o F') with
RG o RF, provided that both of them are defined.

Theorem 1.4.1. Suppose A has a left adapted set of objects Ra for a left exact
functor F, and F(Ra) is contained in an adapted set of objects Rg with respect
to G. In this case there is natural isomorphism of functors

R(GoF) - RGoRF.

Proof. 1t follows from the definition that Ra is adapted for G o F. Thus the
derived functor of the composition exists. We have canonical morphism of func-
tors

QroK(GoF)=QproK(G)oK(F) - RGoQgoK(F) - RGoRF o Qa.

On the other hand, we have a canonical morphism of functors Qa o K(Go F) —
R(G o F) o Qa. By the universality property we obtain a canonical morphism
of functors R(G o F) — RG o RF. By construction of the derived functor, we
replace any complex X* in K(A) by quasi-isomorphic complex from K(Ra) and
send it to K(B) via F. Since F(X*) belongs to K(Rg), the value of RG on
F(X*) is equal to G(F(X?*)). Also it coincides with (G o F')(K*F) since Ra is
adapted for G o F'. This defines an isomorphism of the functors. O

To compute explicitly R"(G o F') in terms of R?G o RPF one uses spectral
sequences.

Recall the definition of a spectral sequence. Let A be an abelian category.
A spectral sequence in A is a collection (Ef, H™),r,n € Z, r > 1 of complexes
(Er,d,) and a collection of objects H™, called the limit of the spectral sequence,
with filtration of subobjects F® = (--- — F{(H") -5 F*=Y(H") — ---), where
u; are monomorphisms. The following properties must be satisfied:

(SS1) each E' = @y gz ptq=n P
(SS2) the composition of EP*? — E, with d, defines a morphism

dP9 . P E713+73qfr+1;
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(SS3) there are isomorphisms

ol : ker(coker(d2™"9t 1) — ERETaTrly o g

(SS4) there exists ro such that dP¢ and d?~"97"~! are equal to zero for r > rq,
thus EP4 = EP:4 for r > ry (we say that the spectral sequence degenerates
at E,,). The isomorphic objects E,,t > rg, are denoted by EP:?

(SS5) for each p,q € Z, there is an isomorphism 3, , : ERY — GrP (HPT?) :=
coker( FPTL(HPTY) — FP(HPTY)).
One often uses the following notation for a spectral sequence
EP?—= H".
We leave to the reader to define morphisms of spectral sequences.

Example 1.4.2. A double complex or a bicompler in an abelian category A is
a diagram in A on the graph with set of vertices Z x Z and the set of arrows
from (i,j) — (4,7 +1) and (i, j) — (i+1, 7). Each arrow defines the differential
dy? © X% — X with d’IH’J od” = 0and dyJ : X* — X"t! with
d27t o d%) = 0. We impose the commuting relation

i+1,5 6,J _ 36,J+1 0,
dpp 7 odpt =dp7T odpy. (1.5)
di,j+1 di+1,j+1
— > xhiHl syl L s xiA254+
i,j it+1,5 i+2,5
dIIJ dII ’ dII ’
o4y Loat
X X+l X2,
4y~ i gy
did=1 gitti-1
.. I . . I . .
— XHj—1l ——= Yit+lj-1l — > Yi+2j-1 — >

Restricting the diagram to the set Z x {q} we obtain a complex X*? with
(horizontal) differentials d? : X*? — X*4[1] formed by dy? : XP4 — XP+1a,
Restricting the diagram to the set {p} x Z we obtain a complex XP* with
(vertical) differentials d¥; : XP** — XP:*[1] formed by dyy : XP? — XP:atl,
The relation (1.5) allows one to consider a double complex as a two-way com-
plex in the category Cp(A). The first complex X;'* is formed by the “column”
complexes XP* with differentials d? : X?* — XP*1.*. The second complex X7;°
if formed by the “row” complexes X*? with differentials df, : X*7 — X*t1,
A double complex defines the associated diagonal complex or total complex

tot(X**) = (X",d"), X" = @prg=n X",
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(@) = di (@) + (<17 (@),
Note that we need the sign change in order to get
d* = (d + drs)(dr +dpr) =0,

where djy! = (—1)Pdyy.
Let
H(X**) = (HP(X7*)), Hi(X®*) = (HU(X7)),

where the cohomology are taken in the category of complexes Cp(A). By defi-
nition, H7(X**) = (HY?,q € Z), where
HP? = ker(coker(dy?) — XPH11).
Similarly, HY,(X**) = (H7}*(X**),p € Z), where
HPH(X**) = ker(coker(dhy!) — XPathy,

The differential morphisms d? induce a differential H?? — H?9% in HP(X**)
and we can take the cohomology of this complex to define the objects H{,(HY (X **)).
Similarly we define the cohomology objects HY (H7,(X**).
Next we define a decreasing filtration in the total complex tot(X**). First
set

FPtot(X**)") = @@ XY, Fitot(X**)") = H x,
i+j=n,i>p i+j=n,j>q

and let F¥(E™) be the image of F7(X*®)™ under the morphism H" (FP(tot(X**)") —
tot(X**)™). This defines the complexes F?(tot(X**))® and F},(tot(X**)*.
Their differentials are induced by the differential of the total complex. Also
these differentials define the complexes

TGrP = coker(FPT" (tot (X **)®) — FF(tot(X**)*),

TG = coker(F (tot (X **)®) — F¥ (tot(X**)*)

For example, {Gr} = XP* TIGrd = X*4. Let

1 = m(E(GR) — P GRD)),
LB = im(HPH (G — HP(GH)),
Ipra = coker(BP? — ZP).

Similarly, we define /ZEP:9. The projections FF (tot(X**)* — IGr? induce the
morphisms of the cohomology ! ZP:4 — 1 Zp+74=7+1 and define the differentials

Idf’q . IEf’q N IEf-‘rT,q—’!'—‘rl.
Assume now that there exist p4(n) and p_(n) such that

FPH (tot(X**)") = tot(X**)",  FP~"(tot(X**)") = 0.
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Then for any (p,q) and ro = max{py(p+q¢+1)—p_(p+¢q) +1Lpi(p+q) —
p-(p+q—1)+1}

P = @It =l = 0 > g,

Thus we can define the groups ! EP;4. We have
TEP:a = coker(FPT HPYY — FPHPTY),
This defines the spectral sequences of the double complex
'EP = E", "E]Y — E™.
It follows from the definition that
TEPY = Hyp(X**)P1, "EPP = Hp(X**)P, (1.6)
Also we have
R — (Y (X)), 1B = HY (HE (X))

Example 1.4.3. Let V' be a compact complex manifold, and &j}; be the sheaf of
smooth complex differential n-forms on V. By writing the coordinate functions
2 as z; = x;4++/—1y; we can express each local section of &y as as a sum of forms
of type (p, q) of type > ar j(z,2)dz;r NdZ;, where dzy = dz;, A+~ Ndz;,,dZ; =
dz;, \---Adz;,. This gives a direct sum decomposition of sheaves

&= P e

p+g+n

The differential d : £ — 5{}“ can be written in the form d = d’ + d”, where d’
is the composition of d and the projection to the (p+ 1, ¢)-summand. Similarly,
d" is the composition of d and the projection to the (p,q + 1)-summand. Since
d?> =0, we get d od” +d”" od = 0. This shows that (59, d,(—1)Pd") is a
double complex in the category of abelian sheaves with total complex (&7}, d).
By Dolbeault Theorem, each column complex E"}" represents a resolution of the
sheaf Qf, of holomorphic p-forms on V. Each row complex &£;/? represents a
resolution of the sheaf Qf, of anti-holomorphic g-forms on V.

The total complex tot(2%°) defines the De Rham complex, a resolution of

the constant sheaf
0—(@C)y Let Le2d. ..

Applying the functor of global sections, we obtain a double complex I'P"¢ =
Q) and its total complex

0—C30E) LrE2)S. ...

By De Rham’s Theorem, its nth cohomology are the cohomology H™(M,C).
By Dolbeault Theorem, we have

HPI(D®®) = HI(V, Q). HEI(D**) = HP(V, Q).
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This gives the spectral sequence (the Frélicher spectral sequence)
EY?=HYV,Q},) = H"(V,C).

If V is a Kahler manifold (e.g. a smooth projective algebraic variety), the
spectral sequence degenerates in the first term (i.e. EF2? 2 EP'?) and gives the
Hodge decomposition

H(V,C) & @,y H(V, ).

Since O = Q%P we also get isomorphisms H9(V,QF) = H4(V,QF,). The
numbers
hPA(V) = dime HY(V, Q%)

are called the Hodge numbers of V. They satisfy

bo(V) =dim H*(V,C) = > hP9, hP? = hoP,
ptg=n

For examples it implies that b,qq(V') are even numbers. so a complex manifold
with odd by is not Ké&hler.

Theorem 1.4.4. Under the assumption of Theorem 1.4.1, for any object A® in
Dt (A), there exists a functorial in A® spectral sequence

EPY = RPG(RIF(A®)) = R"(G o F)(A®%).

Here is a sketch of a proof. To compute R"(G o F)(A®) we apply G o F to
an complex R® of adapted objects quasi-isomorphic to A® and take the n-th
cohomology of G(F(R®)). Here we use that R4 is adapted for G o F' so you
don’t need to replace it by a quasi-isomorphic complex with objects from R.
On the other hand, to compute RPG(RIF(A*)) we need to find a resolution of
RIF(A*) in Cp(Re), send it to K(C) and apply p-th cohomology.

We will consider the case when R are injective objects and A has enough of
them. We will consider double complexes X*® with X*9 =0 for ¢ < 0.

Let

K*— L% -0 —... (1.7)

be a resolution of K* in the category Cp(A). This means that HY(L**) = K*
and HP(L**) =0,n > 0. For any complex X* let

0— B(X®) = im(dxe:X*— X°[1]), (1.8)
0— Z(X*) = ker(dxe:X*— X*[1]),
0— H(X®) = coker(B(X*)— Z(X*)).

The resolution (1.7) defines the following complexes

B(K®) — Bp(L") — B (L") — -+, (1.9)
Z(K.) - ZII(LO’.) - Z[I(Ll") —
H(K.) — H]I(LO’.)HH]I(LL')H...
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Definition 1.4.1. A resolution (1.7) is called a A Cartan-FEilenberg resolution
if the following properties are satisfied:

(CE1) All complexes L*% p > 0 are injective resolutions of K*.
(CE2) The complexes (1.9) are resolutions.
(CE3) The exact sequences

0 — B (L*?) — Zi(L*>7) — Hr(L*%) — 0, (1.10)
0 — Z— L% =By -0 (1.11)

split.

Since a direct summand of an injective object is injective, property (CE3)
implies that all complexes (1.9) are injective resolutions. In particular, for any
left exact functor G for which injective objects are adapted, one can compute
RPG(H%(K?*)) by using the injective resolution

HI(K®) — HY (L") — HY(L"*) — ---

Let us apply the second spectral sequence of the double complex L** (1.6).
Since HP(L**) = 0,n > 0,HY(L**) = K*, we obtain that EY"? = 0,p >
0,Ey™ = K™ By Exercise 3.4, we have an isomorphism Ey" =~ G"(H") =
H™. This shows that the canonical monomorphism K® — tot(L**®) is a quasi-
isomorphism.

Let us apply this to our situation. We take K* = F(I®), where I°® is an
injective resolution of an object A. We consider its Cartan-Eilenberg resolution
defining a double complex L**®. All its objects LP'¢ are injective and all coho-
mology HY7;?(L**) are injective. In particular, we have an injective resolution

RIF(A) = HY(K®) — H}{ (L%*) — H (L") — -
Applying the functor G we obtain GP(RYF(A)) = HP(G(H})). By condi-
tion (CE3), we have HP(G(H;}?)) = HYH7,(G(L**)). Using the first spectral
sequence of the double complex G(L**) we obtain that it converges to

H™(G(tot(L**)) = H(G(F(I*)) = R"(F o G).

Remark 1.4.5. For any additive functor F': A — B and a double complex L**®
in A, the cohomology of tot(F(L®*)) are called the hypercohomology of L**®
with respect to the functor F'. For example, the hypercohomology of the double
complex (&5, d', (—1)Pd") from Example 1.4.3 with respect to the functor of
global sections are isomorphic to the cohomology H*(X,C).

Remark 1.4.6. Similarly, one shows that there exists a spectral sequence for left
derived factors. Let F* : A — B,G* : B — C be derived factors, where +
means right and — means left derived factor. Then there is a spectral sequence

EPY = R*G o RTF(A®) = RPTI(G o F)(A®) (1.12)
functorial in A* € Ob(D*(A)).
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Example 1.4.7. Let (X, Ox) be a ringed space. Let R = Ox(X). Consider
the global section functor

I'x : Sh*® — Mod(R), M — M(X) = Hompjeq(ox)(Ox, M).

The set of injective Ox-modules is an adapted set for I'x. This defines the right
derived functor
RIx : D" (Mod(Ox) — DT (Mod(R)).

By definition, for any sheaf of Ox-modules M, we have
H"(X,M) := R"T'x (M),

the nth cohomology of X with coefficients in M. Of course, this is the special
case of the direct image functor from Example 1.3.16, where we take Y to be
a point equipped with the sheaf defined by the ring R. Let f : X — Y be a
morphism of ringed spaces as in this example. We have

I'yvofi=Tx, R'x =Rf.oRIy. (1.13)
The spectral sequence of the composition of functors
EY? = HP(Y,RIf M) = H"(X, M)
is called the Leray spectral sequence.

Example 1.4.8. Let f : X — Y be a smooth projective morphism of com-
plex varieties. Instead of Qcoh(X) we can take the category of local coefficient
systems on X, i.e. sheaves of complex vector spaces locally isomorphic to the
constant sheaf C’. We have the spectral sequence

EPY = HP(Y,RIf.L) = H"(X, L). (1.14)

According to a fundamental result of P. Deligne this spectral sequence degener-
ates at Fs.

1.5 Exercises

1.1 Consider the functor from the category of R-modules Mod(R) to the cat-
egory of R-algebras which assigns to M its exterior algebra. Find its right
adjoint. Does it have a left adjoint?

1.2 Find the left and the right adjoints for the forgetful functor Mod(R) — Ab.
1.3 Give a direct proof that the categories Mod(R) and Mod(Endg(R"™)) are
equivalent.

1.4 An abelian category A is called semi-simple if each exact sequence 0 —
A — B — C — 0 splits, i.e. there exists a section C' — B of the morphism
B — C. Prove that the category D(A) is equivalent to the full subcategory of
Cp(A) consisting of acyclic complexes.
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1.5 Show that for any abelian category A, the category K(A) is abelian.

1.6 Let f: X®* — Y* be a morphism of complexes that induces the zero mor-
phism of the cohomology complexes. Is it isomorphjic to the zero morphism in
D(A)?

1.7 A differential graded additive category is an additive category A such that
any Homa (A, B) has a grading Homa (A, B) = ®,ezHomj (A4, B), the composi-
tion defines a pairing

Hom (A, B) x Hom} (B, C') — Homj (A, C).

and there is a differential d : Homa (A, B) — Homa (A, B) of degree 1 satisfying
d> =0and d(fog) = df og+(—1)48/ fodg. The homotopy category Ho(A) of A
is the category with the same set of objects and morphisms Homyoa) (A, B) =
H°(Homa (4, B)). Show that the category of complexes Cp(A) has a structure of
a differential graded category if we take Hom" (X*,Y'*) = Homcp(a)(X®, Y *[n])
and d defined by df = dys o f + (—1)48/ f o dx.. Show that the corresponding
homotopy category coincides with the category K(A).

1.8 Let (X,0Ox) be a ringed space with the sheaf of commutative rings Ox.
Consider the functor

Hom(M,?) : Mod(Ox) — Mod(Ox), N — Home, (M,N),
where Home, (M, N) is the sheaf of Ox-modules defined by
U — Homo ) (M(U), N (D))

Show that the functor Hom (M, ?7) admits the right derived functor RHomo, (M?*,7) :
D+ (Mod(Ox)) — D*(Sh®P). For any sheaves of Ox-modules M, N we define

Exty, (M, N) = R"Hom (M, N).

Consider the global section functor I'y from Example 2.2.3. Show that there
exists a spectral sequence

EDY = HP(X, Eatly (M, N)) = Extd (M, N).

1.9 In the notation of the previous example, show that, for any M® N*® in
D?(Mod(Ox) there is an isomorphism in D?(Mod(Ox))

RHomo, (M*, N*) =2 RHomp, (M*,Ox) Q%N'

functorial in M*® and N. Specializing to object-complexes, show that there is a
spectral sequence

E$? = Tor)* (Ext,, (M, Ox)) = Exty, (M, N).

1.10 Let F : A — B,G : B — A be a pair of additive functors of abelian
categories such that G is left adjoint to F. Assume that RF : D*(A) — D*(B)
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and RG : D7 (B) — D~ (A) exist. Show that the restriction of these functors to
DP(A), D*(B) are adjoint to each other.

1.11 Let x : Ob(A) — Z be a function satisfying the following properties: for
any short exact sequence 0 - A — B — C' — 0 in A we have

X(B) = x(4) +x(C).

Prove that

D (LI (ERY) =Y x(EY).

p.q
provided all the sums contain only finitely many non-zero terms.

1.12 Assume that F5? = 0 unless p > 0,q = 0 (or EY? = 0 unless ¢ > 0,p = 0).
Prove that EYY = GP(HP) (resp. ES? = GI(HY).).

1.13 Assume that E5? = 0 when p,q¢ < 0 and F{(H") = 0 for i > n, H" =
FO(H™). Show that there exists the following five-term ezact sequence:

1 1 2
0— By’ — H' - By — B3 — H*.

1.14 Prove that a Cartan-Eilenberg resolution of a complex K*® is an injective
resolution of K* in the category Cp(A) and converse is also true.



Lecture 2

Derived McKay
correspondence

2.1 Derived category of coherent sheaves

Let X be a noetherian scheme of finite Krull dimension. We will consider it as a
scheme over SpecR, where R is any subring of Ox (X). We denote by Qcoh(X)
the category of quasi-coherent Ox-modules and by Coh(X) its full subcategory
of coherent sheaves. We make the following rather mild assumption on X

e Each coherent sheaf on X is a quotient of a locally free Ox-module.

This happens, for example, when X is a quasi-projective over an affine
scheme. We use that such schemes carry ample locally free sheaves of rank
1. By definition (see [Hartshorne], Chap. II, §7), for any coherent sheaf F and
an ample sheaf £, the tensor product F ® L™ is generated by global sections if
n is sufficiently large. This gives a surjection OF — F ® £L®", and tensoring by
the dual sheaf of L&, we get that F is the quotient of a locally free sheaf.

Proposition 2.1.1. The natural functor
D*(Coh(X)) — D*(Qcoh(X)) (2.1)

1s a fully faithful functor of triangulated categories. It defines an equivalence
between D®(Coh(X)) and the full subcategory of D®(Qcoh(X)) of bounded com-
plexes with coherent cohomology sheaves.

Proof. The first assertion is obvious. To prove the second one, we use that for
any surjection G — F in Qcoh(X), where F is coherent, there is a coherent sub-
sheaf G’ of G that is mapped surjectively onto F. Let G® be a bounded complex
of quasi-coherent sheaves with coherent cohomology H* = ker(d*)/im(d*~1). We
may assume that G* = 0,4 > a. Suppose G’ are coherent for i > r for some r (for
example, we take r = a+1). Then im(d") C G"! is coherent. Thus there exists

47
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a coherent subsheaf ] of G" with d"(F]) = im(d"). We also have a surjection
ker(d") — H" which gives a surjection of some coherent subsheaf Fi of ker(d")
onto H". Now replace G" with the coherent sheaf 7" C G" generated by F| and
FT and replace G"~! with (d"~1)71(F"). Since im(d") = d"(F") we have not
changed the cohomology H"*!. Tt is also clear that we have not changed the
cohomology H". By induction on r, we have been able to replace the complex
G*® with a quasi-isomorphic complex of coherent sheaves. O

Note that one can prove a similar assertion where D? is replaced with D~
(see [SGA 6]).
A bounded complex of locally free sheaves is called perfect.

Proposition 2.1.2. Let X be a reqular scheme. Then any bounded complex of
coherent sheaves is quasi-isomorphic to a perfect complex.

Proof. An argument dual to one used in the proof of Lemma 1.3.2 shows that
any bounded from above complex F'® of coherent sheaves is quasi-isomorphic
to a bounded from above complex L® of locally free sheaves. Now assume
F* is a bounded complex. Without loss of generality we may assume that
Hi(E®*) = 0,i < 0. Since X is regular, im(£~! — £°) admits a finite locally free
resolution 0 — M~ — ... — M~! (see [Hartshorne], Chapter III, Exercise
6.9). Replacing £° with the qusi-isomorphic complex of locally free sheaves

0-M"o . - MIoMPoe0 et
we get the assertion. O

Let F : D*(Qcoh(X)) — D*(A) be any functor of triangulated categories,
We can compose it with the functor (2.1) to get a functor of triangulated cate-
gories

F: D*(Coh(X)) — D*(A).

Let us consider some examples. From now on we set
D*(X) = D*(Coh(X)), Dg.(X) = D*(Qcoh(X)).

Note that the category Qcoh(X) is a R-linear category, i.e. its each Hom is
equipped with a natural structure of a R-module. In other words the Yoneda
functor factors through the subcategory of R-modules. Extending this to derived
categories, we obtain that D(Qcoh(X)) is an additive R-linear category.

Example 2.1.3. Consider the functor
I'x : Qeoh(X) — Mod(R), F — F(X).

Since injective sheaves are flabby, they form an adapted set for I'y. This defines
a functor
RI'x : D:{C(X) — DT (Mod(R)).
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For any complex F* € Ob(D{.(X))
RIx(F*) = (I'x(Z%)),

where Z° is an object of injective sheaves quasi-isomorphic to F*. Applying,
cohomology we can define

HY(X,F*) = H'(RI'(F*)).

Let 4 ,

HI(F*) = H(F*).
For any complex F*® quas-isomorphic to a complex of coherent sheaves the
sheaves H!(F*) are coherent. There is a spectral sequence

EPY = HP(X,HY(F*)) = H"(X,F®). (2.2)

It is the first spectral sequence for the double complex I'x (£**) = (I x (£P?)),
where £*° is a Cartan-Eilenberg resolution of the complex of the injective com-
plex quasi-isomorphic to F*. For this reason, the cohomology groups H" (X, F*)
are called sometimes the hyper-cohomology of F* and denoted by H(X, F*) (see
Remark 1.4.5).

Suppose F* = F[m], where F is an object-complex. Then H™(F®) = F if
n = —m and zero otherwise. The spectral sequence degenerates, and we obtain

HP(X, Flm]) = HPT™(X, F).

Assume X is proper over Spec R, for example X is a projective variety over
a field k. Then HP(X,HY(F*)) are finitely generated R-modules ([EGA III],
3.2.1). Tt follows from the construction of the spectral sequence (2.2) that
H™(X,F*) are finitely generated R-modules. Also we know that for any co-
herent sheaf F the cohomology H'(X,F) vanish for i > dim X ([Hartshorne],
Chap. III, Theorem 2.7). Thus we obtain a functor

RI': D(X) — D*(Mod(R)®™)).

More generally, let f : X — Y be a morphism of schemes. The direct image
functor f, defined on the category Mod(Oyx) restricts to the category Qcoh(X)
to define the functor

fx 2 Qeoh(X) — Qcoh(Y)
(see [Hartshorne], Chap. II, Prop. 5.8). By using injective sheaves we define a
functor

Rf. : DL(X) — DL(Y). (2.3)
For any quasi-coherent sheaf F, the sheaf R'f.(F) = H(Rf.(F)) is the sheaf
associated with the presheaf U — H*(f~Y(U), F|f~1(U)) ([Hartshorne], Chap.

3, Prop. 8.1). It follows that R"f.(F) =0,n > dim X.
We have the spectral sequence similar to (2.2)

EP? = RPf.(HU(F®)) = R fo(F*) i= H"(Rf.(F*)). (2:4)
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The vanishing of RP f, for p > dim X implies that the functor (2.3) restricts to

the functor
Rf, : D! .(X)— Dl (V). (2.5)

Assume f; X — Y is a proper morphism, e.g. a projective morphism. By
Grothendieck’s theorem the sheaves R’ f,(F) are coherent for any coherent sheaf
F (([EGA II1], 3.2.1), for projective morphisms see [Hartshorne], Chap. 3, Thm
8.8). This shows that in this case the functor (2.6) restricts to the functor

Rf, : D’(X) — D"(Y). (2.6)

The spectral sequence for the composition of functors I'y o f, = I'x gives
the Leray spectral sequence

Ep? = HP(Y,Rf.(F*)) = H"(X,F*). (2.7)
Example 2.1.4. Consider the left exact functor
Homx (F,?) : Mod(X)) — Mod(Ox), G — Homo, (F,G),
from Exercise 3.1. The sheaf Homo, (F,G) is defined by
U — Home,, (F|U,G|U)

([Hartshorne], Chap. II, Exercise 1.15). For any quasi-cohrent (coherent)
sheaves F and G, the sheaf Home, (F, G) is quasi-coherent (coherent) ([Hartshorne],
Chap. II, Exercise 6.3). Thus we obtain the functor

Homx (F,?) : Coh(X) — Coh(X).

Using injective sheaves as adapted objects for this functor, we can define the
derived functor
RHomx (F,?) : D}.(X) — DI.(X)

and then restrict it to DT (X) to get a functor
RHomx (F,?): DT(X) — DT (X).
By definition, for any quasi-coherent sheaf F and G* € Ob(DJ, (X)),
Ext’y (F,G*) = R'Homx (F,G*) = R'Homx (F, G*[i]).

In particular, we have defined the sheaves Hom’ (F,G), and the definition co-
incides with the one given in [Hartshorne], Chap. III, §6) for £xt!(F,G). We
have an isomorphism

Hom' (F,G)s = Extly (Fr,Ga) (2.8)

(see [Hartshorne], Chapter III, Prop. 6.8), where in the right-hand side the Ext
is defined in commutative algebra.
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To compute Hom' (F,G*) one uses the spectral sequence
EDY = Homh (G, HY(G*)) = Hom' (F,G*).
In particular, taking p = ¢ = 0, we obtain
Hom (F,G*) = Hom (G, H(G*)) = Homx (F, H(G*)),

hence _ '
gxts((fv g.) = HomX(f7 Hl(g.))

For any quasi-coherent sheaf G, the functor &€ — Homx (€,G) is exact on the
category formed by locally free sheaves (so £ is sort of “locally projective object”
in Qcoh(X)). Since we assume that Qcoh(X) has enough of locally free sheaves,
we obtain that they form a set of adapted objects for the functor Homx (?,G),
and we can define the left derived functors

RHomx(?,G) : D™ (X) - D™ (X).
We also have a bifunctor
Hom®(?7,7) : K(Qcoh(X))°P? x K(Qecoh(X)) — K(Qcoh(X))

defined by
Hom% (F*,G°) = [ [ Homx (F',G"™)
i€z
with differential d = dz — (—1)"dg. One easily checks that
H'(Homx (F*,G*))(U) = Homk qeon(w) (F*|U, G*i]|U)

= Homg (qeon(u) (F*[]|U, G°[U). (2.9)

Using injective complexes one extends the second partial functcor to a functor
of derived categories of bounded complexes from below. One can show that, if
G is injective, then locally free sheaves form an adapted set for the functor in
the first partial functor. Thus we obtain a bi-functor

RHom(?,7) : D™(X)° x D*(X) — D(X). (2.10)

It follows from the definitions that, for any F*,G*Ob(D~ (X)), the complex
RHom(F*,G*) is the sheaf of complexes on X given by

U — Homp,_ ) (F°*|U,G*|U).
We define the hyperext sheaves by setting
Hom' (F*,G*) := H (RHomx (F*,G*)) = Homx (F*,G*[i]) = Homx (F*[—i],G*)

where we consider the right derived functor of the partial functor in the second
argument.
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We have two spectral sequences
BT = Hom®(F*,HI(G")) — Hom"*(F*,G*), (2.11)
EY? = HomP(H 9G*),G*)) = HomPTI(F*,G*), (2.12)

Suppose F* € Ob(D~(X)). Then the second spectral sequence implies that
Hom'y (F*,G*®) are equal to zero for i << 0. Thus the bifunctor (2.10) takes
values in DT (X). Moreover, assume that X is regular (i.e. its local rings
are regular local rings in sense of commutative algebra). Since any finitely
generated module over a local regular rings A admits a finite free resolution of
length > dim A, we can use (2.8) to obtain that Hom’ (F,G) = 0 for i > dim X
for any coherent sheaves F,G. Using the spectral sequences this allows us to
define the bi-functor

RHomx(?,?) : D’(X)°P x D*(X) — D*(X). (2.13)
We define the dual complex by
F*V = RHomx (F*,Ox). (2.14)
By definition,
HY(F*Y) = Ext’y (F*,Ox) = Homx (F*, Oxli]).

If F* consists of locally free sheaves, we apply spectral sequence (2.17) to com-
pute H{(F*V). In particular, if the cohomology of F* are locally-free, the
spectral sequence degenerates and we obtain

HY(F*Y) = Hom(H ' (F*), Ox). (2.15)

For example, this applies to the case when F*® is a complex-object made of
a locally free sheaf £. In this case, F*V is quas-isomorphic to the dual sheaf
&Y = Homp, (€,O0x).
Composing the functor RHomx (F*,?) with the functor RT'x we get the
functor
RHomy (F*,7) : D(J;C(X) — DT (Mod(R)).

We define the hyperext modules
Hom'y (F*,G*) = H'(RHomx (F*,G*)).
It follows from (2.2.3) that
RHomx (F*,G*) = Homp_ (x)(F*,G*), (2.16)

Homi(}"'7 G*) = Homp_ (x)(F*, G*li).

The spectral sequence of composition of derived functors gives

BT = HP(X, Hom% (F*,G*)) = Hom% (F*,G°). (2.17)
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Similarly, one defines the functor
RHomx (7,G°%) : D™ (X) — D™ (Mod(R)).

If F*,G® are bounded complexes, we can compute the hyperext modules by
using either of these two functors.

The spectral sequence of the composition of the derived functors gives the
spectral sequence

B = HP(X, Hom% (F*,G*)) = Hom’x (F*,G*). (2.18)

If X is proper over R, it shows that the R-modules Hom'y (F*,G*) are finitely
generated, and we get a bi-functor

RHomy (?,7) : D™ (X)°" x D*(X) — DT (Mod(R)®).
If X is regular, we get the bi-functor
RHomy (?,7) : D°(X)°P x D(X) — D°’(Mod(R)®).
More generally, let f: X — Y be a morphism of schemes. We set
Rf. o Homx(?,?) := RHomx,y (?,?) : Dg.(X)° x D}.(X) — DL(Y).
We define the relative hyperexts
Hom' )y (F*,G*) := H' (RHomx,y (F*,G*)).

They are quasi-coherent sheaves on Y. One can show that Hom& /Y(]: *,G*) is
the sheaf associated to the presheaf on Y given by

V — Homp,_ (s (v)(F*lf7H(V), Gl L F 1 (V).
If f: X — Y is proper, then we have a bi-functor
RHomy,y (?,?) : D’(X)°P x D(X) — D*(Y).

When dealing with object complexes, the functors Hom® and Hom' are usu-
ally denoted by Ext’ and Ext!. They are zero for i < 0. Let us explain the
notation Ext, short for extension. Suppose we have a distinguished triangle
X®* —Y* — Z* — X*[1] in D(A), where A is an abelian category. Applying
the functor Hompa)(Z°,?) we get an exact sequence

0— HOH]D(A)(Z.,X.) — HOHlD(_A)(Z.,Y.) — HOHID(A)(Z., Z.)
— Extpa) (2%, X*) = Hompa) (Z2°, X*[1]).

The image of idze defines an element in Ext}:)(A(Z',X'), called the class of
the extension. If it is equal to zero, then there exists a morphism Z® — Y*
which is the left inverse of Y* — Z* (see the proof of Corollary 1.3.8). We say
that the triangle splits in this case. In particular, if Ext})(A)(A, B) = 0 for all
object-complexes A, B, then all exact sequences in A split. The converse is also
true.
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Example 2.1.5. We can restrict the operation of tensor product of complexes
of Ox-modules (1.4) to define a bifunctor

® : K7 (Qcoh(X)) ® K™ (Qcoh(X)) — K(Qcoh(X)).

One checks that complexes of locally free sheaves are adapted objects for the
functor F*®?. This allows one to define the derived bi-functor

L
® 1 Dye(X) x Do (X) — D™ (X).
Using locally free sheaves of finite rank, we get the bi-functor
L
®:D7(X)x D™ (X) - D™ (X).
If additionally, X is regular, we can use finite locally free finite resolutions (see
Exercise 4.10) to define the left bi-functor
L
® : D°(X) x D*(X) — D°(X).
We set .
Tor(F*,G*) = H (F* ©G*).
These are coherent sheaves on X. There is a spectral sequence
EPY =Tor_,(HU(F*),G%) = Tor_p,_q(F*,G*). (2.19)

Recall that for any three modules L, M, N over a commutative ring A there are
canonical isomorphisms

Los(M®aN) =2 (L®sM)®4N,
Mas N =2 N®aM.

This can be extended to the derived tensor product. We have isomorphisms in
the derived category Dgc(X)

1%

L L
FEG ), (2.20)
G & F (2.21)

(F oG oE
F oG

1%

One first establishes the corresponding isomorphisms in the category K(Qcoh(X))
and then extend them to the derived category.
We also have the adjoint isomorphisms of A-modules

1%

Homy (L ® M, N) Hom 4 (L, Hom 4 (M, N))
Homyu (L, M) @4 N = Homa(L,M ®4 N)

This can be generalized to derived categories. We have isomorphisms
L
RHomx(L* @ M*,N®) = RHomx(L*,RHomx(M®*,N®)) (2.22)
L L
RHomx(L®, M*) @ N* = RHomx(L*,M*®*® N*) (2.23)
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L

RHomy (L* ® M*,N*) = RHomy(L*, RHomx(M®* N®)) (2.24)
L L

RHomx (L*, M*)® N* = RHomx(L*,M*® N*®) (2.25)

In particular, (2.23) gives an isomorphism

RHomx (F,G*) = F*V Y (2.26)
Also, we obtain a natural isomorphism of complexes
Fe = (FV)Y (2.:27)
Example 2.1.6. Consider the functor
7 Qeoh(Y) — Qeoh(X), F — F ®o, Ox.

It is the left adjoint functor to the functor f.. Restricting it to Coh(X) we get
a functor f* : Coh(Y) — Coh(X). Assume that each coherent sheaf admits a
locally free resolution in Coh(X). Then we can define the derived functor

Lf*: D~ (Y) - D™ (X),

If f is of finite Tor-dimension (e.g. f is a flat morphism or Y is regular), then
this defines a functor
Lf*: DY) — Db(X).

We set
Lif* : D*(Y) — Coh(X), F* — H Y (Lf*(F")).

Moreover, if f is a flat morphism, then L f* = f*. We have a spectral sequence
EP9 =L,f*(HU(F®)) = Lp+qf*(F*). (2.28)

Now everything is ready to state the Grothendieck-Serre-Verdier Duality
Theorem. We will state it not in full generality.

Theorem 2.1.7. Let f : X — Y be a proper morphism of schemes of finite
type over a field k. There exists a right adjoint functor f': D*(Y) — Db(X) to
the functor Rf. and a morphism

0 : Rf. o RHomx (F*, f'G*) — RHomy (Rf.F*, Rf.f'G*)
whose composition with the morphism
Trs : RHomy (Rf.F*, Rf.f'G®) — RHomy (Rf.F*,G*)

defined by the adjunction morphism of functors Rf,f' — idpe(yy is an isomor-
phism
Rf, o RHomx (F*, f'G*) — RHomy (Rf.F*,G*).

This isomorphism is functorial in F*,G*®.
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Example 2.1.8. Assume that f : X — Y is a proper smooth morphism of
relative dimension r. In this case the sheaf of relative differentials Qﬁ( ne is

locally free of rank r. Its maximal exterior power wy = A" (0 /i) 18 the relative
canonical sheaf. The functor f' is defined in this case by

f' = (Ewylr]) o Lf* = (@wylr]) o L™,

Since a smooth morphism is flat, by definition, the functor L is just the usual
f* extended to complexes. This gives the duality isomorphism

Rf. o RHomx (F*, f*(G*) @ wi[r]) — RHomy (Rf.F*,G*).

Taking the cohomology and using the definition of relative hyperext, we can
rewrite it in the form

RHomy ,y (F*, f*G* ® wy[r]) = RHom(R f.F*,G°%).
Taking G = Oy, we obtain an isomorphism
RHomy vy (F*,wylr]) = (Rf.F*®)Y. (2.29)
Passing to cohomology, and using (2.15) we get the spectral sequence
EYY = Hom¥ (R™1f.F*, Oy) = Hom' )y (F*,wy[r])) = Ext’;/rg,((f',wf)).

Suppose all sheaves R?f,F* are locally free on Y (e.g. Y = Spec k). Then
EY? = 0if p # 0, the spectral sequence degenerates, and we get an isomorphism

EXt;;/(i,(}-’,Wf) =~ Homy (R1f.F*,Oy).
Taking F* = F, we get the relative version of Serre’s Duality isomorphism
EXtTX_/%/(]:, wr) = Homy (R f,. F, Oy). (2.30)
Taking Y = Spec k, we get the classical Serre Duality Theorem
Ext;(_/‘,i(]:, wx k) = Homy (HY(X, F), k).

If moreover, F is locally free, we use the spectral sequence (2.4) to get the
isomorphism
Ext;(_/%(]:,wx/k) = Hr_q(X,j:v ®WX/I<:)

Example 2.1.9. Let f: X — Y be a proper Cohen-Macaulay morphism (i.e.
it is proper, flat, of finite type and its fibres are Cohen-Macaulay varieties), then
we take

F(G*) = 1"(G%) ®wxyv,
where wx/y is a certain coherent sheaf, called the relative canonical sheaf. For
example, if X is normal, and the locus of points € X such that f is not smooth
at x is a closed subset of X of codimension > 2, we can take

(Uf = j*w;‘)ﬁ
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where j : X \ S — X is the open embedding, w} = wyo, and f*: X\ Z —
Y — f(S). Specializing, the duality isomorphism to the case Y = Spec k, F*® =
Fli],G* = Oy, we obtain the Serre Duality Isomorphism from [Hartshorne],
Chap. IIL, §7).

Let X be a smooth projective scheme over a field k. Consider X as a mor-
phism f: X — Y = Spec k and take G* = Oy = k and F* = Homx (A®*,B°®) &

L
A*V @ B®. Using the adjunction formulas (2.24), (2.14), (2.27) and the duality
isomorphism (2.29), we get isomorphism

L L
RHomX/k(.AW ® B.,WX/k[T])) = RHOmx/k(B.,A. ®wX/k[r]))
=~ RHomy (A*, B*)"

Passing to the duals, we get an isomorphism

L
RHomy/,(A®, B*) = RHomy,;(B°%, A* ® wX/k[r])V. (2.31)

Taking the cohomology we get
, . L
Ext'y/, (A%, B*) & Ext;(_/zk(l’j",/l' @wx/k)”

Also recall that H°(RHomy ,(F*,G*)) = Hompx)(F*,G*). Consider the
functor
S:DYX) — D*(X), F* — F* @ wxlr].

It is called the Serre functor. The duality isomorphism gives an isomorphism
Hom s (x) (B, A*) — Hom s (x)(A*, S(B*))" (2.32)

functorial in A®, B°.
More generally, an equivalence of k-linear categories S : C — C is called a
Serre functor if there is an isomorphism of bifunctors

n:C? x C— Ab, (A, B) — Homc(A, B), (4, B) — Homc (B, S(A))". (2.33)

Note that two Serre functors S,.5” : C — C are isomorphic functors since, for
any object A in D, we have Hom(A, A) = Hom(A, S1(A)Y = Hom(S1(A), S2(A)).
The image of id 4 defines an isomorphism S7(A) — S2(A4), functorial in A .

Also note that a Serre functor of triangulated categories is automatically a
d-functor (see [Bondal-Kapranov], Prop. 3.3).

Example 2.1.10. Let f : Y — X be a closed embedding of smooth varieties
over k. Let ¢ be the codimension of f(Y). Let wy = f*(wx) ®o, wy. In this
case

F(F) =Lf(F*) @ wy.
Note that Rf.(F*®) is quasi-isomorphic to the complex f.F® = (f.(F%)). The
duality gives an isomorphism

Homy (F*,Lf*(G®) ® ws[—c]) = Homx (f.F*,G*).



58 LECTURE 2. DERIVED MCKAY CORRESPONDENCE

Definition 2.1.1. Let A be an abelian category. Its homological dimension
is the smallest number dh(A) such that Ext'(A,B) = 0 ¢ > dh(A) and all
A, B € Ob(A).

Example 2.1.11. If A = Mod(R), then dh(A) is the homological or projective
dimension dh(R) of the ring R as defined in any text-book on ring theory. So
for any affine scheme X = Spec A the homological dimension of Coh(X) is
equal to dh(A). Let X be a nonsingular projective variety of dimension r.
Then dh(Coh(X)) = n. In fact, it follows from the duality that Ext’(F,G) =
Ext’”*i(g,]-"®wx/k). This shows that dh(X) < r. On the other hand, again by
duality,

EXtT(wX/k, Ox) ™ Exto(wx/k,wx/k,)v ~ H"(X, wX/k) =k,
hence dh(Coh(X))) > r.

Proposition 2.1.12. Let A be an abelian category with dh(A) < 1. Then any
complex in D°(A) is isomorphic to the direct sum of shifted object-complexes.

Proof. Let X*® be a bounded complex in an abelian category A and let n be
the smallest integer such that H™(X*®) # 0. We would like to prove that X*® is
isomorphic o the dircect sum of shifted object-complexes. We will use induction
on n. Consider the following commutative diagram of morphism of complexes.

X X2 Xt xn Xt
-
T>n(X*) 0 im(d"1) X it
g
T<n(X®) X2 xn—t ——ker(d") —0
H™(X*)[-n] 0 0 H"(X*) ——0

The first morphism X*® — 7>,(X*) and the last morphism 7<,,(X*) — H"(X*)[n]
are quasi-isomorphisms. Thus this diagram defines a morphism f : H"(X*)[—n] —
X in the derived category. It is easy to see that this morphism is a monomor-
phism (because it is a monomorphism on the cohomology). Consider the dis-
tinguished triangle

HY(X*)[-n] L X* > Y* — H"(X*)[-n+ 1.

Here H'(Y*®) = 0 for i < n. By induction, Y'* is quasi-isomorphic to the direct
sum of shifted object-complexes which must be isomorphic to H*(Y)[—i],i >
n + 1. We have

Ext'(Y*, H"(X*[-n])) = Hom(Y*, H(X*)[1 — n]
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>~ (B Hom(H'(Y*)[~i], H"(X*))[1 — ]

i>n
=~ P Ext"™ " (H(Y*®), H'(X*)) = 0.
i>n
This shows that the triangle splits in the derived category. Thus X*® = Y* &
H"™(X*[—n]), and, by induction we are done. O

Corollary 2.1.13. Let X be a nonsingular projective curve over a field k. Then
any object in D(X) is isomorphic to the direct sum of shifted object-complexes.

2.2 Fourier-Mukai Transform

Let C be a category with finite fibred products. Suppose we have a contravariant
functor F' : C — D, and a covariant functor G : C — D. For any morphism
f:X =Y in Cweset F(f) = f* and G(f) = f«. Suppose also we have a
morphism in D

K:F(XXxY)—-GXXxY).

Let p: X XY, q: X XY — Y be the two projections. Then we can form the
composition

Dy pooKog 1 FY) 2 F(X xY) 25 G(X xY) 25 G(Y).
This is called the integral transform from F(Y) to G(X) with kernel K.

Example 2.2.1. Let LC be the category whose objects are locally compact
topological spaces X with a choice of a Radon measure px (a linear functional
px on the linear space C.(X) of functions with compact support such that
px(¢) > 0if ¢ > 0). By definition, a morphism f : (X,ux) — (Y,puy)
is a continuous map f : X — Y such that the pull-back of uy-measurable
function on Y is a px-measurable function on X. The space LC has direct
products (X X Y, ux X py) with the product topology. Fix a function K (x,y)
on X x Y such that K(x,y)¢(z,y) is measurable for any measurable function
¢(x,y). Consider the functor F' : LC — Vectg which assigns to each (X, ux)
the linear space L?(X, ux) of functions with px-measurable square and to a
morphism f : (X,ux) — (Y, uy) the pull-back transform f*. Consider the
functor G with the same values on the objects and morphisms f, defined by the
formula
£0E@)W = [ owdux.
1)

Take for K : F(X xY) — G(X xY) the operator of multiplication by the
function K(z,y). Then we have the integral transform ®x : F(Y) — G(X)
with kernel K.

For example, take X =Y = R with the Lebesque measure. Take K(x,y) =
\/%e”y. This is the classical Fourier transform. It satisfies the additional

s
property that ®x o ®p—1 = id.
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Example 2.2.2. Let C = AV/C be the category of complex algebraic varieties.
A function f : X — Z is called constructible if its level sets are constructible
subset of X (see [Hartshorne], Chap. II, Exercise 3.18). Consider the functor F :
C — Ab which assigns to X the abelian group Cons(X) of constructible functions
on X and to a morphism f : X — Y the homomorphism f* : Cons(Y) —
Cons(X). Since level sets of f are closed subsets, f*(¢) = ¢ o f is constructible
if ¢ is constructible. By a result of MacPherson (Ann. Math. v. 100) there
exists a unique covariant functor

f«:Cons: AV/C — Ab, (X EN Y) — (Cons(X) 5 Cons(Y))

that satisfies
fOew)(y) = Eu(W N 1 (y)),

where xg is the characteristic function of a subvariety S of X, and Eu(S) is its
topological Euler-Poincare characteristic. Let ¢ : Z — X x Y be a morphism
of complex algebraic varieties. Define K : Cons(X x Y) — Cons(X x Y to be
the multiplication with the function ¢.(xz). This gives the integral transform

Oy :p.oPyoqg*:Cons(Y)— Cons(X).

It is easy to see that, if Z = I'y is the graph of a morphism f : X — Y, then
by = f*.

Example 2.2.3. Let C be the subcategory of AV/C formed by nonsingular
projective varieties. Consider the functor F' : C — Ab which assigns to X the
cohomology group H*(X,C) and we take f* to be the usual push-back. Consider
G : C — Ab to be the covariant functor which assigns the homology group H.
with push-forward maps f.. Take Z as above, and consider K : H*(X xY) —
H,(X xY) defined by taking the cup-product with the fundamental class [i.(Z)]
and applying the Poincare duality. We get the Fourier transform. We can also
compose it with the Poincaré duality on Y to get a transform H*(X) — H*(Y)
(with some shift of the grading).

Note that by MacPherson’s theory, there is a morphism of functors Cons —
H, on the category AV/C which assigns to a constructible function « on a
nonsingular X an element c,.(«) € H,(X) such that c.(xx) is the Poiincare
dual of the total Chern class of X. By Deligne’s definition, the total Chern
class of any complex algebraic variety V is equal to c.(xv).

Now let us generalize. Recall the definition of a fibred category D over a
category C. Roughly speaking it is a functor on a category C with values in
a category whose objects are categories and morphisms are functors between
categories. For each objects S in C, it assigns a category Dg and to each
morphism f : S’ — S in C, it assigns a functor f* : Dg — Dg.. We require
that for any two composable morphisms f : S" — S and g : S — S’ there is an
isomorphism of functors cf 4 : g* o f* — (go f)*. The isomorphisms cy, 4 (called
cleavages) must satisfy some compatibility conditions:
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® Cfidg = Cidg,f = idjy,

® Cfgon © Cqn(f*(a)) = cfogn o h*(csg(a)), for any h: 8" — 8" g: 8" —
S’ f:S8 — S, and a € Ob(Dg).

A fibred category can be viewed as a category D together with a functor D — C
such that the objects in D mapped to an object S € C form a category Dg.
Its objects are denoted by (A, .S), where S € Ob(C) and A € Dg. A morphism
(S,A) — (5',B) in Dg is a morphism f : S’ — S and a morphism B — f*(A)
in Dgr. The composition (C,S”) — (B,S") — (A, S) is defined by

C = g*(B) = ¢*(£*(4)) 2% (£ 0 9)*(A).

We define the cofibred category by reversing the arrows, this time we assign
functors f, : Dgs — Dg to each morphism f : S’ — S in C. A morphism of
the pair (S, 4) — (S’,B) is a morphism f : S’ — S in C and a morphism
f«(B) — A.

We leave to the reader to define a functor F' : D — D’ of (co)-fibred categories
over a category C . The composition

(5" L s)— (bs L bs) — (0% " D)
must coincide with f* in D’.

Now suppose there is a given a fibred category D over C and a cofibred
category D’ over C. Let K : D(X x Y) — D'(X x Y) be a functor between the
categories. We define the categorical integral transform with kernel K as the
composition

Py :poKog : DY) — D'(X). (2.34)

We say that @ is a Fourier transform if ® is an equivalence of categories.
Let F; : D® — A F, : D' — A be some functors with values in an
abelian category. We view A as a (co)-fibred category over C with A(S) =
{F;(S),idF,(s)} and require that F; is a functor of (co)-fibred categories. By
definition, for any morphism f : S’ — S in C, the following diagrams are com-

mutative
Fi(S")
DS/ —_— A ,

f*T Fl(f*)T lf* i&(f*)
Do 115 Fa(S)

s —>A D/s

- LSRR

It is also a part of definition that the isomorphisms of functors c; 4 in D and
0}7 g in D’ define the isomorphisms

Fi(crg) s Fi((fog)*) — Fi(g")oFi(f*), Fa(c},) : Fa((fog)«) — Fa(fs)oF1(gs)
and Fj;(ids) = ida,. The definition shows that the composition S — Dg Bl A

_ Fy(S
defines a contravariant functor F; : C — A and the composition S — D'y 2 A

defines a functor Fy : C — A.
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Choose an additive functor K : A — Asuch that Fo(X xY)o K = Fy(X x
Y)o K. Applying F; and F» to (2.34), we obtain the commutative diagram

V<L XxY=—XxY 2 >X
Dy — > Dxxy —= D/)(XY*)p* Dy

lﬂ(y) \LFH(XXY) iF2(X><Y) in(X)

A Fi(q") A K A F2(px) A

For any A € Dy, it defines the integral transform
Dy = Fy(p.) o K o Fy(q") : Fy(Y) — Fy(X)

compatible with the categorical integral transform.

Now let us specialize. Take for C the category PAV/k of projective varieties
over a field k. Consider the fibred category S — D!(S) with f* := Lf* and
the cofibred category S — DP(S) with f. := Rf.. We choose some cleavages
Lf*oLg* 2 L(go f)* and Rg.oR f. = R(go f). For any £* € Ob(D*(X xY))

L
consider the functor Kge : D*(X x Y) — D?(X x Y) defined by £°®?. Now we
can define the integral transform with kernel £°

dY-X DY(Y) = DYX): G* — Rp,(E° & q"(G*)), (2.35)

Note that Lq¢* = ¢* since the projections X L XxY LY are flat morphisms.
We define the inverse integral transform by

X7V DYX) — DY) : F* — Rq.(E° ® p*(F*)), (2.36)

We must warn that, in general, the inverse transform is not the inverse as
functors.

Note that the integral transform is a composition of exact functors, hence is
an exact functor of derived categories.

Proposition 2.2.4. Let X and Y be smooth projective varieties and n =
dim X,m =dimY. The functors

@X*)Y (I)XHY
£V Rq* (wy/k[m])) FE*VRP* (wx/k[n])

are right and left adjoints to the functor X=X,

Proof. Let us show that @?.751)*(“))(/“["} is a left adjoint of @gjx, We have

isomorphisms in the corresponding derived categories

L L
Hom.y/,(A*, Rp.(£° © ¢"(B%)) = Homx vy (p*(A%), € © ¢"(B*))



2.2. FOURIER-MUKAI TRANSFORM 63

L

= Homx x, v (£° @ ¢*(B*),p" (A®) @ wx <,y [n +m])”
~ * ° \2 oV L * ° \%
:HomXXky(q (B ®wy/k[m] ),5 Qp (.A ®wX/k[n})
~ ° \ oV L * . \%
= Homy ,(B®* ® wy/i[m]”, Rq.(E*Y @ p*(A® @ wx i [n])

L

= Homy/k(B',Rq*(f)'v @p*(A* @wx/k[n]) ® wy/k[m])v

> Homy & (Ra. (€% @ p* (wx/aln])) & p*(A°), BY).

Here we used that Lp* is a left adjoint to Rp, (the first isomorphism),
the Serre functor (the second and the last isomorphism), and the adjunction
isomorphisms (2.24) in the rest. The obtained isomorphism shows that the

functor @?._v’gp*(wx/k)[n] a left adjoint of @g._’x.
Similarly, we check that ®X7Y is a right adjoint. O

E*VRa* (wy/k[m])

Definition 2.2.1. An integral transform ®¢ is called a Fourier-Mukai transform
if it is an equivalence of categories.

The proof of the following fundamental theorem is omitted (see [Orlov], J.
Math.Sci. 84 (1997), or Russian Math. Surveys, 58:3 (2003)).

Theorem 2.2.5. Let X,Y be two smooth projective varieties over a field k and
F: DY) — DYX) be a fully faithfully functor of triangulated categories which
admits a left and a right adjoint. Then there exists a unique (up to isomorphism,)

object £* of D*(X x Y) such that F is isomorphic to the integral transform
PYX,

Since an equivalence of categories satisfies the assumptions of the theorem,
any equivalence of categories between two smooth complete varieties is realized
by a Fourier-Mukai transform with a unique (up to isomorphism) kernel.

Corollary 2.2.6. Let £* € Ob(X x; Y) be the kernel of a Fourier-Mukai
transform. Then

Y ®wx[dim X] 2 £*Y ® wy[dimY].
In particular, D*(X) ~ D*(Y) implies dim X = dim Y.

Recall that a correspondence over two objects X and Y is a morphism 7 :
R — X x Y. An example of a correspondence is the canonical projection
I'r - X xY, where f : X — Y is the graph of f. One can define the composition
Ry 0 Ry of a correspondence 71 : Ry — X XY, and 75 : Ry — Y X Z as the
composition of the fibre product of 74 x idz : Ry x Z — X XY x Z and
idy X1 :Y X Ry — X XY x Z with the projection p13: X XY xZ — X xY.
In the category of sets, if Ry C X XY, Ry C Y XZ, then

Ry 0 Ry = pi3(pis (R1) N pag (R2)).
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For example, an equivalence relation on a set X is a correspondence R C X x X
that contains the diagonal, symmetric, and satisfies R o R = R.
Let q)é);ify, CI%/I?Z be two integral transforms. Consider the diagram

X xYxZ
\L D23
P12
P12
X xY X xZ Y xZ
p > >
p T
X Y Z
Set .
&7 0 &3 = Rpis(p12(E7) @ p33(E3)). (2.37)
Then, one can check that
i 0T = DRTA. (2.38)

Thus we see that the composition of integral transforms is an integral trans-
form.

Let us consider some (easy) examples of a Fourier-Mukai transform functors.

From now on in this lecture we are in the category of smooth projective
varieties over a field k. Let f: X — Y be a morphism, ¢ : 'y <— X x Y be its
graph. Then

86, = Lf DY) — D),

@jj(g{f) =Rf. : D’(X) — Db(Y).
Let i, : Ax — X X X be the inclusion of the diagonal. We have
o on i (FT) = F°[il.
X—X _
1 (Oa y Qwx /i [dim X]) — S’
the Serre functor.

Let £ be an object-complex over X X Y. Assume that £ is flat over X.
This means that for any (z,y) € X x Y, the Ox z;-module &, , is flat. For any
r € X, let j, : p~1(z) — X x; Y be the closed embedding of the fibre p~!(z).
Then the sheaf Lj*(€) 2 j%(&) is isomorphic to a sheaf £, on Y via the second

projection g. We have
XY (0,) =&, (2.39)

Here, to simplify the notation, we identify the structure sheaf Oz of a closed
subscheme Z with the sheaf i,(Oz), where i : Z < X is the closed embedding.
Suppose @?*Y is a Fourier-Mukai transform. The quasi-inverse functor

D*(Y) — D®(X) must be isomorphic to (I)g%}@)é*(wy/k[m’ where m = dimY.

Assume that £ is an invertible sheaf. This implies that £V is an object-complex
defined by an invertible sheaf £~ 1.
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Example 2.2.7. Let us take X =Y = FE, where F is an elliptic curve over a
field k. Let zo € E(k). Consider the invertible sheaf P = Ogxg(—p~!(x0) —
g '(z0) + Ap). Let

P=—p Yzo) — ¢ (x0) + AR.
Tt follows from (2.39), for any closed point x € E,
dE~F(0,) = Op(x — x0). (2.40)

Recall, that a choice of a point xg € FE(k) defines an isomorphism of abelian
groups
E — Pic’(E), x+— Ox(x — x0), (2.41)

where the group law on F is defined by x &y ~ = + y — 9, where we use the
Riemann-Roch Theorem and Serre’s duality that give

hY(Og(D) — h°(Op(—D)) = deg D, (2.42)

giving in particular that h°(Og(z+y— 1)) = 1. Thus we see that the bijection
(2.41) can be defined by the integral transform ®p.

Let us us see that ®p is a Fourier-Mukai transform. In fact, this example
appears in the paper of Mukai, where the Fourier-Mukai transform was intro-
duced.

Before doing this let us compute explicitly some of the transforms.

We will use the following result from [Hartshorne[, Chap. III, Theorem
12.11) to compute the higher direct images of coherent sheaves. Let f: X — Y
be a projective morphism of noetherian schemes and F be a coherent sheaf on
X, flat over Y. Suppose R‘*!f,F is locally free, then

R f.F(y) := R f.F @y Spec k(y) = H'(X,, F,),

where X, = f~!(y) is the scheme-theoretical fibre of f over y and F, = F ®0,
Ox,-

Let us apply this result to our morphism ¢ : £ x E — E and use that
R?f,F = 0 because the relative dimension of ¢ is equal to 1. We obtain that,
for any coherent sheaf F on E x FE, flat over E, we have

R'q.(F)(y) = H' (¢ (y), Fla~ ' (y)-
For any y € E we have
P ®p*(Op(D)) 2 Opxp(P +p*(D)).
Hence
P@p*(Op(D))lg ' (y) = Op((P+p*(D) Ng (y)) = Or(D +y — x0).
Thus we obtain

R'q.(P@p*(Op(D))(z) = H(E,Op(D+x—0)) = H*(E,Op(—D+z¢—1)).
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Applying (2.42), this gives
R'q.(P @ p*(Op(D))(z) = 0, if deg D > 0,D +x — w0 0,

Assume D + x — xg ~ 0. Note that this can happen only for a unique point z.
Then Rq.(P ® p*(Op(D))(x) = HY(E,Og) & k, and we get

H' (23 5(0g(D))) = O,
H(@p~P(Op(D)(y) =0, y # =.
We have
H(®% " (0p(D))(z) = H(E, ¢.(Opx (P + p*(D)))
~ H%(E x E,Opxp(P +p*(D)).
Since deg D = 0, using the intersection theory on the surface E x F, we get
(P+q*(D)*=P?*+2P-¢*(D) = (A —p *(z0) — ¢ H(x0))> = =2 (2.43)

(we use that A2 = Eu(E) = 0). Since the canonical class of E x E is equal to 0,
the adjunction formula gives C? = 2h!'(O¢) — 2 for any irreducible curve C on
E x E. Since C projects surjectively to E, h'(O¢) > 0. Thus C? > 0. Suppose
HY(E x E,Opxp(P + p*(D))) # 0, then P + p*(D) is linearly equivalent to
an effective divisor, and it follows from above that its self-intersection is non-
negative. This contradiction with (2.43) shows that H(E x E,Opxp(P +
p*(D))) = 0. Collecting all of this together we obtain

OE7F(OR(D))) = O,[-1] if D ~ xg — . (2.44)
Comparing with (2.40), we find that
DL~ 0 BEE(0,) = Oc,[-1], (2.45)

where ©x means the negative of z in the group law on FE.
Now consider the distinguished triangle corresponding to the exact sequence

0— Op(—z) — O — O, — 0.
Applying @gHE , we obtain the distinguished triangle
EF(0p(—2)) = Ogo[~1] = Op(z — z9) — @5~ F(Op(-2))[1].
It implies that
OEE(Op(—1)) =2 O4[-1] ® Op(z — x0).
Finally, if 7 = Oy, then the extension

0—-0;, — 09 — O, —0
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implies that £~ (0,,) fits in the extension
0 — Op(r —x9) — ®57F(0s,) — Op(z — 20) — 0.
It corresponds to a non-trivial element in the space
Exty(Op(x — x0), Op(x — x0)) = Exty(Op, Op) = HY(E,0F) = k.

After these concrete computations, let us start proving that @gHE is a
Fourier-Mukai transform. In fact, we will prove that

PE7E 0 L E > ¥ o [-1], (2.46)

where + : E — FE is the automorphism of E defined by the negation automor-
phism z — ©z, and [—1] is the shift automorphism. This agrees with (2.45).
To prove (2.46), it suffices to prove that

PoP = Op,[—1]. (2.47)
We will use the following well-known seesaw principle.

e Let f: X — Y be a smooth projective morphism of algebraic varieties
over a field k admitting a section s : Y — X. Assume that the function
y — dimy,) H'(X,,Ox,) is constant for any ¢ > 0. Let £ and M be
invertible sheaves such that £|X, = M|X, for all closed points y € ¥ and
s*(L) = s*(M). Then £ = M.

To prove it consider the invertible sheaf N' = £ ® M~!. For any closed
point y € ) we have an isomorphism N|X, = Ox, . Since f is smooth,
starting with RU™Ff+1f, (N) = 0, we obtain that the fibres R’ f,N(y) are iso-
morphic to H i(Xy, O,) and, by assumption, their dimension is independent of
y. This implies that the sheaves (R!f.N)(y) are locally free of rank equal to
dimy,y) Hi(X,, Ox,). In particular, we obtain that the sheaf K = f.(N) is an
invertible sheaf on Y. Consider the homomorphism f* f,N' — A. Restricting to
fibres, we obtain an isomorphism. Thus A" = f*(K). Now the second assump-
tion on £, M implies that Oy = s*(N) = s*(f*(K)) = K. This gives N' = Ox
and hence £ = M.

We will apply the seesaw principle to the case when f : X XY — Y is the pro-
jection. Since all fibres are isomorphic, the assumption on dimy,y H Xy, 0 x,)
is obviously satisfied. Note that the assumption is always satisfied if £ = C.

Consider the addition map
w:ExE—E (z,y)—xdy.

We have p=1(2)|¢g ! (z) = {# © 2}, and the same is true for another projection.
Restricting the divisor u=!(z) — p~1(z0) to fibres of p and ¢, and applying the
seesaw principle to any of the two projections F x E — E, we easily obtain

p (@) — pHwo) = p*(Op(z — 20)) © ¢*(Op(z — x0)).
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Now, using this, we make similar comparison and the seesaw principle to obtain
an isomorphism
Pia(P) @ p13(P) = 7" (P),

where
7 EXEXE—EXE, (r,y,2) — (y,z + 2).

This implies
PoP = Rp13*(ﬂ'*(7))).

Applying the base-change formula for higher direct images (see [Hartshorne],
Chap. III, §9) to the Cartesian diagram

EXExXE-—-~—>FExE

-

ExFE E

we find that
Rpis«(7*(P)) = p* (Raq.(P)).

By our previous computations (2.44), we have
Rq.(P) = @577 (0p) = Oy [-1].

This gives
PoP =" (O [—1]) = Op(,y[—1].

This checks (2.47).

Recall that any abelian category A defines the Grothendieck group K(A).
By definition
K(A) =7%°W /H,

where H is the subgroup generated by elements C' — A — B = 0, where 0 —
A — C — B — 01is an exact sequence in A. The canonical map Ob(A) — K(A)
has the following universality property: any function x on Ob(A) satisfying
x(C) = x(4) + x(B) for any exact sequence as above, extends to a unique
function on K (A). We denote by [X] the image of an object X of A in K(A).

Since Cp”(A) is an abelian category, we can define Ko(Cp®(A)). Considering
the inclusion functor A — Cp’(A) and applying the universality property of
K(A), we obtain a homomorphism of groups ¢ : K(A) — K(Cp®(A)). Define
the homomorphism K (Cp®(A)) — K (A) by sending [X*] to 3, (—1)/[X?]. It is
checked that this is well-defined and is equal to the inverse of ¢. Notice that
[(X*[1] = =[X*].

Next consider the categories K°(A) and D’(A). We define K(K(A)) =
7ZOPX(A) /H | where H is generated by C* — A®* — B® whenever we have a dis-
tinguished triangle A* — C* — B®* — A°®[1]. Similar definition is given for
K(D®(A)). Tt is immediately checked that [X*®[1]] = —[X*®] (consider the zero
map X°®* — 0 and take the corresponding distinguished triangle, its cone is
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X*[1]). Also an exact sequence of complexes in Cp®(A) defines a distinguished
triangle, so that this definition agrees with the definition of K (Cp’(A)) in the
sense that the universality property of K defines a unique homomorphism of
groups K (A) = K(Cp’(A)) — K(K’(A)). The exact sequences in Cp®(A))

0 — ker(d) — X* — im(d) — 0,

0 — im(d)[—1] — ker(d) - H — 0

yield
[H*] = [X*].

This shows that the image of quasi-isomorphic complexes in K (K*(A)) are equal.
This shows that
K(D"(A)) = K (K"(A)).

Also the exact sequences of object-complexes
0 — ker(d') — X" — im(d") — 0,
0 — im(d" ') — ker(d") — H' — 0
give 3,(—1)'[X?] = 32, (~1)[H?). Since H* = Y, H[~i], we obtain
(X*]=[H*] = Z[Hi[—i}] = Z(—l)i[Hi] = Z(—l)i[Xi]- (2.48)

The map Ob(K’(A)) — K(A) sending X* — > ,(—1)![X?] factors through
K(Kb(A)) and defines the inverse of the map K(A) — K(K*(A)). Thus we
have

K(D(A)) = K(K°(A)) = K(A).

Note how everything agrees with finite resolution complexes K*®. We have
[HO(K®*)] = [K*] =) _(-1)[K].

We set
Ko(X) = K(Coh(X)), K°(X) = K(Qeoh(X))

Assume X is a smooth projective variety. By taking finite locally free resolutions
Pr of objects of coh(X) we can define the ring structure on Ky(X) by

[F1I9] = [Pr @ Fg],
and then, extending to any complexes, to get
o L] L
[7*]-[G°] = [F @ 4].

The assignment X — DY(X) — Ko(X) defines a fibred functor on the fi-
bred category X — DY(X), where we take Ko(f*) := f* to be defined by
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[F*] — [f*(F*)]. Also the same assignment defines a cofibred functor if we
set Ko(f«) := fi to be defined by [F] — [Rf.(F*)]. Thus we can combine it
with the categorical integral transform ®%~% by taking K = [P], to obtain
the K -theoretic integral transform

[‘I’]f;]YHX t Ko(Y) — Ko(X), [‘I’][I;]Xﬂy 1 Ko(X) — Ko(Y)

such that the diagram

l[?] l[?]
( [®lp~*

K() Y) —_— K()(X)

is commutative.
Finally we can extend Example 2.2.3 to our situation. Let PAV®™ /C be the
category of smooth projective varieties over k. We take the functors

F : (PAV™/C) — Mod(F), X — H*(X,F),

G : PAV®™ /C — Mod(F), X — H*(X,F),

where F = Z,Q,R, or C. For any morphism f : X — Y we have F(f) =
f*: H*(Y) — H*(X) and G(f) := f« is defined by using the Poincare duality
H*(X) — Hagimx—+ on X, then composing it with fi : Hsqim x—«(X) —
Hs gimy—+(Y) and using the Poincare duality again Hs gimy—+(Y) = H*(Y).

For any cohomology class o € H*(X xY'), we define the kernel K, : H*(X x
Y) — H*(X xY) as the cup-product with .. This defines the cohomological
integral transform

(I)JOLLI,YHX . H*(Y) HH*(X), (I)g’X*)Y . H*(X) —)H*(Y)

We also take K : H*(X X Y,F) — Hapiom—«(X X Y,F) to be the Poincare-
duality map, and g : Hopyom—«(X X Y,F) — Ha, (X x Y,F) and compose
it with the Poincare duality Ha,—«(X X Y,F) — H*(X,F) on X to obtain a
cofibred functor f, : H*(X,F) — H*(Y,Q).

Next recall the Grothendieck-Riemann-Roch Theorem (see [Hartshorne], Ap.
A, §4).

Theorem 2.2.8. There exists a homomorphism of abelian groups ch : Ko(X) —
H*(X,Q) such that for any e € Ko(X),

ch(fi(e)) - td(Y) = f.(ch(e) - td(X)).

Here, ch(e) and td(X),td(Y") are defined as follows (see [Hartshorne], Ap-
pendix 4). For any locally-free sheaf of rank r, we write (formally) the Chern
polynomial ¢;(€) in the form

T

() =1+ Z (@t =[]0+ ait).

i=1
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It follows from the definition that ¢;(£) depends only on e = [£] € K(X). We
put

r

ch(€) = Ze (@) =[[ ==
i=1

=1

where

T _1+1 +1 9 1 4y
1= 27T 1% T "

(all operations are taken in the cohomology rings). We set td(X) = td(7x),
where 7y is the tangent sheaf of X. Since any coherent sheaf has a locally free
resolution, we can extend the definition of ch(e) to any e € Ky(X).

For any complex £* € D°(X) we have

e = (€7 = S (DHE) = Y (1) (H )
ch(€) = ch(€7]) = 3 (~1)'ch(H'(E)) = S (~1)'ch(€).
In this way we extend the Grothenidieck-Riemann-Roch formula to complexes.

Remark 2.2.9. One can extend everything to the case of nonsingular projec-
tive varieties over any field k. To do this one replaces the cohomology ring
with the Chow ring A*(X) of algebraic cycles modulo rational equivalence (see
[Hartshorne], Appendix A, [Fulton]).

Definition 2.2.2. The Mukai vector of a class e € K(X) is defined to be the
cohomology class
Mu(e) = ch(e) - v/td(X).

We set
Mu(&®) :=v([E°)).

With this definition we have the following.
Theorem 2.2.10. For any e € Ko(X X Y) and a € Ko(Y'), we have

HY =X =
Y X (Mu(a)) = Mu(@50Y =X (a)).

Proof. Consider the commutative diagram

Ko(Y) —% Ko(X x ¥V) —%> Ko(X x V) 2 K(X)
iMu lMu\/p*(td(X))_l \LMu 7 (td(Y)) lMu

(V) —5% 7 (X x V) 2 (X < v) s 5Y(X)

To check the commutativity of the first square, we use that

td(X x Y) = p" (td(X)) - ¢*(¢d(Y))
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because Tx xy) = p*(Tx) @ ¢*(7y) and the Todd class of the direct sum is the
product, i.e. td(E B F) = td(£) -td(F). The commutativity of the second square
uses the same and the multiplicativity property of ch, i.e. ch(x.y) = ch(z)ch(y).
The commutativity of the third square is the GRR Theorem applied to the
projection p. O

In the special case when Y = Spec C, the Grothendieck-Riemann-Roch
Theorem gives the Hirzebruch-Riemann-Roch formula

dim X
WF) = 3 (~1)7 dimy HI(X, F) = / ch([F]) - td(X),
i=0 X

where the integral means taking the projection to H?4™X(X Q). We stated
it for object-complexes only. But, it is immediately extended to complexes by
additivity

X(F*) = Z(—l)ix(fi), x((F°]) = Z(—l)ix([fi])'

If F is a coherent sheaf, we take its locally free resolution R°®, and apply the
formula to the complex R*® by first computing the Chern polynomial. Note that
taking F = Ox, we get

1—g if,dimX =1
x(X,0x) :/ td(X) = § St pdim X =2 (2.49)
* a0 i X = 3,

Example 2.2.11. Assume X is a curve of genus g. By Corollary 2.1.13, any
complex is isomorphic in the derived category to the direct sum of twisted
object-complexes. We know that [F*[i]] = (—1)[F*]. So x(F*[i]) = (—1)"x(F*)
and ch(F*[i]) = (—1)ich(F*), so we need only to compute x(F), where F is
either a locally free sheaf or a torsion sheaf. We have H*(X,Z) = H*(X,Z) ®
H*(X,7Z) = Z ® Z. Any closed point x defines its fundamental cycle [x] €
H?(X,Z) that we can identify with number 1. By additivity, this assigns to
any divisor D = Y n;z; its fundamental class [D] € H?(X,Z) identified with
deg(D). We have

¢1(Ox (D)) = deg D,  ch(Ox (D)) = [X] + deg(D),
1
td(X) = [X] + idegKX = [X] + 1 —4g.
Any locally free sheaf £ of rank r fits in an exact sequence of locally free sheaves

0—=& =& —E —0 (2.50)

where rank(&;) = 1,rank(&;) = r — 1. In fact we first tensor £ with some
Ox (D) with deg D >> 0 to assume that £ has a section. This defines an
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injective homomorphism of sheaves Ox — £ ® Ox (D). Then we untwist by
tensoring with Ox (—D) to obtain an injection Ox (—D) — £. Then we saturate
this injection, by taking the largest invertible subsheaf of £ that contains Ox (D)
such that the quotient sheaf has no torsion, hence locally free. By using locally
free resolutions, we obtain that Ky(X) is generated by the classes [Ox(D)] of
invertible sheaves.

We can do better. Consider the map

det : Ko(X) — Pic(X), € — det(&) := A"k (&),

where £ is a locally free sheaf, and we use that Ko(X) is generated by the
classes of those. An exact sequence (2.50) of locally free sheaves gives det(€) =
det(&1) ® det(&;). This shows that the map is well-defined and is a homomor-
phism of abelian groups. Consider the map

a: Ko(X) — Z® Pic(X), €& — (rank(€), det(E)).

It is obviously a surjective map. It is not a trivial fact that « is an isomorphism.
In fact, this homomorphism is defined for varieties of any dimension, and its
kernel is isomorphic to F2 (K (X)), where F*(K(X)) is the subgroup generated
by the classes of sheaves with support in a closed subscheme of codimension > i
(see [Manin, Russ. Math. Survey, 1969).

In the case when £ is locally free, the Riemann-Roch gives

X(X, &) = degdet(&) + rank(E)(1 — g).
For any two complexes F*,G®* € Ob(D%(X)) define
X(F*,G%) = 3" (1) dimy, Bxti(F*,6°) = x(F & G°).

Define the Mukai pairing on H*(X,Q) by
(v,0")x = / exp(c1(X)/2) -vY -0/,
X

where, for any v = Y v, € ®H*(X,Q), we set v¥ = _(—1)*v.
Proposition 2.2.12.
X(F*,G%) = (Mu(€®), Mu(G*)).

Proof. By Riemann-Roch,

X(F*,G%) = x(F*Y é@ G*) = /X ch(£*Y) - ch(F*®) - td(X) (2.51)

- /X (ch(€®Y) - VEA(X)) - (ch(F*) - /Ed(X)).
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If ¢;(F*) = [](1 + a;t), then ch(F*Y) = [[(1 — a;t). This gives ch(F*®) =
Yo, e % =ch(E®)Y. Now it is easy to see that

6d(2)” - exp(es(X) = [T =5 - [T

where ¢;(7Tx) = [];(1 +7;t*). Thus we can rewrite (2.51) in the form

X(F*,G7) = /X exp(e1 (X)/2) - Mu(F*)Y - Mu(G").

This proves the assertion. O

Example 2.2.13. Assume dimX = 1. Let v = vp + v; € H*(X). Then v¥ =
vo—v1 and td(X) = [X]—Ftd(X)l, td(X) = [X]+%td1 Let f = [ ], [ ]
then
X(F*,6°%) = (Mu(f)", Mu(g))
1

= (X1 (1= 9)(ehols) — chu()(cho(g) + cha()(1X] - 5ed)(1X] + 5td)

= ch(f)och(g)o(1 — g) + ch(f)chi(g) — ch(g)ch(f)
= rank(€®*)rank(G®)(1 — g) + rank(F*) deg det(G*) — rank(G*®) deg(det(F*)).

Here
rank[K®] = Z(—l)iranlei = Z(—l)irankHi(IC'),
i i
and the rank of a coherent sheaf is equal to the dimension of its stalk at the
general point n over k().

Example 2.2.14. Let F* = G* = &, where £ is an object-complex correspond-
ing to a locally free sheaf of rank r. We get

X(E,E) = x(EY ® &) = Mu(€)? := (Mu(€), Mu(&)).

We have dim H(£Y ® £) = dimy, Endy(€). A locally free sheaf (or the corre-
sponding vector bundle) is called simple if Endy(£) = k. Using the deformation
theory one can show that m = dim H}(X,EY @ £) is equal to the dimension of
the moduli space of simple vector bundles at the point corresponding to £. If
dim X =1, we get the formula

m = rank(£)?(g — 1) + 1.

In the case rank(€) = 1, we obtain m = g = dim Pic?(X), where d = deg(€).
If dimX = 2 and wx = Ox (i.e. X is an abelian surface or a K3 surface),
we can use the Serre duality, to obtain dim H?(X,£Y ® £) = dim End(£). This
gives the formula
m =2 — Mu(€)?.
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In particular, simple bundles which are rigid, i.e. m = 0, satisfy Mu(€) = 2.
For example, let rank & =r, ¢;(€) = ¢;. We have ch(€) =7+ ¢1(€) + 3¢} — c2,
td(X)1 = 0,td(X)2 = x(X,Ox), Vtd(X) = 1 + 2x(X, Ox). This gives

Mu(&) = (Mu(&)o, Mu(&)1, Mu(&)2) = (r,c1(£), %(TX(X, Ox) +cf) - e2),

Mu(€)? = (r — 1)c? — 2rep + r2x(X, Ox). (2.52)

Assume r = 1. We get Mu(€)? = 0 if X is an abelian surface, so that m = 2,
and Mu(€)? = 2 if X is a K3 surface, so that m = 0.

Remark 2.2.15. For a K3 surface X one defines the Mukai lattice by Mu(X) =
H°(X,Z) @ Pic(X) ® H*(X,Z) with inner product

(a,b,c)- (a',b',c)y=b-b —ad' -c—d -ec

We have
(Mu(e), Mu(e')) x = —Mu(e) - Mu(e’).

2.3 Equivariant derived categories

Let C be a category and G be a group object in C, i.e. a Gr-object in C, where
Gr is the category of groups (see section 1.1). For any S € Ob(C), the set
G(S) := hg(S) = Morc(S,G) is a group and, for any morphism S’ — S in
C, the maps G(S) — G(S5’) are homomorphism of groups. Assume that C has
products and the functor S — {eg(s)} C G(S), where eg(g) is the neutral
element in G(59), is represented by a final object e in C. By Yoneda’s Lemma,
there is a morphism p : GXG — G (the group law) such that, for any S € Ob(C),
the map of sets u(S) : G(S) x G(S) — G(S) is a group law on the set G(S).
There is a morphism € : ¢ — G defined by h.(S) — G(S) with the image equal to
eq(s)- Also there is morphism ¢ : G — G with G(S) — G(S) expressing taking
the inverse. The morphisms u,€,: must satisfy certain natural commutative
diagrams describing the group axioms.

An action of G on X € Ob(C) is a morphism o : G x X — X such that the
corresponding map of pre-sheeaves hg x hx — hx is an action in the category of
presheaves. For any S € C we have a group action ¢(S) : G(5) x X(S5) — X (5)
in the category of sets, where X (S) = hx(S). These actions must be functorial
in S. For any g,h € G(S),x € X(S) we write g-h = u(S)(g,h), g-x = o(S)(g,x).

Let (X, o) be a pair consisting of an object X and a G-action o : Gx X — X.
A G-equivariant morphism (X,0) — (X’,0’) is a morphism f : X — X’ such
that the diagram

GxX—"—X

\LidGXf lf

Gx X Z— X'
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is commutative. It is easy to see that the pairs (A4, 0) with G-equivariant mor-
phisms form a category which we denote by Cq. It admits a forgetting functor
Cqe — C.

Suppose D is a fibred category over C. We have the functors ¢* : Dy —
Daxx and pri : Dx — Dxxqg, where pry : G x X — X is the projection. A
G-linearization on an object A in Dy is an isomorphism

pry (4) — o™ (A)
satisfying the following cocycle condition. We have three morphisms

P23
ﬁﬁ
G x A X ﬁa—“(jmx G x X,
B ——

where po3 is the projection to the product of the last two factors. We require
that

(nxidx)" (@) = ((idg x 0) 0 p12)" ().

To understand this condition, let o : ¢ — G be the morphism defining the
neutral elements in G(S). Since e is a final object in C we may identify e x X with
X. Let g€ G(e) and oy = oo(gxidyx) : X =exX — X. Forany A € Ob(Dx)
set g*(A) = 0 (A) € Ob(Dx). The composition pryo(gxidy) : X =exX — X
can be identified with the identity idx. The linearization « : pri (4) — o*(A)
defines an isomorphism

ag = (g xidx)"(0) : A — g"(A).
The cocycle condition can be expressed as follows. For any g, h € G(e)
agpn =h"(ag)oap : A — h*(A) — h*(g"(A)). (2.53)

A G-object in Dx is a pair (4, «), where « is a G-linearization on A. One
defines naturally the category Dx , of G-objects in Dx. A morphism (4, a) —
(B,f) is a morphism ¢ : A — B in Dx such that the following diagram is
commutative

For any equivariant morphism f : (X,0) — (Y,0’) and a G-object (A, «) in
Dy, the object f*(A) in Dx admits the linearization equal to (idg x f)*(«).
One checks that the assignment (X,0) — Dx , defines a fibred category over
Ce with functors f* corresponding to G-equivaraint morphisms.

Example 2.3.1. Let Top be the category of topological spaces and G be a group
considered as a topological group with discrete topology. Let 0 : G x X — X
be an action of G on X in the category of topological spaces. This means that,
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for any g € G, the map ¢ : X — X,z — g -, is continuous. Let Sh® be the
fibred category over Top that assigns to each X the category Sh%}) of abelian
sheaves on X with the pull-back functors f*. As above we form the category
Top, of topological spaces with an action of the group G and consider the
fibred category X — Sh%b(X ) of G-linearized abelian sheaves, or just abelian
G-sheaves. Taking for the final object e in Top a singleton {e}, we see that a G-
linearization is defined by isomorphisms a, : A — ¢*(\A) satisfying the cocycle
condition (2.53).

One can also express the linearization as follows. Recall the original defini-
tion of a sheaf F in terms of its espace étale. It is a topological space Es(F)
which, as a set, is equal to the union [], .y F, of stalks. It comes with the
projection Es(F) — X by sending F,. to . We equip the set with the strongest
topology such that all local sections s : U — Es(F) defined by s — s, € F,
are continuous maps. In this way F is reconstructed from Es(F) by expressing
F(U) as the set of all continuous sections U — Es(F). Now one can check that
a G-linearization on F is a lift of the action of G on X to Es(F) compatible
with the projection.

Recall that a morphism of ringed spaces (X,0x) — (Y, Oy) consists of a
continuous map f : X — Y and a map of sheaves f# : Oy — f.Ox. We
consider a group G as a discrete topological space with the constant sheaf of
rings Z¢g. The product (G,Z¢) x (X,Ox) can be identified with the disjoint
sum [ ] gec Xg of copies of X together with the sheaf of ring equal to Ox on each
component X,. An action of G on (X, Ox) consists of an action G x X — X in
the category Top together with a morphism of sheaves o : Ox — 0.(Ogxx)-
It is easy to see that it is defined by a collection of automorphisms g : (X, Ox) —
(X, Ox) satisfying the cocycle condition. By definition of a morphism of ringed
space, for any open subset U C X, there is an isomorphism of rings ¢*Ox (U) —
Ox (g7 (U)), these isomorphisms must define a G-linearization on the sheaf Oy.

This defines a category RTop, whose objects are ringed topological spaces
together with a G-action. Now we can consider a fibred category over RTop, by
assigning to each (X, Ox) the category Modg(Ox) of G-linearized O x-modules.
We call its objects G — O x-modules.

For example, suppose G acts trivially on X and on Ox. Then a G — Ox-
module is defined by a set of isomorphisms ¢, : A — ¢g*(A) = A of Ox-modules
such that ag.o» = a4 0 ag. In other words it defines a homomorphism of groups
G — Autp,(A),g — a4. Specialing more, we take for X a point so that
Ox is aring R and A is a R-module M. Then a G — Ox-module becomes a
representation of G in M, i.e. a homomorphism G — Autg(M).

More generally, suppose GG acts trivially on X but not necessary trivially
on Ox. We can define a new sheaf of rings Ox#G whose sections on an open
subset U is the skew group algebra Ox (U)#G. Recall that for any ring R with
a group action G — Aut(R),(g,7) — 97, one defines the skew group algebra
R#G. Tt is the free abelian group R of formal linear combinations gec a9
with product defined by

(rg '9)(79’9/) = rggrg/gg’,
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One can show that Modg(Ox) is equivalent to the category Mod(Ox#G).

It is easy to check that the category of G—O x-modules is an abelian category.
It also has enough of injective objects. Here is the proof due to A. Grothendieck.

Let M, be a collection of Ox z-modules for all 2 € X. It defines a sheaf
by setting M(U) = [[,cp Mz. In other words M = [], . x(iz)«M,, where
ip : © < X 1is the inclusion map and M, is the sheaf on x with value M,. For
any Ox-module F a map of F to M is defined by a family of homomorphisms
Fo — My, x € X. Let Y = X/G be the set of orbits of G. For each x € X
let Uy, = Ox »#G,, where G, is the stabilizer of z. For each y € Y choose
a representative {(y) € G - x and let U, = Ug(,). Define the sheaf of algebras
U = [],ey(iy)«(Uy). Let A be the sheaf defined by a collection (A4y)yey of

Uy-modules. Now define a G — Ox-sheaf A on X by the collection of modules
A, = A, where ¢ = g(£(y)). The group G acts naturally on A via its natural
action on Es(A). For any G — Ox-sheaf M on X let M be the sheaf of U-
modules defined by the U,-modules M¢(,). Then

Homy (M, A) = Home, (M, A).

Indeed an element in the first set is defined by a collection of homomorphisms
M, — Ay = gAg(y) which is determined uniquely by homomorphisms Mg (,) —
Ay.

Now it remains to take A to be defined by a collection of injective U,-
modules. The corresponding sheaf A is an injective G-sheaf of @ x-modules.
Since Mod(U) has enough injective modules, we can embed M in an injective
A, to get an embedding of M in an injective O x-module A.

Let S = Sch/k be the category of schemes over a field k. A group object G
in Sch/k is called a group scheme over k. Consider the fibred category X —
Qcoh(X). Let 0 : G x X — X be an action. For any field extension K/k we
have an action G X X — X, where the subscript denotes the base extension.
Now an element g € G(K) defines an automorphism ¢g : Xx — Xk and the
functor g* : Qeoh(Xg) — Qeoh(Xgk). A G-object in Qcoh(X) is a sheaf F
such that for all K/k there is an isomorphism «ay : Fx — g*(Fx) satisfying the
cocycle condition. These isomorphisms should be compatible with composition
of extensions.

From now on we will restrict ourselves with the special case when § is the
category AV/k of algebraic varieties over a field k and G a finite group, con-
sidered as a constant group scheme over k (i.e. the Yoneda functor hg is the
constant presheaf with values equal to G). In this case the action of G on
X is determined by a homomorphism G — Autg(X). A linearization on a
quasi-coherent sheaf F is a family of isomorphisms of sheaves ¢y : F — g*(F)
satisfying the cocycle condition. Let Qcohs(X) be the category of G-linearized
quasi-coherent sheaves.

Example 2.3.2. Suppose &£ is a G-linearized locally free sheaf of rank r on
a scheme X over a field k. Let V(&) = Spec Sym®(£Y) be the corresponding
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vector bundle. The sheaf of local sections of V(&) is isomorphic to £. A G-
linearization defines isomorphisms ay : € — g*(£), and hence their transposes
g (&)Y = g*(EY) — &Y. Taking the symmetric powers we obtain isomorphisms
g*(Sym*(£Y)) — Sym®(£Y) which define isomorphisms of vector bundles &, :
g*(V(€)) = X xx V(&) — V(&), the base change with respect to the morphism
g : X — X. For each point « € X the morphism &, defines a k(z)-linear
isomorphism of the fibres V(£)y-1(;) — V(€),. Thus a G-linearization on &
allows one to lift the action of G on X to the action of G on V(&), compatible
with the natural projection morphism V(&) — X. The converse is also true.

Example 2.3.3. Let X be an integral scheme with an action of a constant group
scheme G. Let Pic(X) be the group of isomorphism classes of invertible sheaves
on X, or, equivalently the group of Cartier divisors modulo principal divisors.
Let £ = Ox(D) be the invertible sheaf defined by a Cartier divisor D on X.
The group G acts naturally on the constant sheaf k(X) of rational functions
on X. We denote the action by f — 9f. If f is considered as a morphism to
P!, then 9f = f o g~!. Via the action of G on k(X)*, the group G acts on the
group of Cartier divisors CDiv(X) = I'(k(X)*/O%) (by transforming the local
equation ¢ = 0 on U into the local equation 9¢ = 0 on g~ 1(U)).

Suppose D is a G-invariant divisor, i.e. ¢*(D) = D (considered as a sections
of k(X)*/O%). Then Ox(D)(U) = {f € k(X)* : fDy € Ox(U)/Ox(U)*}.
Thus f — 9f defines an isomorphism Ox(D)(U) — Ox(D)(g~Y(U)), f — 9f.
These isomorphisms define a linearization a4 : ¢*(Ox (D)) — Ox (D). This
defines a homomorphism from the group Div(X)® of G-invariant Cartier divisors
to the group PicG(X ) of isomorphism classes G-linearized invertible sheaves.
An element of the kernel corresponds to a principal G-invariant Cartier divisor
D = div(f). The function f must satisfy div(9f) = div(f) and hence satisfy
9f = cqf, where ¢, € Ox(X)* is an invertible global section of Ox. The
assignment g — ¢, defines a homomorphism of groups x : G — Ox(X)*
It is clear that Ox (D) belongs to the kernel of the forgetting homomorphism
r: Pic¥(X) — Pic(X). Although as an element of Pic®(X) it is trivial if and
only if x is the trivial homomorphism. In this case D = div(f), where f is a
G-invariant section of k(X)*.

Now start with any G-linearized invertible sheaf £ defining an element of
Pic®(X). Choose an isomorphism £ = Ox (D) for some Cartier divisor D
and transfer the linearization to Ox (D). An isomorphism ¢y : g*(Ox (D)) —
Ox (D) is defined by a rational function f, such that D+div(f,) = g*(D). The
cocycle condition implies that fgoq = 9f4 f4 for any g,¢" € G. In other words
the collection {f,}gseq is a 1-cocycle of G with values in k(X)*. If we consider
k(X) as a Galois extension of its field of invariants k(X ) with the Galois group
G, then the famous Hilbert’s Theorem 90 implies that H (G, k(X)*) = 0. Thus
we can write f; = 9a/a for some a € k(X)* independent of g. Replacing D with
D’ = D — div(a), we obtain g*(D’) = D’ for any g € G. Thus £ is isomorphic
as a G-sheaf to a sheaf Ox (D) corresponding to G-invariant divisor.

To sum up we obtain that Pic®(X) is isomorphic to the group of G-invariant
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divisors modulo principal divisors. We have an exact sequence
0 — Hom(G, Ox (X)*) — Pic®(X) 5 Pic?(X) — H*(G, Ox(X)*).

One can prove that the last homomorphism is surjective when X is a smooth
projective curve.

Let us specialize. Take X to be a smooth projective curve over an alge-
braically closed field k. A Cartier divisor D can be identified with a Weil divisor
D =3 nyx. It is G-invariant if the function  — n, is constant on G-orbits.
Thus any G-invariant divisor is an integral linear combination of orbits. Let
m: X — Y = X/G be the projection to the orbit space (which is a smooth
projective curve). A G-invariant principal divisor is a linear combination of
scheme-theoretical fibres of 7. Let y1, ..., y, be the orders with non-trivial sta-
bilizers of orders ey, ..., e,. Assume Y = PL. Let Pic%(X)? be the subgroup
of isomorphism classes of G-linearized invertible sheaves of degree 0. It is equal
to the kernel of the homomorphism deg : PicG(X ) — Z defined by the degree
of a divisor. The image of PicG(X ) under this homomorphism is equal to a
cyclic group (m). Since the canonical sheaf wx admits a G-linearization (the
corresponding G-invariant divisor can be defined by using the Hurwitz formula
Kx = n*(Kp1) + R, where R = > d,y; is the ramification divisor), we have
m|2g — 2.

By above any element of PicG(X) is represented by a sum D = ) nyy,
where y € Y is considered as an effective divisor on X representing the orbit
defined by y. For any y &€ {y1,...,yn}, we can find a rational function f on
P! such that y — e;y; = div(f). This shows that that we may represent an
element of Pic%(X)° by a linear combination Y nsy; with . n; = 0. Its kernel
consists of linear combinations Y m;e;y;, where > m; = 0. This defines a
natural isomorphism

Pic?(X)? — A(ey, ..., e,),

where A(eq,...,e,) is the abelian group defined by generators g1,...,g, and
relations g1 +...+ g =0,e;9; = 0,2 =1,...,7. Using the theory of elementary
divisors in the theory of abelian groups, we obtain

Aler,...,ep) 2 Z2/aZ® ... ®ZL/a,Z,
where a; = ¢;/c¢;—1, co = 1, and
e = g.c.d.((€iy € )1<iy<<ip<r), k=1,..., 7 =1

For example, if g.c.d.(eq,...,e,) = 1 we get Pic®(X)? = {0}. On the other
hand, let X = P! and G = Z/2Z that acts by (to : t1) — (—to,t1). We assume
that char(k) # 2. The exceptional orbits are 0 = (1 : 0) and oo = (0 : 1) with
e1 = ea = 2. A field of invariant rational functions is equal to k(z?), where
x = t1/tg. Thus we see that Ox admits two non-isomorphic linearizations
corresponding to the divisors D = 0 — oo and D = 0. They correspond to the
group of characters Hom(Z/2Z, k*) = 7/27Z. Every sheaf Ox(n) admits two
non-isomorphic linearizations corresponding to the divisors n-0 and (n+1)-0—o0.
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Lemma 2.3.4. Let G be a group scheme. The category Qcohg(X) is an abelian
category. If G is a constant group scheme then Qcohn(X) has enough injective
objects.

Proof. Let 0 : G x X — X be the action. It is equal to the composition of
the morphisms pry o (idg,0) : G x X — G x X — X. The first morphism
is an automorphism and the second map is a flat morphism. Thus o is a flat
morphism. This implies that ¢*, ¢* are exact functors. Let K = ker(F — §)
be the kernel of a morphism of G-bundles. Then *(K) = ker(c*(F) — 0*(G)),
q*(K) = ker(¢*(F) — ¢*(9)) and the isomorphisms « : ¢*(F) — ¢*(F),[ =
0*(G) — ¢*(G) restrict to an isomorphism ¢*(K) — ¢*(K) defining a lineariza-
tion on K. Similarly we prove that the cokernels exist in Qcohg(X).

The statement about sufficiently many injective objects follows from the
previous example. It is easy to see that the injective sheaves of modules we
used are quasi-coherent. O

Example 2.3.5. Assume X = Spec A and G = Spec O(G) are affine schemes.
An action of G on X is defined by a structure of a Hopf algebra on A. It is a
group object in the dual category. In particular, it comes with a homomorphism
p# : O(G) — O(G) @ O(G) defining the group law on G and a homomorphism
o# : A — O(G)®A defining the action on X. For any ring K and x € X (K),g €
G(K), we have pu(g,x) is defined by a homomorphism A — O(G) ® A 983
K ® K — K, where the last homomorphism is the multiplication. Assume G
is a constant affine group scheme defined by an abstract group G. This means
that O(G) = Z% with multiplication law of functions. An action of G on X
is defined by a homomorphism of groups ¢ : G — Aut(A). In terms p# this
is defined by the homomorphism A — O(G)® A = A% a — f, : g — Ya,
where ¢(g)(a) = 9a. For any A-module M let 9M denote the A-module M
with scalar multiplication defined by a-m = 9m. Let 9A be the structure of an
A-algebra on A defined by the homomorphism of rings A — A,a — 9aA. Then
IM =2 M ®4 9A. Geometrically, IM™~ = g*(M"™), where g : SpecA — SpecA
defined by the homomorphism of algebras A — 9A.

A G-linearization on M consists of a collection of isomorphisms of A-modules
ag : M — 9M. Note that, for any g € G,a € A,m € M, we have az(am) =
Yaag(m). For any h € G the automorphisms aj, defines the automorphism
IM — "M which we denote by g*(ay,). The collection of automorphisms o
must satisfy the cocycle condition agp, = h*(ag) o ay.

Let A#G be the skew algebra. A G-linearized A-module M defines a module

over A#G by setting
(Z agg)m = Z agog(m).
geG geG

We have

agg((anh)m) = ag(ag(anan(m)) = ag’anag(an(m))

= ag?aph*(ag)(an(m)) = ag?anagn(m) = ((agaq)(anh))m.
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Conversely any A#G-module M defines a G-linearized module by restricting
the scalars to the subring {al,a € A} =2 A of A#G. In this way we get an
equivalence of categories

Mod(A#G) ~ Qcohg(X).

Remark 2.3.6. More generally assume that X is a scheme on which a constant fi-
nite group scheme G acts by automorphisms. Then there exists a coherent sheaf
of algebras Ox#G on X such that Mod(Ox#G) is equivalent to Qcohq(X).
For any G-invariant open affine set U the restriction of Ox#G to U is isomor-
phic to the sheaf of algebras associated to the Ox (U)-algebra Ox (U)#G (see
D. Chan, G. Ingallis, Proc. L.M.S. 88 (2004)).

Definition 2.3.1. Let X be a smooth projective variety over a field k together
with an action 0 : G x X — X of a constant finite group G. We define the
equivariant derived categories by setting

DY(X) = D*(cohg (X)), Dgi(X) = D*(Qeohg(X)).

Remark 2.3.7. By definition, objects of D(X) are bounded complexes of coher-
ent G-sheaves with invertible quasi-isomorphisms. It is clear that each complex
defines a G-linearization on the corresponding object of D¥(X) with respect to
the functor o* : D¥(X) — D®(G'x X). This defines a functor D%(X) — D%(X).
If |G| is invertible in & this functor is an equivalence of categories. Since taking
invariants is the exact functor, one easily sees that a G-equivariant morphism of
complexes F* — G* defines a G-invariant morphism of its components ¢ — G*.
This implies that the functor is fully faithful. A choice of a bounded resolution
¢ : F* — I° of a G-invariant complex, allows one to transfer a G-linearization
on Z° defined by oziq =¢oago¢~!:I* — g*Z°. Since morphisms of injective
complexes in the derived category are ordinary morphisms of complexes, we
see that the linearized injective resolution is an object of D%(X). This shows
that our functor is an equivalence of categories (see D. Ploog, Adv. Math. 216
(2007)).

Let F,G € Ob(Qcohg(X)). The group G acts on Homx (F, G) in the obvious
way by 9¢ = 3,1 0 g*(¢) 0 ay, where oy : F — g*(F), By : G — g*(G) define the
linearizations on F,G. It follows from the definition that

Homg (F,G) := Homqeon, (x)(F,G) = Homy (F,G)¢,
where for any set S on which a group G acts
S¢={seS:g-5s=s,YgecG}.

The structure sheaf O x admits a canonical G-linearization which comes from
a canonical isomorphism ¢*(Ox) — Ogxx equal to the composition of the
homomorphisms ¢*(Ox — 0.0cxx) and 0*(0.0gxx) — Oaxx and similarly
for *(Ox) — Ocrx.
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Taking in particular, F = Ox with its canonical linearization, we see that
G acts k-linearly on Homx (Ox,F) = F(X). In particular,

Homg(Ox, F) = F(X)C,

the subspace of invariant elements.

Consider the functor I'¢ : F — F(X)¢ from Qcohg(X) — Vect(k). By
taking injective resolutions in the category Qcohs(X) we can define the de-
rived functor. Its values on F are denoted by HE (X, F) and called the equiv-
ariant cohomology. The functor I'C is equal to the composition of functors
Qcohs(X) — Vectg(k) — Vect(k), where the first functor is taking the global
sections and the second functor is taking the subspace of G-invariant elements.
For any G-module M (i.e. a module over the group algebra Z[G]) we denote by
H(G, M) the cohomology group of G with values in M. It can be defined as the
value of the ith left derived functor of the functor M — MY. If M arises from a
module over R[G] for some commutative ring R, then M — H*(G, M) is a func-
tor with values in Mod(A). The derived functors are defined by using injective
objects in Mod(k[G]) which acyclic with respect to the functor H°(G,?). Since
F(X) is an injective module for any injective sheaf, we can apply the spectral
sequence of the composition of functors to obtain a spectral sequence

EPY = HP(G,HY(X,F) = HA(X, F). (2.54)

Assume that |G| is invertible in k, then the functor V — V& in Vectg(k)
is exact since any G-vector space V has V& as the direct summand in the
category Vectg (k) (use the averaging operator |G|~ > gec 9")- This shows
that the spectral sequence of the composition of functors degenerates and we

get an isomorphism 4 4
HL(X,F) = H(X,F)°. (2.55)

Similarly, we can define equivariant Exts (F,G) as the derived functors of the
functor G — Homg(F,G) from Qcohs(X) to Vect(k) and get a spectral se-
quence prove that

EY? = HP(G,Ext!(F,G)) = Ext&(F,G). (2.56)
If |G| is invertible in k, we get an isomorphism
Ext(F,G) = Ext"(F,G)“.

Let us replace Qcohg(X) with Sh2P(X). This time we have a functor I'C :
ShZ’(X) — Ab which is the composition of the functors Sh’(X) — Abg — Ab
as above. The functor A — A(X)% is not exact anymore for any group G # {1}.
There is a spectral sequence similar to (2.54).

Suppose G acts trivially on X. For any G-invariant open subset j : U C X,
the sheaf j*F = F|U is equipped with a natural G-linearization, the pull-back
j*(c) of the linearization « : 0*F — ¢*F. Thus G acts on H*(U, F) = F(U)
and we can take invariants F(U)“. The assignment U — F(U)¢ defines a
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sheaf on X which we denote by F&. Recall that the category Qcohs(X) is
equivalent to the category Mod(Ox[G]). An injective G-sheaf F corresponds
to an injective sheaf of modules over Ox[G]. Its subsheaf of invariant elements
is a flasque sheaf on X. In fact, for any sheaf of modules G and an injective
sheaf of modules F, the sheaf Homo(¢(F, ) is flasque (the proof is similar
to the proof of Lemma 2.4 in Chapter III of [Hartshorne|). Taking G = Ox
considered as a Ox[G]-module, we get the assertion. Thus we can construct a
spectral sequence of composition of functors F — F¢ — F(X)¢ = F(X)¢

EPY = HY(X,HY(G,F)) = HLH(X,F). (2.57)

Again, if |G| is coprime to the characteristic, we get H¢(G,F) = 0,q > 0 and
obtain an isomorphism

HA(X,F)= H"(X,FY).

All of this generalizes to objects in Dg’;(X ). The group G acts on the vec-
tor space Homp_ (x)(F*,G*) and we get (assuming that |G| is invertible, ser
Remark 2.3.7)

Homg(F*,G*) := Hompg (x)(F*,G*) = Homp, (F*,G°)°.
Since the linearization commutes with the shift, we get
Ext’bc?c(X)(}", G*) := Homg(F*,G°[i]) = Ext,_(F*,G°)°.
This implies that
RHomg(F*,G*) = RHomg(F*,G*)¢.

If |G| is not invertible in k, we have to compute Exté (F*, G*) by using two
spectral sequences

EY? = Ext(F*, HU(G*)) = Extg(F*,G%)
By = Extg(H™1(F*), H'(G*)) = Extg(F*, H'(G*))
together with spectral sequence (2.56).

Let G act on X and G’ act on Y. Let f : X — Y be a ¢-equivariant
morphism with respect to a surjective homomorphism of groups ¢ : G — G’, g —
g, with kernel K. Let F* be an object of DS, (X). We can equip Rf.F*® €
Db (Y) with a G'-linearizations as follows. Consider the morphism oy = ¢/0(¢x
idy): GxY =Y, where ¢/ : G’ xY — Y is the action of G’ on Y. It describes
the action of G’ on Y. The base change (G xXY') X4, ;X is isomorphic to G x X.

The isomorphism is defined on points by ((g,¥),z) = (9,5 *(f(x)),z) — (g, z).
Now we have a commutative diagram

Gx X Z—>X .

iidGXf J{f

GxY sy
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Since the morphism oy is flat and higher direct images commute with flat base
changes, we obtain

R(idg x f)«(prx (F*)) = pry (Rf.(F?)),

R(idg x [)«(0"(F*)) = oy (RS (F?)).

Let « be a G-linearization on F*. Now R(¢ x f).(«) defines a G-linearization
on Rf.(F*). Since the group K acts trivially on Y in the action oy : G XY —
Y, we can take the invariants Rf,(F*)¥. This comes equipped with the G’-
linearization and defines the push-forward functor

RfX:DE(X) — DS (Y).
If |G| is coprime with the characteristic, we get
H'(RfE(F)) = (R LF)E.

Note the special case, when K = G and f : X — Y is an equivariant, where G
acts trivially on Y.

On the other hand we can consider the left derived functors R*fX of the
functor F* — (f.F*)¥. Since the functor f& = RO fK is equal to the composi-
tion of the functors f, and the functor F — F¥ and as noticed before the sheaf
of invariants of an injective sheaf is flasque, we obtain a spectral sequence

B} = HY(K, R'f.F) = R"fX(F),

where F — HP(K, RIf,F) are the left derived functors of the functor F — FX.
If |G| is coprime to the characteristic, this functor is exact, and we obtain an
isomorphism

(R"f.F) = R"f(F).

Another spectral sequence can be obtained by considering the composi-
tion of functors F* — (f.F*)X — T(Y, (f.F*)¥) equal to the functor F* —
I'(X,F*)X. The spectral sequence is

Y = HP(Y, RUfEF*) — Hy (X, 7).
One can show that, for any coherent sheaf
(RUFEF)y = HI (Ko, Fo),

where z is any point in the fibre f~1(y). In particular, when | K| is coprime to
the characteristic, (RIfXF) = 0,¢ > 0, and we obtain an isomorphism

H™MY, (f.F)") = Hi (X, F).
Also, for any F* from Dgi(X ), the spectral sequence

By = RPFE(HY(F*)) = R[5 (F*)
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degenerates in this case, and we obtain
RE(F®) = fE(HYF?)).

Note that we have another spectral sequence (2.2) with the same limit. When
both of them degenerate, we get an isomorphism

H™(X,F)¢ = H"(Y, (f.F)Y).
For example, take F = Ox and f: X — Y = X/G, to obtain
H"(X,0x)% = H"(Y, Oy).

2.4 The Bridgeland-King-Reid Theorem

From now on we will be considering G-actions on irreducible quasi-projective
algebraic varieties, where G is a finite constant group scheme of order prime
to the characteristic of the ground field k. We assume that k is algebraically
closed. Now we are in a position to define an integral transform

oYX DS(X) — DS (Y),
where P* € Ob(DE*C' (X x Y)). It is equal to the composition of functors
L
Ppe Y = Rp ! o (P*®) o py.

L
Here we equip the derived tensor product P® ®pr3 F* with the canonical G x G'-
linearization defined by the tensor product of linearizations which we leave to
the reader to define.
Similarly we define
X—-Y G’ G
CI)’F" :ch<Y)_>ch(X>7
by
, L
OV = Rpi© o (P*®) o p.

We say that @%?X is an equivariant Fourier-Mukai transform if there exists
Q* € Ob(D%*C (X xY)) such that ®37Y is a quasi-inverse functor of ®3X.

We leave the proof of the next proposition to the reader. It is an equivariant
version of (2.38).

Proposition 2.4.1. Let (X,G),(Y,G"),(Z,G") be three varieties with group
actions. Let P* € Ob(DE*C' (X x Y)) and Q* € Ob(DE'*C" (Y x Z)). Then

PG 0 037 = 087,

where Q® o P* € Ob(DY (X x Z)) is defined by

L
Q" 0 P" = RplE (51(P) & p3y(Q)),
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where the tensor product is equipped with the (G X G X G2)-linearization equal
to the tensor product of G1 X G2 X G3 linearizations corresponding to the pas-
equivariant morphism prog : X XY X Z — Y x Z and the pis-equivariant
morphism priy : X XY X Z — X xY (here p;j : G1 X Ga x Gg — G; x G; is
the projection homomorphism,).

Proposition 2.4.2. Let ¢ : G — G’ be a surjective homomorphism of groups
with kernel Kand f : X — Y be a ¢p-equivariant morphism. Then the functor
fro DqGC/(Y) — DqGC(X) is a left adjoint of the functor RfE : Dgc(X) —
DS (Y).

Proof. We know that Hong(X)(7'7 G*) = Homp_ (x)(F*, G*)¢ and the func-
tors f* and R f, are adjoint. Taking G-invariants in the isomorphism

HOIanc(X) (f*j:., g.) = HOHquc(y) (.7:., Rf*g.)

we get
Hompe x)(f*F*,G%) = Homp, (v)(F*, Rf.G")

= Homp,(v)(F*, RfIG")Y = Homper () (F*, RFIG?).

This proves the assertion.
O

We leave to the reader the proof of an equivariant version of Proposition
2.2.4 that uses Proposition 2.4.2.

Proposition 2.4.3. Assume ®%X : D (Y) — D%(X) is an equivariant in-
tegral transform. Assume X,Y are smooth projective varieties. Then the func-
tors @gfvgm;wy[dim Y] is its its right adjoint functor and @gﬁgm}w{[dm X] is
its left-adjoint functor. Here the tensor product is equipped with the G x G-
linearization of the tensor product.

Example 2.4.4. Assume a finite group G acts freely on a smooth quasi-
projective variety X of dimension n. Let Y = X/G be the quotient and
f X — Y be the canonical projection. Consider f as the equivariant mor-
phism with respect to the trivial homomorphism of groups G — {1}. The
functor f*: D(Y) — DY(X) is equal to the integral transform ®%:°% with the
kernel P* = Or,, where I'y is the graph of f. The functor f¢ = RfC is the
integral transform ®X:"Y with the same kernel. The composition f& o f* is the
integral transform with the kernel

L
K = Rp3(p12(Ory) © p33(Or,)),

where p;; are the projection maps of Y x X x Y and 7: X xY — Y x X is
the switch. We have p’{Q(Op}) = OF}Xy, and p33(Or;) = Oyxr,. Since G acts
freely, the morphism X — Y is étale, hence Y is smooth and ¥’ xI'y — Y x X xY
is a regular closed embedding (i.e. locally complete intersection of codimension
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n). The same is true for the embedding It XY < Y x X xY. This implies
that all Tor; vanish and

L
P12(Or7) @ pa3(Or,) = pia(Ory) @ pa3(Or,) = Orrxyyn(yxry) = Ox,

where X is embedded in Y x X XY by (f,idx, f). Since p13 restricts to a finite
map, we obtain

K= f&(Ox) = Oy.

This shows that f& o f* = idqeoh,(v)-

Next we prove that f*o f¢ = id pa(x)- We use a similar argument. Consider
X xY x X and show that

P12(Or;) Npa3(Ory) = Ox iy x,

where X xy X is embedded in X x Y x X by (idx, f,idx). The restriction
of the projection pi3 to X Xy X can be identified with the closed embedding
i:X xy X < X x X. Thus the composition f* o f& is given by the integral
transform ®% ~X : DY(X) — D%(X) with kernel isomorphic to i, (Ox xy x). It
is equal to the composition p§ o p3, where p; are the projections X xy X — X.
Since G acts freely, we have a G X G-equivariant isomorphism (o, pry) : Gx X —
X xy X. This easily implies that ®3 X (F*) = o%(pri(F*)) = F*. Here
pri (F*) is considered as a G x G-sheaf on G x X.

Definition 2.4.1. Let G act faithfully (i.e. with trivial kernel) on a variety
X. A 0-dimensional G-invariant closed subscheme Z of X is called a G-cluster
if the linear representation of G in H°(X,0y) is isomorphic to the regular
representation of G.

Let Z be a cluster which is a reduced closed subscheme. Then h%(Oyz) =
dim k[G] = |G|, i.e. Z consists of |G| closed points. Obviously, it must be a free
orbit of G, i.e. an orbit with with trivial stabilizer. Let X//G be the closure
of the set of points in the Hilbert scheme Hﬂb“GH(X ) representing reduced G-
clusters. Since X is quasi-projective, the quotient 7 : X — X/G exists as
a quasi-projective varieties X, it is obtained by gluing together the rings of
invariants Oy (U;)¢, where (U;)ser is a G-invariant affine open covering of X
(it exists because X is quasi-projective). We assume that G acts freely on an
open Zariski subset of X. This shows that free orbits are parameterized by an
irreducible variety, an open subset of X/G, hence X//G is an irreducible variety
birationally isomorphic to X/G. In fact, one can construct a proper birational
morphism 7 : X//G — X/G which is an isomorphism over the open subset of
X/G parametrizing free orbits. All other points of X//G represent non-reduced
clusters on X. Let ¢ : Z — X//G be the restriction of the universal scheme over
HilbI(X) to X//G and p : Z — X be its natural projection to X. We have
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a commutative diagram

(2.58)

X//G

/\
\

The fibre of ¢ over a closed point £ € X//G representing a cluster Z is mapped
isomorphically under p to Z. The fiber of p over a closed point z € X is mapped
isomorphically under ¢ to the set of points £ in X//G representing clusters Z
such that 2 € Supp(Z). It is known that the action of G on X lifts to an
action on the Hilbert scheme Hilb!!*(X) and the universal family HHGH( ) —
Hilblll(X) is an affine finite subscheme of the X-scheme X x Hilbl¢l(Xx) —
Hilb!“l isomorphic to the affine spectrum of a sheaf of algebras over O (x)
that admits a canonical G-linearization. Since X//G is a subset of fixed points
of G, the restriction of A to X//G is a G-linearized sheaf of algebras over X//G.
Hence its affine spectrum Z admits a canonical action of G. The commutative
diagram (2.58) is a commutative diagram of G-equivariant morphisms, where G
acts trivially on X//G and on X/G.
Define the integral transform

&= ox/7% . pY(X//G) — DY(X)

with kernel P® equal to the object complex i,Oz, where i : Z — X x X//G is
the closed embedding. For any F* € Ob(D*(X//G)), we have

O(F*) = Rp.(q"(F*)) € Ob(DY(X)).

Note that the morphism g : Z — Y is known to be flat, so 7.0z is flat over Y
and the functor Lg* = ¢* is defined.

The goal of this lecture is to prove the following theorem of Bridgeland-
King-Reid.

Theorem 2.4.5. Assume G acts on X in such a way that the canonical sheaf
wx s locally trivial as a G-sheaf. Suppose the fibre product X//G x. X//G has
dimension < dim X + 1. Then 7: X//G — X/G is a resolution of singularities
and ® is an equivalence of categories.

The assumption on wx means that wxy = p*(7*(L)) for some invertible sheaf
Lon X/G. Let Y = X//G.

Before we start the proof, we need some facts from commutative algebra.

Recall that for any finitely generated module M over a noetherian com-
mutative ring R its homological dimension or projective dimension dhg(M) is
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defined to be the largest n such that Exty (M, N) # 0 for some finitely gener-
ated R-module N. We have dhr(M) < n if and only if M admits a projective

resolution
0—- M, —... > M — M.

Recall that the depth depthy(I) of an ideal I is defined as the maximal length
of a regular sequence in R. If R is a Cohen-Macaulay ring, then depthpl =
dim R/I ([Eisenbud], Chap. 18). We have (loc. cit., Corollary 18.5)

dhr(M) > depthp(Ann(M),

where Ann(M) is the annihilator ideal of M. If (R, m) is a regular local ring,
then the equality always takes place. In particular, we have dh(R/m) = dim R.
The next very deep result, known as the Intersection Theorem (see P. Roberts,
Intersection theorems, in Commutative algebra (Berkeley, 1987), MSRI Publ.
15, Springer, 1989) shows that the converse is true.

Theorem 2.4.6. Let (R, m) be a local algebra of dimension d. Suppose that

0-M*—>M> st 5. . M =0

is a complex of finitely generated free R-modules with homology module H;(M?®) =
H~H(M?*) of finite length over R. Then s > d and s = d and H°(M®) = R/m
implies that M® is a free resolution of R/m and R is regular.

Now we have to extend all of this to complexes of coherent sheaves. We
define the support Supp(F*®) of a bounded complex F* of coherent sheaves on a
scheme X as the union of supports of the homology sheaves H;(F®) := H ~*(F*®).
The homological dimension dh(F*) of a non-zero F* is the smallest ¢ such that
JF* is quasi-isomorphic to a complex of locally free sheaves of length i + 1. For
example, dh(F*) = 0 if and only if F* is quasi-isomorphic to &[r], where £ is
a locally free sheaf. The spectral sequence (2.17) gives, for any closed point
x € X, the spectral sequence

EDY = Exth, (Hy(F*),0,) = Hom’g&)(i’:’, Oy).

It shows that
x € Supp(F*) & HomiD(X)(f',Oz) # 0 for some i € Z.

Consider the inclusion map ¢ : * <— X and apply the adjunction of the functors
Li* and Ri, to obtain

L .

(here we consider O, as a sky-scraper sheaf on X and also as a sheaf on {z}).
Taking cohomology, and using spectral sequence (2.17), we get

L .
Hi(F* ® O0,)" = Homp, x)(F*, Oy). (2.59)
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It is clear that if dh(F®) < s, then H;(F*® é O;) = 0 for all z € X unless
j <i<s+j for some j. One can show that the converse is also true. We skip
the proof (see T. Bridgeland, A. Maciocia, JAG, 11 (2002)). Let n be a generic
point of an irreducible component S; of Supp(F*). Take a complex of locally
free sheaves £° of length < s quasi-isomorphic to F*°. Restricting £° to Ox ,
we obtain a non-zero complex of free Ox ,-modules of length m < s+ 1 with
finite cohomology modules. Applying the Intersection Theorem, we obtain that
s+ 1> dimOx,, = codimS;. This implies the following.

Corollary 2.4.7.
codim(Supp(F*®)) < dh F*.

Next we need a general result (due to Bridgeland) on equivalence of derived
categories.

Definition 2.4.2. A subset of objects (2 of a derived category is called a span-
ning set if Hom'(A4, X) = 0 for all i € Z and all A € © implies that X =0 and
Hom'(X,A) =0 for all ¢ € Z and all A € Q implies that X = 0.

Lemma 2.4.8. Let F : D — D’ be a functor of derived categories with a right
adjoint H and a left adjoint G. Assume that for a spanning set  in D and
any A, B € Q, we have Hom's (A, B) = Hom',,(F(A), F(B)),i € Z. Then F is
a fully faithful functor.

Proof. By adjunction, we have the commutative diagram

Hom', (A, B) Hom', (A, H o F(B)) (2.60)

lé X

Hom', (G o F(A), B) — Hom,, (F(A), F(B)),

where the bottom and the right arrows are the adjunction isomorphisms, and
the left and the top arrows are defined by applying Hom® to the adjunction
morphism of functors idp — H o F and Go F — idp. If A;B € Q, the
diagonal map Hom'’, (A, B) — Homp. (F(A), F(B)) is a bijection, so all maps
in the diagram are bijective.

For any A € ), consider a distinguished triangle G o F(A) LA C -
G o F(A)[1]. Applying the functor Hom(A4, 7), we get the exact sequence

Hom ™ ' (A, B) — Hom™ (G o F(A), B) — Hom(C, B) — Hom(A4, B)

— Hom(G o F(A),B) — ....

By the above, we infer that Hom'(C,B) = 0 for all B € Q. Hence C =
0 and G o F(A) — A is an isomorphism. Now take any B € Ob(D) and
consider a distinguished triangle B — H o F(B) — C — BJ[1]. Since G o
F(A) — A is an isomorphism, the commutative diagram (2.60) implies that
the homomorphism Hom’,(A, B) — Hom’, (A, H o F(B)) is an isomorphism.
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The long exact sequence shows that Hom’,(A,C) = 0 for all A € Q, hence
C =0, and B — H o F(B) is an isomorphism for any B. Thus Homp (A4, B) =
Homp (A, Ho F(B)) = Homp/(F(A), F(B)) implies that F is fully faithful. O

Definition 2.4.3. A triangulated category D is called decomposable if there
exists two full subcategories D1 and Dy, each containing objects non-isomorphic
to the zero object, such that

(i) any object X in D is isomorphic to the bi-product of an object A; from
Dy and an object As from Do;

(ii) Hom'(A;, Ay) = Hom'’, (A, A;) = 0foralli € Zand all A; € Ob(D;), Ay
Ob(Dy).

Recall that the biproduct of objects A, B in an additive category is an object
which is the direct sum and the direct product of A and B (i.e. corepresents
the product of h* x h” and represents the product hs x hp).

Note that, if A; € Ob(D;) in the definition, then A;[r] € D; for any r € Z.
In fact, obviously Hom,(Az, A;[r]) = Hom ™ (A,, A1) = 0 for all i € Z. If A;[r]
is the bi-product of A € Ob(D;) and B € Ob(D3) with B 2 0, then there is a
non-zero morphism B — A;[r]. Thus B must be a zero-object, and hence A;[r]
is an object of D;.

One can restate the condition about the biproduct by saying that for any
object X in D there is a distinguished triangle Ay — X — Ay — A;[1], where
A; € Ob(D;). Since A1[1] € Ob(D;), the morphism Ay — Ay[1] is the zero
morphism. One can prove that this implies that the triangle splits, i.e. there is
a section Ay — B. Applying the functors Hom (X, ?) and Hom(?, X), we obtain
that B is the bi-product of A; and A,.

Example 2.4.9. Let X be a connected scheme. Let us prove that D*(X) is
indecomposable. Suppose it is decomposable with subcategories D; and Dy
satisfying the definition. We may assume that Ox is an object of D;. Since X
is connected, Hom(Ox, O,) # 0, for all z € X, hence Ox belongs to D;. For
any A® € Ob(Ds),z € X and any ¢ € Z, we must have Hom(A®, O,[i]) = 0.
Consider the spectral sequence

EN? = Hom?(H™9(A*),0,) = Hom?*9(A*,0,)

and choose ¢ minimal with H~9(A®) # 0. For any point = in the support of
H~9(A®) we have Hom(H~%(A®), 0,) # 0. Then the term E5%* survives in the
limit and we get Hom (A®, O,) # 0. This contradiction shows that all objects
in Dy are isomorphic to zero.

Example 2.4.10. Let X be a quasi-projective irreducible variety and G be a
constant finite group of order prime to the characteristic acting faithfully on
X. Then D%(X) is irreducible. In fact, suppose we have two full subcategories
Dy and D5 as in the definition. If F is an irreducible G-sheaf , i.e it is not
isomorphic to the direct sum of two non-zero sheaves, then F belongs to one



2.4. THE BRIDGELAND-KING-REID THEOREM 93

of the categories, say D;. Take F to be Oz, where Z is a free orbit. It is
obviously an irreducible sheaf. Consider the surjection Ox — Oz. Recall that
H°(Oz) = k[G] as linear representations. Let V, be an irreducible k[G]-module
corresponding to some irreducible representation of G. We consider it as a free
sheaf of rank dim p. Then we have a nontrivial G-morphism V, — Oz. Thus
sheaves isomorphic to V,, they are obviously irreducible, belong to the same
category D;. Any G-sheaf supported at a point has a section, so we can map
one of V, non-trivially to such a sheaf. Thus all such sheaves belong to D;.
Finally, for any G-sheaf F with = € Supp(F), we have a canonical non-trivial
G-homomorphism F — ¢,¢*F, where ¢ : x — X. Thus all non-zero G-sheaves
are isomorphic to sheaves in D;. We know that all their shifts F[i] belong to
D;. Suppose we have an object (F*,d) in D which is not isomorphic to the zero
object. Then the complex ker(d®)[—s| is mapped to F'® and the corresponding
map on the cohomology is not-trivial. Thus this is not the zero morphism in
the derived category, hence F* is an object of D;. Thus D> consists of only
zero objects. This proves the assertion.

Corollary 2.4.11. Under assumption of Lemma 2.4.8 assume that not every
object in D is isomorphic to the zero object and D’ is indecomposable (i.e. not
decomposable). Suppose H(B) = 0 implies G(B) = 0. Then F' is an equivalence
of categories.

Proof. Consider a full subcategory D7 of D’ that consists of objects A; such that
FoH(A;) > Ay and a full subcategory D) of objects As such that H(As) = 0.
For any Ay, Ay as above, we have

HomiD/(Al,Ag) = HOHIZD/(F o H(Al),AQ) = HOmZD(H(Al),H(AQ)) = O,

HomZb,(Ag,Al) = Homg,(Ag,F oH(Ap)) = HomB(G(Ag),H(Al)) =0,

where we used the assumption H(Az) = 0 implies G(A2) = 0. For any object
B in D', consider a distinguished triangle

FoH(B)— B— C — FoH(B)[] (2.61)

Since F' is fully faithful and is left adjoint to H, the canonical morphism of
functors H o F — idp is an isomorphism. Applying H, we get (H o F) o
H(B) = H(B) — H(B) is an isomorphism. This implies H(C) 2 0 and hence
C € Ob(D)). Also FoH(FoH(B)) 2 Fo(HoF)o H(B) = Fo H(B). This
implies that F o H(B) € Ob(D}). Since the morphism C — F o H(B)[1] is
zero, there is a left inverse of B — C (see the proof of Corollary 1.3.8). This
implies that B is isomorphic to the bi-product of F'o H(B) and C. Since B was
an arbitrary object, this contradicts the assumption that D’ is indecomposable.
Thus D) or D] must consist of zero objects. If D consists of zero objects, then
any object is isomorphic to an object from D, hence H sends all objects to the
zero objects. However, we know that H o F' & idp, and we assumed that D
contains non-zero objects. Thus D} consists of zero objects. Consider again the
triangle (2.61). Since H(C) = 0 implies C = 0, we get that F'o H(B) — B is
always an isomorphism. Thus F' is an equivalence of categories. O
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We will also need the following known result from the deformation theory.
We skip its proof.

Lemma 2.4.12. Let Q be a sheaf on X XY flat over Y. For any closed point
yeY, let Qly) = pri- (Oy) ® Q. Then the homomorphism

pry 2 Bty (Oy, 0,) — Eaty(Qy, Q)

is the Kodaira-Spencer map T,,Y — E:ctk(Qy, Q,) at the point y to the scheme
Quot(Y') parameterizing sheaves on'Y with Hilbert polynomial equal to the Hilbert
polynomial of Q,.

Now we are ready to start proving Theorem 2.4.5. We first start with the
case when X is projective. Let Y = X//G and n = dim X = dimY".

Step 1: Since Z — Y is flat and X is smooth, the sheaf Oz on X x Y is of finite
homological dimension (i.e. has a finite locally free resolution). This implies that
the complex O is of finite homological dimension. This allows one to define the
integral transform ¥ : D¢(X) — D®(Y) with kernel P* = 0 ® priywx|[n] €
DP(X xY). It is equal to the composition of three functors Gy o G2 0 G3, where
G1 =Rpr{,, Gy = O%®?, and G3 = pr%. The functor ® is the composition of
three functors Fs o [ o F, where F} = pry,, Fo = Oz®7, F3 = Rpry,. If we
prove that G; is left adjoint to F;, then we prove that W is a left adjoint to ®.
We go in all these troubles because we do not know whether Y is nonsingular.
Otherwise we can apply directly Proposition 2.4.3. Clearly, G is left adjoint to
F5. Applying (2.23) , we obtain that G2 is a left adjoint of F5. The morphism
f=pry : XxY — Y is smooth and the relative canonical sheaf wy is isomorphic
to priwx. Applying the relative duality theorem from Example 2.1.8 and taking
the invariants, we obtain that G, is left adjoint to F}.

If @ is a Fourier-Mukai transform, then ¥ must be its quasi-inverse functor.
So we have to prove that ¥ is a quasi-inverse of ®. Let W o & = @5?’/, where
Q°* € Ob(D*(Y x Y)).

Step 2: Let y be a closed point of Y and iy : y XY =Y — Y x Y be the closed
embedding of the fibre prfl(y) identified with Y. The restriction of the second
projection po : Y XY — Y to prfl(y) is an isomorphism, hence
L - ° ~ -
Do+ (Oy) = (pra)«(Q° @ pri(Oy)) = (pry)«(Liy (Q°)) = Liy (Q).

We also have O(y, 4,) = iy, ,+Oy,. Using the adjunction of the functors Li; and
iy« and of the functors ®, ¥, we obtain

Homlb(YxY)(Q.7 O(yl,yz)) = Homlb(YxY)(Q: iyl,*Oyz) = HomiD(YxY)(Ligjl Qa Oyz)
= Homlb(Y)(\Po(I)(Oyl% Oyz) = HomiDG(X)(q)(Oyl)ﬂ (I)(Oyz)) = EXté((OZyl ) OZyQ)G'

Step 3: We show that
ki, 2, =2,

Hompe(x)(0z,,,0z,,) = {0 otherwise.
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We have
Hompe(x)(Oz,,,0z,,) C Homx (Ox, Oz, )% = Home(k, k[G]) = k.

If y1 # yo, there are no maps, if y; = yo there are only constant maps. By
assumption that wx = Ox as a G-sheaf, we obtain Oz, @ wx = Oz, (because
7 maps Z, to a closed point on X/G). Applying Serre’s functor, we have

I‘IOHI%G(X)((’)Z{y1 , Ogyg) = HOIHDG(X)(OZy2,OZy1)V~

Since any coherent sheaf M on Y x Y\ Ay has a composition series with quotient
isomorphic to sheaves of the form Oy, ..y, we obtain that

HOmi[)(YXY)(Q.7O(y17y2)) =0,:<0, i >n,

for all (y1,y2) € Y XY\ Ay. Hence Q° restricted to Y x Y\ Ay has homological
dimension < n — 2.

Step 4: Since Homlb(YXy)(Q,O(ylm)) = Ext&((’)zyﬁ(’)zw) =0foraliecZ
when Z,, is disjoint from Z,, (i.e. when 7(y1) # 7(y2)), we obtain that the
support of Q° is contained in Y X x,¢ Y. By assumption, this fibre product is
of codimension > n —1in ¥ x Y. Thus codim(Supp(Q°®)) > n — 1. Since the
homological dimension of Q°® restricted to Y x Y\ Ay is less or equal than n—2,
applying Corollary 2.4.7, we obtain that Q°® is supported on the diagonal.

Step 5: Let £* = Wod(0O,). It follows from Steps 1 and 3 that ExtiD(w (&°,0,) =
0 unless ' = y. This implies that £°* is supported at the point y. Thus
dh(€®) > n. On the other hand, (2.59) and Step 3 imply that dh(€®) < n. Sup-
pose we prove that HO(£®) = Oy. Then the Intersection Theorem will imply
that Y is nonsingular at y and £* = O,,.

Step 6: Let us prove that H°(£®) = O,,. We have a canonical map of complexes
E* = VY(P(Oy)) — O, Let C* — &* — O, — C°[1] be the corresponding
distinguished triangle in D(Y") and let

- HomD(Y)(C.7 0y) — EthD(Y)(Oyv 0y)) — EXt}DG(X)((I)(Oy)a 2(0y)) — ...

be the corresponding long exact sequence. By Lemma 2.4.12; the last map is the
Kodaira-Spencer map to the tangent space of the Hilbert scheme at the point
represented by the cluster Z,. Since the Hilbert scheme is a fine moduli space
this map is injective. Since the first two terms in the sequence are isomorphic
to k and the map is not trivial, this implies that Hompy)(C*, O,) = 0. The
spectral sequence (2.17) implies that H(C®) = 0, hence H°(£*) = O,

Step 7: We have proved that £* = O,. By adjunction,

HomiD(Y)(Oyu Oyz) = HomiD(Y)(\Ilo(I)(OZh)’ Oyz) = HomiD(Y)(q>(0y1)7 q)(oyz))
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Step 8: We prove that the sheaves O, form a spanning set in Db(Y). We use
the spectral sequence (2.17)

EP = Ext?(H™U(F*),0,) = Ext"(F*,0,).

Since its limit is zero for al y € Y, taking p = 0, we get H2(F*) = 0 for all ¢,
hence F* is quasi-isomorphic to 0. Applying the Serre functor, we get the other
property too.

Step 9: By Step 7 and Lemma 2.4.8, ® is fully faithful. By Example 2.4.10,
D%(X) is an indecomposable category. By Lemma 2.4.2, ® admits a left adjoint
functor G = V. Composing it with the Serre functor we get the right adjoint
H = SoGoS~t. Obviously H(F*®) = 0 implies G(F*) = 0. Thus we can apply
Corollary 2.4.11 and obtain that ® is an equivalence of categories.

This concludes the proof in the case when X is projective.

It remains to consider the quasi-projective case. Since we used several times
the Serre duality, the proof does not immediately extends to non-projective case.
It follows from the proof that we have an equivalence of categories

®.: D.(Y) — D¢ (X), (2.62)

where the subscript indicates that we considering the derived category of com-
plexes whose cohomology sheaves have compact support. Here we use some
smooth compactification of X to be able to apply the Serre functor to objects
in DY(X) as well as the adjunction isomorphisms. Consider the functor

G L *
T = Rpry,(wz,x ®pri(?))

It is a right adjoint of the functor ® (the proof is similar to the proof that G is
left adjoint to F} in Step 1). Since ®. is an equivalence of categories YTo®(0,) =
O, for any closed point y € Y. This immediately implies that the complex Q°
defining the kernel of the composition of the corresponding integral transforms
is isomorphic to i.(L), where £ is an invertible sheafon Y and i : Y - Y x Y
is the diagonal morphism. Let s : Oy — £ = T o ®(Oy) be a map of sheaves
corresponding to the adjunction morphism of functors ¢ : idy — ¥ o ®. For
any surjection ¢ : Oy — Oy the map 6(¢) : Oy = Oy ® Oy — L ® O, is
an isomorphism (because of equivalence (2.62)). This easily implies that the
section s is an isomorphism.

Since T : DY(X) — D®(Y) is a right adjoint functor of ®, we obtain that
® extends to a fully faithful functor ® : D*(Y) — D% (X). By the argument in
the proof of Lemma, it suffices to prove that YT (F®) = 0 implies that F* = 0.
By adjunction, Homzbc(x)(@(g')ﬂ-") =0 for all 4 and all G* € D*(Y). Since
any object in DS (X) is isomorphic to an object of the form ®(G*®), and objects
of the form O¢., is a spanning set (proven by a similar argument that O, is a
spanning set in D®(Y')), we obtain the assertion.

Remark 2.4.13. One can also prove that, under the assumption of the Theorem,
the morphism 7 : X//G — X/G is crepant, i.e. 7"(wx/a) = wx//a-
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Also it follows from Step 6 that the tangent space of X//G at a point y is
isomorphic to the tangent space of the G-Hilbert scheme G — Hilbl¢! (X) at the
point y. Since X//G is smooth this implies that X //G is a connected component
of G —HilbI¢!(X). One can prove that in the case when dim X < 3, the scheme
G — Hilbl9/(X) is connected (see [BKR]). This was conjectured by Nakamura.

Example 2.4.14. Let X = Spec R be an affine G-variety. Let p : G — GL(V)
be a finite-dimensional linear representation of G over k. For any G-variety T
consider the morphism T — Spec k as an equivariant morphism where G acts
trivially on Spec k. Let Vr, be the pull-back of V' considered as a G-sheaf
on Spec k. If we identify V' with the fibre of the corresponding trivial vector
bundle, then the group acts on its total space by g : (t,v) — (g-t,p(g~)(v)).

Let Z C X XY be as above, i.e. the universal family over Y = X//G with
projections p: Z2 — X and ¢ : Z — Y. We have

P*(Vx,p) 2 Vz, 2 qVy,.

Let ¥ : D¥(X) — D®(Y) be the Fourier-Mukai transform given by the kernel
Oz. Then

Y(V,) =i (Vz,).

Let p¥ denote the dual representation. Obviously, V;/ = V,v. By adjunction

Hom}g(VY,pan*OZ) = ngomZ(VZ.,pWOZ) = QEVZ,p

Let
R:=q0z, R,:=Hom{Vy,,R).
We have
(Vo) =R,
and

R P R, @V,
pElr(G)

where Ir(G) is the set of isomorphism classes of irreducible finite-dimensional
linear representations of G over k. Indeed the sum is a subsheaf of £ and their
ranks are equal to |G| = dim k[G]. Applying ¢* we get an isomorphism of free
sheaves of rank |G|. Thus the sum is isomorphic to R.

Let X = C? and G C SLy(C). Then X/G is an affine normal surface and
the orbit of 0 € C? is its unique singular (if G is not trivial) point of type
T = A,,D,, or E, (a rational double point). The resolution 7 : X//G —
X/@ is a minimal resolution of singularities, and 771(0) is the union of smooth
rational curves Fj, ..., E, with self-intersection equal to (—2). Let Ir(G)" =
{p1,..., pm} be the set of non-trivial irreducible representations of G and a;; =
c1(R,,)[E;]. The classical McKay correspondence asserts that m = n and the
matrix C' = (—a;;) + 2I,, is the Cartan matrix of the simple root system of type
T.
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Let K¢(X) denote the Grothendieck group of the category Cohg(X) of G-
linearized coherent sheaves. As we explained in Lecture 5, the Fourier-Mukai
transform ®%:°% : DY (Y)) — DY(X) defines an isomorphism

PRGN L Ko (V) — Ka(X).

Applying Theorem 2.4.5, we obtain

Corollary 2.4.15. Under assumptions of Theorem 2.4.5, the Fourier-Mukai
transform defines an isomorphism of abelian groups

Ko(X) 2 K(X//G).

Example 2.4.16. Suppose X = C" and G C SL,(C). By Proposition 2.1.2,
any bounded complex of coherent G-sheaves on X is quasi-isomorphic to a
bounded complex of locally free G-sheaves on X. Since any locally free sheaf
on X is free, it is isomorphic to the sheaf Vx ,, where p is a linear represen-
tation of G (see Example 2.4.14). This easily implies that K¢ (X) = Rep(G),
where Rep(G) = K(Mod(C[G])). This is a free abelian group of rank ¢ equal
to the number of isomorphism classes of irreducible representations of G, or,
equivalently, the number of conjugacy classes of elements of G. It follows from
Example 2.4.14 that the generators V,, p € Ir(G) are mapped to the classes [R,]
of locally free sheaves on Y = X//G.

Let K.(X//G) be the subgroup of K(X//G) formed by sheaves with support
in 771(0), where 0 is the orbit of 0 € C". We have a natural biadditive pairing

K(X//G) x K(X//G) = Z, ([E],[F]) = p([E @ F]), (2.63)

where we represent [E] by a locally free sheaf and p, : K(Y) — K (point).

Let R = C|z1, ..., 2,] be the coordinate ring of X and Derg be its module
of derivations (the dual of Qk). Let o = > zia%i € Derg be the Euler tangent
field. Consider the Koszul complex

K*®:0— R — Derg — A?Derg — ... — A"Derpg
where the differentials are w — w A o. The dual complex K*V is equal to
K'v:OHQ%HQTé_lﬂ...HQ}%HR,

with differentials d, : Q% — Q%! defined by §s(w) = (w, @). Explicitly,

Joldzjy Ao Ndzy) =Y (=1 zdej, Ao Adzg, A Adzy,.
1=1

The reader recognizes in these formulas the usual definition of the Koszul com-
plex (see [Hartshorne|, p. 245) for the set (z1,...,2,). Note that the sheaf on
P™ = Proj R associated with the module Ker(ds),s > 1, is isomorphic to the
sheaf 5.
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We know that z; is transformed under g € SL,,(C) to 3 a;2;, where (a1, ..., a,)
is the i-th row of the matrix g=!. Also a%i is transformed to Zbi%’ where
(b1,...,by) is the i-th column of the matrix g. This shows that « is G-invariant
and the Koszul complex K* is an object of DY(Mod(R)). It is a free resolution
of the object complex R/(z1,...,2,) = C, i.e. H*(K®*) =0 and H°(K*) = C.
We have

(Der}%)N = (QE()V = Vx 000

where pg is the representation of G in C™ defined by the inclusion G C SL, (C).
Let
K*:0—-0x = Vxpy— ... > A" Vx,p)

be the complex of coherent sheaves corresponding to K*. Obviously A'(Vyx ,,)
VX Ai(po)- Since G C SL,(C), the representation A™(po) is trivial, hence the last
term in the complex is isomorphic to Ox as a G-sheaf. Applying the functor p*
we get a complex on Z

p*(’C.) : Oz — Vz’po — .. VZ’Ai(pO) — ... Oz.

Since Vz , = ¢*(Vy, p), applying the projection formula, we get a complex on
Y =X//G

S*=q(p"(K*) iR = Vypy ®R — ... = Vypi(p) @R — ... = R.

Note that the complex K*® is exact when restricted to C™ \ {0}. Thus p*(K*) is
supported on p~1(0). Since g, is exact, the complex S* is supported on 771(0).

Now we decompose S°® into direct sum of complexes corresponding to an
irreducible representations p; € Ir(G) = {p1, ..., pc}-

(k) =P st,
k=1

where
c ) c )
S,::Rk%@R?ak" —>...—>@R?a’” — ... — R, (2.64)
i=1

=1

and

(&
Npo)®pr =P api, j=1,...n—1,
i=1
is the decomposition of the tensor product of the exterior power of pg with pg
into the direct sum of irreducible representations with multiplicities a,(ji). For
each j = 1,...,n — 1, we can define the Mckay graph I'(G, j) with vertices v;

corresponding to irreducible representations of G and a}fi) edges from v to v;.
For n = 2, this is the usual McKay graph equal to the extended Dynkin diagram
of type ADE.

Now we have ¢ complexes Sp whose cohomology are supported in p~!(0).
Consider the pairing (2.63).
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Conjecture 2.4.17.
([Ril, [S5]) = 6y (2.65)

This is known two be true for n = 2 (Gonzales-Sprinberg and Verdier) and
n = 3 (Ito and Nakajima).

2.5 Exercises

2.1 Prove the existence of the spectral sequence
EYT = Ext(F*, HYUG®)) = Ext(F*,G°).
2.2 Prove the existence of the spectral sequence

EYY =Tor_,(HU(F*),G%) = Tor_p_¢(F*,G°).

2.3 Prove the adjunction isomorphisms in (2.24).

2.4 Prove that an abelian category has homological dimension equal to 0 if and
only if all exact sequences split in A.

2.5 Prove the following projection formula. For any proper morphism f : X —
Y of projective schemes over a field k, there is an isomorphism

Rf.(F*) & G° = Rf.(F* & Lf*(G*).

2.6 Let i, : * — X be the inclusion morphism of a closed point x in a scheme
X. Show that, for any complex F* one has F*(x) := Li;(F*) # 0 if and only
if © € Supp(F*) := U;Supp(H*(F*)).

2.7 Let X* be an object of D’(A) and m = max{i : H(X*®) # 0}. Show that
there is an epimorphism from X*® — H™(X*®)[—m] in the derived category.

2.8 Let Vecty be the category of finite-dimensional vector spaces over a field k.
Show that the identity functor is a Serre functor.

2.9 Let F : C — C’ be a functor between k-linear categories endowed with Serre
functors S : C — C, 8" : C' — C'.

(i) Prove that the functors F oS and S’ o F are isomorphic.

(ii) Assume that F' admits a left adjoint functor G : C' — C. Then SoGoS'~!
is a right adjoint of F'.

210 Let f : X’ — X,g : Y/ — Y be proper morphisms of schemes and
fxg: X' xY"— X xY be their Cartesian product. Show that there exists a
morphism of functors D*(Y) — D(X)

q)go_)X — Rf* o (I)i/(f—;)g)*(é") (@) Lg*
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2.11 Consider the category C with objects schemes and morphisms Morc(X,Y)
equal to Ob(D¥(X xY)). Take for compositions the composition F*oG® defined
in (2.37). Check that it is indeed a category and that it admits products. Let
fe : X — Y be a morphism in C and fi = &YX, f&x = ®X~Y. Show that
this defines a fibred and cofibred categories over C.

2.12 Let D*(X)'*" be the full subcategory of D’(X) formed by complexes X*
such that H?(X*) are torsion sheaves. Suppose ®£ ¥ is a Fourier-Mukai trans-

form. Does it transform D®(X)%" to itself?
2.13 Suppose ¢1(X) = 0. Show that the Mukai pairing is symmetric if dim X
is even and alternating otherwise.

2.14 Let @Y and @Y be two Fourier-Mukai transforms. Prove that

®X—=Y s a Fourier-Mukai transform.
K*®L®

2.15 Let C be a small category defined by R, X, s,t,c,e), where R = Mor(C)
and X = Ob(C) (see section 1.1). The axioms of a category are equivalent to
the following properties:

co(cxidg)=co(idg x¢), soe=idx =toe, (2.66)
CO(CXidR):idR:CO(idRXE),
(R Xs4t R) Xpr, pr, (RXst R) = RXgy XRXsy R

A category G is called a groupoid if each a € R is an isomorphism. In this
case there is a map ¢ : R — R defined by «(a) = a~! satisfying the following
conditions

co(idg xt)=e€os, co(Lxidr)=c¢€os, (2.67)

(i) Show that any group G defines a groupoid G with Ob(G) consisting of
one element.

(ii) Show that, for any group object G in a category S, the assignment S —
G(S) defines a fibred category with values in groupoids.

(iii) Show that an equivalence relation R C X X X on a set X defines a groupoid
with € equal to the diagonal map and i equal to the switch of the factors
map.

2.16 A pair of objects (R, X) in a category C with fibred products is called an
groupoid or a pre-equivalence relation on X if there are morphisms R = X, R 4
X,c:Rxx R— R,e: X — R,i: R — R satisfying (2.66) and (2.67).

(i) Show that the Yoneda functor applied to (R, X, s,t, ¢, e,1) defines a fibred
category in groupoids.

(ii) Show that, for any P € Ob(C), the image of (s(P),t(P)) : hr(P) —
hx(P) x hx(P) is an equivalence relation on the set hx (P).

(iii) Show that a group action o : GxX — X in a category C defines a groupoid
with R=Gx X, X =X,s=o0,t =pryand Rxx RZGx G x X.
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(iv) Show that for any P € Ob(C) such that hx(P) is a singleton, the data
(hr(P),hx(P),hs(P),ht(P), h,(P), ho(P) defines a group structure on
the set hg(T).

(iv) Let C be a topological space and (U;);e; be its open covering. Set
X =[I;e; Ui and R =[], ;; UiNUj. Define two projections s,t : R — X
by considering the maps U; N U; — U; C X,U; N U; — U;. Show
that (R, X,s,t) generate a groupoid in Top (the groupoid generated by
the cover).

2.17 For any groupoid E = (R, X,s,t,c,e,t) in a category S and a fibred
category C over S define the category of descent data. Its objects are pairs
(A, a), where A € C(X) and « is an isomorphism « : s*(A4) — t*(A) satisfying
the following conditions

c*(a) = pri(a) opry(a), e*(a) =ida. (2.68)

(i) Show that in the case when (R,X) is defined by a group action, the
definition of a descent datum (A, «) coincides with the definition of a
G-linearized object.

(ii) Consider an example of a groupoid in Top from Exercise 6.2 (iv) and
the fibred category Sh*” of abelian sheaves over Top. Show that for any
sheaf [],.; F; over X = [],.; Us equipped with a descent data (called
in this case the gluing data there exists a unique sheaf F on X (up to
isomorphism) such that F|U; & F;,i € I.

2.18 Let s,t: X — Y be two morphisms in a category C. A morphism p:Y —
Z is called the co-equalizer of the pair (s,t) if the compositions po s and pot
are equal, and, for any p’ : Y — Z’ with this property there exists a morphism
q:Z — Y’ such that p’ = qop.

(i) Show that the co-equalizer of s,t : X — Y always exists in the category
of sets and in the category of presheaves of sets on any category.

(ii) Let (X, R,s,t,c,€,1) be a groupoid in a category C. Let X/R be the co-
equilizer of the pair (s,t) (it may not exist). Show that there exists a
canonical map of presheaves hx/hr — hx /g, where hx/hg is the co-
equalizer of h(s),h(t) : hg — hx in the category presheaves of sets. Give
an example showing that it is not necessary an isomorphism.

2.19 Let C be a k-linear category. An object A is called simple if the natural
map k — Endc(A) is an isomorphism. Assume that a k-linear category is fibred
over a category S and let G be a constant group object in S and (X,0) € Sg.

(i) Show that the set of G-linearizations on an object A € C(X,0) is a torsor
(=principal homogeneous space) over the group Hom(G, k*).
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(ii) Let A € C(X,0) be a G-invariant object (i.e. there exists an isomorphism
pry(4) = 0*(A4)). Show that one can assign to A the cohomology class
[A] € H?(G, k*) such that a G-invariant object admits a G-linearization
if and only if [A] = 0.

2.20 Let X be a projective variety over a field k and x be its closed point.
Suppose F is a coherent sheaf such that Homx (F,O,) = k. Prove that F is
isomorphic to the structure sheaf of a closed subscheme of X.

2.21 Suppose @%f Y is an equivariant Fourier-Mukai transform. Then its kernel
KC* is a simple object of the category DY (X x Y) (see Exercise 6.5).

2.22 Let G = Z/2Z act on X = C? as (x,y) — (—x,—y). Check the last
assertion from Example 2.4.14.

2.23 Let H be a normal subgroup of G. Suppose there is an equivariant Fourier-
Mukai transform @ : D%(X) — D?(X//G). Show that it defines an equivariant
Fourier-Mukai transform DY/ # (X //H) — D*(X//G).

2.24 Suppose a non-trivial finite group of acts trivially on a quasi-projective
variety X over a field of characteristic prime to the order of G . Show that the
category D% (X) is always decomposable.
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Lecture 3

Reconstruction Theorems

3.1 Bondal-Orlov Theorem

In this section we will prove that a smooth projective variety X with ample
canonical or anti-canonical sheaf can be reconstructed from the derived category
D*(X). We denote by n the dimension of X

First we see how to reconstruct closed points of X.

Definition 3.1.1. Let D be a k-linear derived category of some abelian category.
Suppose D admits a Serre functor S : D — D. An object P in D is called a
point-like object of codimension c if

(i) S(P)= Pl
(ii) Hom'(P, P) = 0,i < 0;
(iii) Hom(P, P) := k(P) is a field.
Proposition 3.1.1. Suppose X has an ample canonical or anti-canonical sheaf.

Then an object F* in D*(X) is a point-like object if and only if F* = O,[r],
where x is a closed point of X and r € Z.

Proof. Let x be a closed point of X. Then S(O[r]) = (O, @ wx)[r +n] =
Og[n 4 7], thus (i) holds. Since Hom'y(F*(r),G*(r)) = Hom'c(F*,G*) and
Hom'(O,,0,) = 0,i < 0, property (ii) holds too. We have

Homx (O, (r], Oy[r]) = Homx (O, O,) = Homo, , (k(x), k(x)) = k().

This checks (iii).

Suppose P* is a point-like object in D?(X). Since H'(S(P*)) = H (P* ®
wx[n]) 2 H*"(P*Quwx ), condition (i) implies that H' ™" (P*Qwx) = HT5(P*).
Since the cohomology of P* and P ® wx both vanish or not vanish, tak-
ing the largest possible j such that H’(P*) # 0 and obtain that s = n and
Hi(P*) =2 H(P* @ w) = H(P*) ® wx for all i. Let us show that the coho-
mology sheaves are supported in codimension n = dim X. Let F be a coherent

105
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sheaf on X such that F ® wx = F. Tensoring with w we get an isomorphism
FQux = .7:®w§3}2. Continuing in this way we obtain that F = .7:®w}8}57 where
w}@}s is very ample if wx was ample. If w;(l were ample, we use a similar argument
by showing that F = F @ w$*, where £ = w{™* is very ample. Use w§™* to
find a closed embedding i : X < PV. Since i, (F® L) = i*(Opn (1)) = 0. (F)(1),
we may assume that X = PN = Projk[Ty,...,Tn] and F = M~ for some
graded module over k[Ty,...,Tn]. Let Py (t) be the Hilbert polynomial of M.
Recall that Pys(n) = dimy M,,n > 0. Its degree is equal to the dimension of
the support of F ([Hartshorne], Chap. I, Theorem 7.5). Since F = F(1), we
have Pys(n+ 1) = Py(n) for n large. This is possible only if the degree of the
polynomial is equal to zero. Thus dim Supp(F) = 0.

Applying this to our situation we obtain that Supp(P*) is a 0-dimensional
closed subset Z. By property (iii), Z must be a single point. This follows from
the following fact whose proof we leave to the reader: if Supp(F*) = Z1 ][ Z2
then F* = F? & F7 with Supp(F7) = Z; and Supp(Fs) = Zs.

Now we combine the spectral sequences (2.12) and (2.17) to obtain a spectral
sequence

EY = 5 Ext’(H!(P*), H*(P®)) = Hom?*(P*, P*).
k—j=q

For any two sheaves F; and F, supported at a closed point x there exists a
nonzero homomorphism of sheaves F; — F». This follows from the fact that for
any two modules My, Ms over a local ring R supported at the maximal ideal m
there is a non-trivial homomorphism M; — My (consider the filtrations on M;
and My with quotients isomorphic to R/m, then get a surjective homomorphism
M; — R/m and an injective homomorphism R/m — My). Take ¢ minimal such
that Eg’q # 0. By interchanging i and j, we may assume that ¢ < 0. Then
the term ES¢ survives in the limit, hence Hom?(P®, P*) # 0. By property (ii),
we obtain ¢ = 0. By property (iii), Hom(P*®,P*®) is a field. This implies that
there is only one j with H’(P*®) # 0. Also End(H’(P*)) must be a field, hence
HI(P*) 2 O,, and we are done.

O

Example 3.1.2. The condition that wf(l is ample is essential. Assume X is a
smooth projective variety with wy = Ox. Take any closed reduced connected
subvariety ¢ : Y <— X. Then the structure sheaf i,Oy is a point-like object
of codimension dim X. In fact, properties (i) and (ii) are obvious. We have
Homx(i*Oy, i*OY) = Homy(i*i*()x, Oy) = HOHly(Oy, Oy) is a field.

Another example is the following. Suppose we are in the situation of Theo-
rem 2.4.5. It follows from the proof of this theorem that, for any closed point
y € X//G, we have ®(0,) = Oz, , where Z, is a cluster on X corresponding
to y. Since an equivalence of categories sends point-like objects to point-like
objects, all objects Oz[s], where Z is a cluster, are point-like objects.

Definition 3.1.2. An object L of a k-linear triangulated category D is called
invertible if for any point-like objects P in D there exists an integer s such that
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(i) Hom®(L, P) = k(P);
(ii) Hom'(L,P) =0, i # s.

Proposition 3.1.3. Let X be a smooth irreducible variety over k. Assume
that all point-like objects in D®(X) are isomorphic to compleves O,[s] for some
v € X and s € Z (eg. if wi' is ample). Then an object L* in D*(X) is
invertible if and only if L* = L[t] for some invertible sheaf L and t € Z.

Proof. Obviously L[t] is an invertible object in D’(X). Let £* be an invertible
object from D¥(X). Let P = O,][s] be a point-like object. We have a spectral
sequence

EY? = Hom(H9(L*),0,[p]) = Hom?*9(L*, O,).

Let H% = H%(L®) be the nonzero cohomology sheaf with maximal possible
¢. The terms ES® and Ey® do not change in the limit (nothing goes in and
nothing goes out). Since Hom'(£*, ;) is allowed to be non-zero only for one
i, and E9'® is not zero, we obtain that Hom(H%,O,) = Hom®(L*,O,) is a
field and Ext'(H%,0,) = 0. The second condition gives dh(H%) = 0, i.e.
H® is locally free ([Bourbaki, Commutative Algebra], Chap. 10, Prop. 4).
The first condition gives that H% is of rank 1. Since H% is locally free, all
ED% — ExtP(H%®,0,) = 0,p # 0, hence ES* ' = Hom(H®~!,0,) survives
in the limit and Hom®~!(£® O,) # 0. Since Hom"(£*, ©,) is not zero only for
one i, we get that H%~1(L£®*) = 0. Repeating the argument, we show that all
cohomology sheaves vanish except H%. Since the latter is an invertible sheaf,
we are done.

O
Now we are ready to state and prove the Bondal-Orlov Theorem.

Theorem 3.1.4. Let X be a smooth irreducible projective variety with ample
canonical or anti-canonical sheaf. If D*(X) is equivalent to D*(Y) for some
smooth irreducible projective variety, then X 2Y.

Proof. The proof will consist of several steps.

Step 1: As always we assume that the equivalence is an equivalence of de-
rived categories, i.e. it commutes with the shift functor and sends distinguished
triangles to distinguished triangles. Let F : D?(X) — D®(X) be an equivalence
of categories. Let G be its quasi-inverse functor. If S is a Serre functor in
D(X), then S’ = F oS oG is a Serre functor in D?(Y). We also have the
Serre functor Sy = Quwy [n]. We know that two Serre functors are isomorphic.
This implies that F' defines a bijection on the set of point-like objects. Since
we do not assume that w)fl is ample, we do not know whether all point-like
objects in D®(Y) are really shifted O,,y € Y. Suppose we have a point-like
object P* in D®(Y') which is not isomorphic to any object of the form O,i].
Let o € X such that F(Oy,a]) = P* for some a € Z. We know that ¢y # x
for any point z € X such that G(O,) = O,[j] for some j. This implies that
Homlbb(y)(P’,(’)y) & Homgb(x)(oxo,(’)x) = 0. Since the sheaves O, span
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DP(Y'), we obtain that P® = 0. Thus all point-like objects in D*(Y") look like
O, i].

Step 2:By Step 1, we can apply Proposition 3.1.3. It follows that all in-
vertible objects in D®(Y') are isomorphic to objects of the form L[i], where £
is an invertible sheaf. The functor F' transforms invertible objects to invertible
objects.

Step 3: Applying the shift functor we may assume that F(Ox) =
some invertible sheaf £y on Y. But then Homx (Ox,O,) = Homy (£, O
Ext (£, 0,) implies that j = 0. Thus F(O,) = O, and k(z) = k(y).
establishes a set-theoretical bijection f between closed points of X and Y.

Step 4: By composing the functor F' with the functor ? ® Lgl, we may
assume that F(Oy) = Oy in D*(Y). Since dh(0,) = n = dh(F(0,)) = dimY
we obtain that dim X = dimY. We have

F(wk) = F(S%(Ox)[~kn] = S} (F(Ox)[~kn] = S} (Oy)[~kn] = wy.

Ly for
H)
Thi

Since F' is fully faithful, we get
H°(X,wY) = Homy (Ox, wY) = Homy (F(Ox), F(wk))

=~ Homy(Oy,wix) = HO(Yv wg’)v

for all 4.
The product in the canonical algebra

= @ H° (Xv w;()
i=0
can be expressed by the composition of s; € H(X,w ), s2 € HY(X,wY),
S1 89 = S&(SQ)[—ZTL] O S1.

Thus we see 1mphes that F' defines an isomorphism of graded canonical rings
A(X) — A(Y). If wi! were ample, we are done.

Step 5: It remains to show that wY is ample. We give two proofs. The first
one uses an original argument of Bondal and Orlov. For any section s of an
invertible sheaf L, its set of zeroes (s)g can be homologically described as the
set of points & € X such that the composition of the homomorphisms Ox =
L — Oy is zero. Thus we have a homological definition of a set Xy = X \ (s)o.
In our situation, we obtain that F' sends O, to Oy(,) and for any x € (s)o,

it sends the complex Ox > £ — O, to a complex Oy 7 F(L) — O¢(y).

Thus the bijection f sends subsets of X of the form Xy to subsets of Y of the
form Yp(,). Since among sets X there are affine open subsets defining a base
of topology of X (take £ any ample invertible sheaf), we see that the sets X
form a base of topology and our bijection f : X — Y is a homeomorphism.
Now, on Y the open sets Y;,¢t € T'(Y,w®™) are the images of open affine sets
X,,s € T(Y,w*™™) forming a base of topology of X. Hence the open sets Y;
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form a basis of topology in Y. It is known that this implies that w}i,l is ample
([EGA, II 4.5.2 and 4.5.5).

The second proof assumes that k is algebraically closed. We may assume
that wx is very ample. By the argument from above the linear system |Ky |
separates points. In fact, if all sections of wy vanish at y1, y2, then all sections of
wx vanish at f~1(y1), f~1(y2). Let ¢ : Y — Proj A(Y) be the regular map from
Y to its canonical model. Since ¢ separates points, no curves on Y are blown
down to points. Applying Moishezon-Nakai criterion of ampleness, we obtain
that wy is ample. We could also prove this without appealing to the latter result
by showing that the canonical linear system |Ky | separates tangent directions.
We leave the argument to the reader. Similarly, we consider the case when w)_(l
is ample.

O

Corollary 3.1.5. Let X be a smooth projective variety with ample canonical
or anti-canonical sheaf. Then any equivalence of derived categories D®(X) —
DP(X) is a composition of f*, where f € Aut(X), a twist by an invertible sheaf,
and the shift functor. More precisely, there is an isomorphism of groups

Auteq(D?(X)) = (Pic(X) x Aut(X)) x Z.

Proof. This follows from the proof of the previous theorem. After we shift
and twist by £ = F(Ox) we proved that F(Ox) = Ox, and then defined an
automorphism of the canonical algebra A(X). This defines an automorphism of
X. O

Definition 3.1.3. Two smooth projective varieties are called derived equivalent
if the exists an equivalence of their derived categories of coherent sheaves.

Using Orlov’s Theorem 2.2.5, one can also prove the following.

Theorem 3.1.6. Suppose X and Y are derived equivalent algebraic varieties.
Then their canonical algebras are isomorphic. In particular, their Kodaira di-
mensions are equal

Proof. Let @37 : DY(X) — D®(Y) be a Fourier-Mukai transform and ®H~

be its quasi-inverse with P* o Q® = Oy in D*(Y). Use A® = pi;(P*) (I§§>p§4(Q')
to define the Fourie-Mukai transform ® 4. : D*(X x X) — D*(Y x Y). Let
X —=XxXand Y — Y xY denote the diagonal morphisms. For brevity of
notation we identify any sheaf on X or on Y with its direct image under the
diagonal morphism. Let R® = ® 4¢(w%) € D*(Y x Y). Then ®X°Y can be
computed as the composition of functors

DH(y) 22 Dh(x) e ph(x) 22 piy)

We know that @f; X = Sx[-sdim X]. Since an equivalence of functors com-
mutes with the Serre functor, we obtain that ® 4+ = Sy[—sdimY]. By the
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uniqueness statement in Orlov’s Theorem, we obtain A® = w%. Since ®a is an
equivalence of categories, we obtain that an isomorphism

Homg(xX(wi;(awgf) = HOHI%’XY("")?’?W;)’

for all s,t,i € Z. Since the direct image functor under the diagonal morphism
is exact, we have and isomorphism of vector spaces

Hom& (W, wk) = Homéy (W w$).

taking s = 0 we get an isomorphism of vector spaces H(X,w$%) & HO(Y,w$).
As before we also show the isomorphism of the canonical rings. O

Let us see what else the derived category detects. Recall that the cohomology
of a smooth projective variety over k = C come with the Hodge decomposition

-Y @

pt+q=i

satisfying hP9 := dim HP9 = h?P,

A cocycle v € H?P(X,7) represented by an integer combination of fun-
damental classes of closed algebraic subvarieties of codimension p is called an
algebraic cycle. Tt is known that, for any algebraic cycle v its cohomology class
[v] belongs to H?P(X,Z) N HPP. It follows from the definition of Chern classes
that, for any coherent sheaf F its Chern classes ¢;(F) are cohomology classes of
algebraic cycles in H?(X,Z). In particular, the Mukai vector Mu([F]) belongs
to &, HP? N H? (X, Q).

Proposition 3.1.7. Let @XHY be a Fourier-Mukai transform. Then the corre-

sponding Fourier-Mukai transform in cohomology q)g.x_)Y defines an isomor-
phism

@ HPU(X @ HPU(Y), —dim X <i < dim X.

p—q=i p—q=i

Proof. Let § = Mu([P*]) € H*(X x Y,Q). Combining the Kiinneth decomposi-
tion
HY(X xY,Q = @ H'(X,Q ® H (X xY,Q),
1+j=s
with the Hodge decomposition, we obtain that

§= o R, Y fr=q +s.

Let v = 479 € HPY(X). Tt follows from the definition of the cohomology
integral transform that

dim X
(I)HX—>Y Z Z / pq/\ap ,q )ﬂr,s E@HT’S(Y).
p=0 p’,q’,r,s TS

The integral is equal to zero unless (p,q) + (p',¢’) = (dim X, dim X). Hence
p—q=¢q —1r' =r—s. O
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Remark 3.1.8. Let
HH(X)= € H"(X), HH.(X) = P HH;(X),

p—q=t

HH'(X)= @ H(X,A(Tx)), HH*(X) = @ HH"i(X),
p+q=i i

where Ty = (%)Y is the tangent sheaf of X. The graded s[ace HH*(X)
acquires a structure of a graded k-algebra and is called the Hochshild cohomology
algebra. The graded vector space HH,.(X) is a module over HH*(X) and is
called the Hochshild homology space . The previous proposition asserts that the
Hochshild homology is invariant with respect to the Fourier-Mukai transfrom.
The same is true for the Hochshild cohomology.

We have seen already in Example 2.2.7 that the assertion of Corollary 3.1.5
is not true for elliptic curves whose canonical class is trivial. We state the
following theorem due to Polishchuk and Orlov.

Theorem 3.1.9. Two abelian varieties A and B are derived equivalent if and
only if there exists an isomorphism f : A X A — B x B, where the hat denotes
the dual abelian variety defined as the Picard variety of linear equivalence classes
of divisors algebraically equivalent to zero.

Recall that a smooth algebraic surface X is called a K3-surface if Kx =0
and the first Betti number by (X) is equal to zero (this makes sense over any
field). If k = C, all K3 surfaces are diffeomorphic as compact 4-manifolds. We
have H?(X,7Z) = 7?2 and the intersection form on H?(X,Z) defined by the
cup-product has signature (3,19). It is isomorphic over Z to the orthogonal
sum of even unimodular quadartic forms Eg? | UL3, where Fg is given by
the negative of the Cartan matrix with Dynkin diagram of type Eg and U is
a hyperbolic plane. The Neron-Severi group NS(X) is a free abelian group of
some rank 20 > p > 1. The intersection form restricted to NS(X) has signature
(1,p — 1). The first Chern class ¢; : NS(X) — H?(X,Z) is an embedding of
quadratic lattices (i.e. free abelian groups equipped with quadratic forms). We
will identify NS(X) with its image. Its orthogonal complement in H?(X,Z) is
a free abelian group T(X) of rank 22 — p, called the lattice of transcendental
cycles. The Hodge decomposition

H?*(X,C) = H*(X)® H"(X) @ H*?(X)

has the Hodge numbers h*? = h02 = 1 a1l = 20. The subspace H!(X) is
orthogonal to H*Y(X) with respect to the intersection form on H?(X,C). Since
NS(X) is contained in H%!(X) we see that H*%(X) C T(X)c =Tx ® C.

An isometry o : T(X) — T(X) of quadratic lattices (defined by the intersec-
tion forms) that sends H*°(X) to H*°(Y) under the induced map T(X)c —
T(Y)c is called a Hodge isometry. The Global Torelli Theorem due to I
Piatetski-Shapiro and I. Shafarevich asserts that any Hodge isometry that can
be extended to an isometry o of H?(X,Z) — H?(Y,Z) that sends the effective
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cone of X to the effective cone (or equivalently an ample class to an ample

class) of Y under the induced map H?(X,R) — H?(Y,R) is equal to g*, where

g : Y — X is an isomorphism of surfaces. By applying some isometry of

H?(X,Z) identical on T(X) one can assume that o sends the effective cone to

the effective cone. This implies that the surfaces X and Y are isomorphic.
The following result is due to Orlov.

Theorem 3.1.10. Let X and Y be two complex algebraic K3 surfaces. Then
DP(X) is equivalent to D*(Y') if and only if there is a Hodge isometry H*(X,Z) —
H2(Y,Z).

We will prove only the ‘only if’ part.

Proof. Again we use Orlov’s Theorem to assume that our equivalence of cate-
gories is a Fourier-Mukai transform with some kernel £* € D*(X xY). One can
check that the Mukai vector Mu(£®) of any £* belongs to H*(X,Z) C H?(X,Q).
By Proposition 3.1.7, taking ¢ = 0, we obtain that the Mukai transform in co-
homology sends the subspace

H*(X)o HY (X)) e H**(X) = H*(X,C) @ H"(X) @ H*(X,C).

to the similar subspace of H*(Y,C). It also sends the intersection of this sub-
space with H?(X,Z) equal to

NS(X) = H(X,Z) & NS(X) @ H*(X,Z).

to ﬁé(Y) Since Kx = Ky = 0, it follows from Proposition 2.2.12 that the
Fourier-Mukai defines an isometry H*(X,Z) — H?(Y,Z). Thus it defines an
isometry of the orthogonal complements

o:T(X) = (NS(X))" = T(Y) = NS(Y))" .

Applying Proposition 3.1.7 with i = 2, we see that oc(H?*"(X)) = H>°(Y).
Thus o is a Hodge isometry. O

Definition 3.1.4. Two K3 surfaces with equivalent derived categories of co-
herent sheaves are called Fourier-Mukai partners.

Proposition 3.1.11. A K3 surface has only finitely many non-isomorphic
Fourier-Mukai partners.

Proof. Let Y;,i € I be the set of representatives of isomorphism classes of
Fourier-Mukai partners of a K3 surface X. Assume this set if infinite. It fol-
lows from the proof of Theorem 3.1.10 that an equivalence of derived categories
DP(Y;) — D®(X) defines an isomorphism of lattices NS(Y;) — NS(X) and a
Hodge isometry o : T(Y;) — T'(X). Since the lattice H*(X,Z)+ H*(X,Z) is iso-
morphic to a hyperbolic plane, a theorem from the theory of integral quadratic
forms implies that the lattices NS(X) and NS(Y') are in the same genus (i.e.
isomorphic over any ring of p-adic numbers Z,). It is known that there are only
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finitely many non-isomorphic forms in the same genus. Thus there are infinitely
many Fourier-Mukai partners Y; with the Neron-Severi lattices NS(Y;) isomor-
phic to NS(X). Let H = H?*(X,Z),M = NS(X),T = T(X)* considered as
abstract lattices. The lattice T is equipped with a Hodge structure, i.e a line
in H ® C. For any non-degenerate lattice N let NY = Hom(N,Z) be the dual
lattice. It is equipped with the symmetric bilinear form induced from the lattice
N®Q =2 Hom(N, Q). Since the lattices M and T are non-degenerate, the natu-
ral map (M L T) — (M L T)V,v+ (v,7) has finite cokernel. Its order is equal
to the absolute value of the discriminant of the quadratic form on M L T. We
have an inclusion of lattices N =M 1L T C H C NV = (M L T)V. The number
of intermediate lattices between N and NV is finite and is equal to the number
of subgroups of coker(M L T) — (M L T)Y). Thus we can find an infinite
set of Y;,j € J C I, such that the isomorphism NS(Y;) L T'(Y;) - M L T
lifts an isomorphism H?%(Y;,Z) — H’', where H' lies between M L T and
(M L T)V. Replacing X with one of the Y;, we see that there are infinitely
many Y;’s such that the Hodge isometry T'(Y;) — T'(X) lifts to an isometry of
H?(Y;,7Z) — H?*(X,Z). Applying the Global Torelli Theorem, we obtain that
all such Y;’s are isomorphic to X. This contradiction proves the assertion. [J

One can give an explicit formula for the number of Fourier-Mukai partners
in terms of the structure of the Neron-Severi lattice NS(X).

3.2 Spherical objects

Corollary 3.1.5 on auto-equivalences of the derived category of a variety with
ample canonical or anti-canonical sheaf does not extend to varieties which do
not satisfy this condition. For example, in the case of a K3 surface, many new
anti-equivalences arise from spherical objects.

Definition 3.2.1. An object F in a k-linear triangulated category D with a
Serre functor S is called spherical if

(i) S(E) = E[n], for some n € Z,;
(i)
koif, i=0,n

Homp (E, E[i]) = {0 otherwise

Example 3.2.1. Assume Kx =0 and h'(Ox) =0,0<i<n=dimX (i.e. X
is a Calabi-Yau manifold). Any invertible sheaf is a spherical object. Condition
(i) holds obviously with n = 2. We have

Hom(L, L[i]) = Hom(Ox, Ox[i]) = H (X, Ox).

This is not equal to zero only if ¢ = 0,dim X.
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Also let R be a smooth rational curve on X such that the normal bundle
Npgx is isomorphic to Op: (—=1)®"~1. Let i : R < X be the closed embedding.
Let us see whether i,Op is a spherical object. We have an isomorphism

Eat'y (i.OR,1«Or) = AN'Ng/ x. (3.1)
In fact, consider the exact sequence
0—Jrp—0Ox —i,0r —0
and apply Homx (?,i.Og) to get an exact sequence
0 — Homx (i+Og,1.0r) — Homx (Ox,i1.0Or) — Homx (Jr,1+OR)

— Ext}((i*ORJ*OR) — 0

It is easy to see that Homx (Jr,ixOr) = Ng/x = (Jr/J3)". This gives an
isomorphism (3.1) for ¢ = 0,1. For ¢ > 1, we consider the induced isomorphism

AiNR/X — é’xté((i*(’)R, i*OR),

where the target is given by the cup-product of Extl (i.Og,i.OR)’s. Now we
use the spectral sequence

By = HP(X, Eat% (i.OR, 1.0R)) = Ext"*4(i,.OR, i.OR)).

We have o
ANy x = @D AY(Op (~1)®"Y) = Opr (—)*(" ).

This implies that F5? # 0 only if p = ¢ = 0 and p = 1,q > 2. This easily
implies that i,Op is a spherical objects if and only if n = 3.

If n = 2, and R is a smooth rational curve, the sheaf Og is a spherical
object. We use that R is a (—2)-curve, i.e. R = P! and R? = —2. We have
k= H°(Og,0Or) = H?(Og,Or) and playing with the exact sequence

0—-0Ox(—R)— Ox - 0Or—0

gives easily Ext' (Og, Or) = 0 (use that Hom(Ox (—R), Or) = Hom(Ox, Or(R))
HO(R, Ox(-2)) = 0).

Another example of a spherical object on a K3 surface X is a simple rigid
vector bundle (see Example 2.2.14). As we remarked earlier in Lemma 2.4.12,
the space Ext'(€, £) is the tangent space to the moduli space of simple bundles
at the point [E].

Definition 3.2.2. A triangulated k-linear category D is called to be of finite
type if, for any objects A and B in D,
dimy, Homp (4, B) < o0 (3.2)

where _
Homp, (A, B) = @ Homp (4, B),
i€EZ
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For example, D = D®(X), where X is projective, satisfies this condition.
For any objects E, F € Ob(D) define the objects Lg(F) and Rg(F) in D by
means of the distinguished triangles

Lp(F) — Hom}(E,F)® E <5 F — L(F)[1], (3.3)
F = Hom}(F,E)* ® E[i] — Rp(F) — F[1]. (3.4)

Here the tensor product means the complex whose j-th component is equal
to the direct sum of complexes @; E[—i]|®%, where d; = dimy Hom},(E, F). The
morphism ev is defined by means of an isomorphism Hom (E, F) = Homp (E(—i), F)
and sending the copy of E[—i] with index ¢ € Hom,(E, F) to F by means of
¢. Similrly one defines the tensor product and the evaluation morphism in the
second triangle.

One can show that the operations Lg and Rg define functor of triangulated
categories.

Assume F is a spherical object in D. Our first observation is that

Lg(F) 2 E[-n], Rg(F) 2 E[n]. (3.5)
Indeed we have a distinguished triangle
Lg(E)— E® E[-n] — E — Lg(E)[1].

It is easy to see that it is isomorphic to the direct sum of the distinguished

triangles 0 - E — E — 0 10 and E[-n] - E — 0 — E[1l —n]. A similar

argument applies to Rg.
Our second observation is that

Lp(F) = F|-1], Rp(F) = F]1] (3.6)

if Homp (F, F[i]) = 0 for all ¢ € Z.
Our third observation is that there are isomorphisms of functors

Lgpn = Le, Rep) = Re (3.7)

From now on, let D = D?(X), where X is a smooth projective n-dimensional
variety. Let i : A — X x X be the diagonal map. Consider the natural
homomorphism

L \Y
p*g. ® q*go N OA

defined as the composition
*oL*o\/ . ek *OL*.V . oVLo tr
PERGE =it (pTEC R GEY) =in(E° RE®) — Oh,
L .
where tr: £°* ® £°V — Ox is the trace map. Let

L ~ L
PES D GEY = Opn — E = p €S TEV]] (3.8)
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be a distinguished triangle.
We claim that

—X .L *
Les = 05X =Rg, 0 S p

To see this explicitly, we apply the integral transform to the distinguished tri-
angle (3.8) to get the distinguished triangle

* [ L * o\/L ° L o\ ~U ° ° 1]
Rp.(p"(E°) @ q"(E*Y @ F*)) = Rp.(Oa @ F*) = F* — Leo(F*) =

Using the projection formula, we obtain

L
Rp.(p"(£*) ® ¢"(£*Y @ F*)) = £° ® RHom(£°, F°),

where RHom®(€®, F*) is considered as a complex of free sheaves. Writing down
the tensor product explicitly, we obtain a distinguished triangle

P Hom' (€%, F*) ® £°[=i] — F* — Lea(F*) 2 (3.9)
ez
Our first observation is that
Lo (E°) =2 E°[1 —n] (3.10)
Indeed, we have a distinguished triangle

£ @ E[—n] — £ — Lea(e%) Y

We have a morphism Lge(E®) — E°[1] ® E°[1 — n] — £°[1 — n]. Applying the
cohomology we see that it defines a quasi-isomorphism.
Our second observation is that

Lee(F*) = F* (3.11)

if Hom(&*®, F*[i]) =0 for all i € Z.
Our third observation is that

Lgep) & Lee (3.12)

Example 3.2.2. Assume dim X = 1. For any closed point x € X the sheaf
O, is a spherical object (use the Serre duality). Suppose F* = F is a locally
free sheaf of rank . We have Hom'(O,,F) = 0,i # 1 and Hom'(O,, F) =
Hom(F,O,)V. The distinguished triangle becomes

Hom(F,0,)Y ® O,[-1] = F — Lo, (F) — Hom(F,0,)" ® O,

This easily implies that Lo, (F) is a locally free sheaf and, passing to duals, we
get an exact sequence of sheaves

0— Lo, (F)Y —FY — FY(x) =0,
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where for any sheaf G we denote by G(z) its fibre at x (not the stalk), i.e.
G./mx +G,). For any non-zero linear function « : FV(z) — k(z) the pre-image
in F¥ of the kernel of « is a locally free subsheaf of FV of rank r. The data
(z, ) defines the classical elementary operation elm, . on locally free sheaves.
Assume r > 1 and consider the vector bundle V(F) associated to F, then o
defines a nonzero point in the fibre V(F),. Passing to the projective bundles
PV(F) = Proj Sym®(F) we consider « as a point in the fibre PV(F),. We can
blow-up this point, and then blow down the proper transform of the fibre, the
result is a projective bundle isomorphic to PV(elm, (F)).

Note that if » = 1 and F = Ox (D) for some divisor D, then Tp, (F) &
Ox(D —z).

Assume F is a spherical object. The twist functors Lg and Rg is called the
spherical twists.

We want to show the spherical twist is a Fourier-Mukai transform. We need
the following.

Lemma 3.2.3. Suppose @%?Y 1s a fully faithful integral transform with kernel

Pe. Then it is a Fourier-Mukai transform if and only if dim X = dimY and
P*RQpiwx ¥ P*Q¢*wy.

Proof. We have seen already that these conditions are necessary. To prove
the sufficiency, we use that F = @%ﬁy has the right adjoint functor H and
the left adjoint functor GG defined by the integral transforms with kernel P® ®
p*wx[dim X] and P® ® ¢*wy[dim Y], respectively. It follows from Corollary
2.4.11 that F is an equivalence of categories if H(B) = 0 implies G(B) = 0.
Since, by assumption, G = B, the assertion follows. O

Theorem 3.2.4. Let £ be a spherical object in D*(X). Then
/X=X
Lg- — (Pg.
1s a Fourier-Mukai transform.
Proof. Applying the previous lemma, it suffices to show that
E*Qprwx 2E° R ¢rwx.

and that Lge is fully faithful. The first claim is rather obvious since a distin-
guished triangle (3.8) defines a distinguished triangle

L ~ 1
(Y Qwx)®p*E® — O R ¢*wx — £° @ ¢ wx o
and the same is true if we exchange the roles of the projections p and gq.
We use Proposition 2.4.8, taking for the spanning set {2 the set of objects

in D(X) that consists of £* and the set £*% consisting of all objects G* such
that Hom ps(x)(£®,G*[i]) = 0 for all i € Z. Let us prove that it is a spanning
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set. Obviously, if Homps(x)(G*®, F*[i]) = 0 for all G* € Q and all i € Z, then
F* must be in £*. But then Hompe(x)(F*, F*) = 0 implies F* = 0. Now
suppose Hom pe(x)(F*,G*[i]) = 0 for all G* in Q and all i € Z. Applying the
Serre functor, we get 0 = Hom pu(x)(F*, E[i]) = Hompe(x)(F*, S(E*[i—n])) =
Hompy(x)(E°[i —n], F*) for all i. This implies that F* € £°+, and we finish as
before.

Next we need to show that

Lge : Hom(G7,G3]i]) — Hom(Lge(G7), Les (G3]i]))

is a bijection for all i € Z. This is obviously true if G = £* and G§ € £*L. By
using observations (3.10) and (3.11), we see that this is true if G} = G3 and if
Gs,Gs &t O

Let us see how the spherical twist Lgs acts on the cohomology. Let v €
H*(X,Q) and [£°*] be the class of £* in Ko(X x X). It follows from the definition
that [£%°] = [Oa] — p*([E*Y] @ ¢*([€°*]). Tts Mukai vector in H*(X x X,Q) is
equal to [A] — p*(Mu(€*Y) - ¢*(Mu(€®)). We know that

LE(v) = @27 7 (v) = g (Mu([€°]) - 9" (v))

=v- (/X v-Mu(&*Y))v=v— (/X exp(c1(X)/2)v - Mu(E®)Y)v
=v— (Mu(€®),v)Mu(&®).
Applying proposition 2.2.12, we get

(Mu(E*), Mu(E*)) = (£, €*) = dim Hom(E*, £*) + (~1)" dim Hom™ (£°, £*)

B 2 if nis even
10 otherwise.

When n is even, we obtain that L, acts as a reflection in the vector Mu(£®), i.e.
it sends this vector to its opposite, and leaves invariant any vector orthogonal to
Mu(€®) with respect to the pairing (,). If Kx = 0, and Mu(€®) € H*(X x X, 7Z)
(e.g. if X is a K3 surface), then the pairing is a symmetric bilinear form on
H*(X,Z) and L, is a reflection isometry of the corresponding lattice. Recall
that a reflection with respect to a vector « in a quadratic lattice M is its
isometry defined by the formula

where one assumes that (v, v) divides 2(z,v) for any x € M (e.g. if (o, ) = £2).
Observe that L%, = idy- but L2.(£*) = £°[1 — n], so L%, belongs to the
kernel of the action of Auteq(D?(X)) on the cohomology.
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Example 3.2.5. Let X be a complex algebraic K3-surface. It is known that
no non-identity automorphism can act trivially on the cohomology. Thus L%.
cannot be induced by an automorphism of X. Consider the natural homo-
morphism a : Aut(X) — Aut(NS(X)). Its kernel is a finite group since it
preserves the class of any ample line bundle and, its is known, that no alge-
braic group of positive dimension can act on X. Let Wx be the subgroup of
O(NS(X)) generated by reflections in vector [R], where R is a smooth rational
curve on X. It is a normal subgroup of O(X) and we can compose a with
the quotient map O(NS(X)) — O(NS(X))/Wx to obtain a homomorphism
a : Aut(X) — O(NS(X))/Wx. It follows from the Global Torelli Theorem
that the cokernel of this homomorphism is a finite group. Let £* = Opg, where
R as above. Then Lge acts on NS(X) as the reflection with respect to the vector
[R] (note that [Og] = [R] in Ko(X) and R? = —(Mu([R], [R]) = —2). Thus the
image of the subgroup of Auteq(D?(X) generated by the spherical twists Lo,
in O(NS(X)) coincides with Wx. Thus together with Aut(X) the cohomology
spherical twists generate a finite index subgroup of O(NS(X)).

Let us see how different spherical twists compose.

Lemma 3.2.6. Let ® : DY(X) — D%(X) be an auto-equivalence of derived
categories. For any spherical object £* in D*(X),

do Lgo = L@(go) o .

Proof. We have a distinguished triangle

L
RHom(D(£%), B(F*)) & B(E®) — F* — Laewy (®(F*)) 1 (3.13)
Since ® is an equivalence of categories, RHom(®(£°), ®(F*)) = RHom(&E*, F*),
and applying @ to the distinguished triangle defining Lee, we get a distinguished
triangle
L
RHom(E®, F*) @ ®(E°) — F* — ®(Lgs (F*)) n (3.14)
Comparing the two triangles, we find Lgge)(®(F*®)) = ®(Lege(F*)). There
is a subtlety here. Although we have an isomorphism for each F*, this may
not define an isomorphism of functors. Assuming that ® is a Fourier-Mukai
transform (e.g. applying Orlov’s Theorem), one can show that, in fact, there is
an isomorphism of functors (see [Huybrechts], p. 176). O

We apply this lemma, by taking ® = L. for some spherical object F*. We
get
L]:o [e) Lgo = LL}--(S‘) o L]:O. (315)

This immediately implies that Lge and Lyre commute if F* € £°+ (for example,
if £* = Or, F* = Og/, where R, R’ are two disjoint smooth rational curves on
a K3 surface).

Let £7,...,&R be a collection of spherical objects satisfying
aij = ©pdim Hom?(EF,E7) < 1,4 # j. (3.16)
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Let Lgs = L;. Assume a;; = 1. After shifting &;, using (3.12), we may assume
that dim Hom(&?,£7) = 1. We have a distinguished triangle
E — & — Li(&) — &L

Applying L; we get a distinguished triangle
Li(&7) — Li(&]) = &1 — n] — L;(Li(€7)) — L; (€7)[1], (3.17)

where dim X' = n. Since dim Hom(&7, £7) = dim Hom" (€7, £?), we get a distin-
guished triangle
E-n] — & — L&

i

) — &1 —n].
After shifting, we have the triangle
Li(&) — &1 —n] — E[1] — L;(E7)[1].

Comparing it with triangle (3.17), we get L;(L;(€5)) = £?[1]. Thus Lij(raes) =
L;. Applying (3.15) twice, we have

Lj OL,L‘ OLj = L] OLLi(E;) OLi = LL]’(Li(g;)) OLj OL,L‘ = Li OLj (@) Li-

Summing up, we obtain the relations

{LiOLj:LjOLi ifaij:07 (318)

Li o LJ o Lz = L] o L,L ] L] otherwise.

Recall the definition of the Artin-Brieskorn braid group. Let S be a sym-
metric matrix of size S with integer entries s;; > 2 off the diagonal and s; = 0.
The Artin-Brieskorn braid group B(S) is defined by generators g1, ..., gy with
defining relations

9i 9j Gt =959 Gi 51 F
where in each side there are s;; factors. The quotient of B(S) by the normal
subgroup generated by ¢?, ..., g% is the Cozeter group defined by the matrix S.
The matrix S can be defined by the Coxeter-Dynkin diagram. It is a graph with
vertices v;,¢ = 1,..., N, joined by s;; —2 edges. Conversely such diagram defines
a matrix S as above. For example, the Coxeter group with the Coxeter-Dynkin
diagram

[ S S — S

is the symmetric group Sy41. The corresponding Artin-Brieskorn group is the
classical braid group By41 introduced by E. Artin. In our case, we take S =
(sij), where S;; = a;;+2, to obtain that the subgroup of Auteq(D’(X) generated
by Li,..., Ly satisfies the braid relations of the Artin-Brieskorn group B(S).
In particular, we have a homomorphism

p: B(A) — Auteq(D*(X)).

In the case when S is of type Ay, i.e. described by the Coxeter-Dynkin diagram
of type Ay from above, Seidel and Thomas have proved that p is injective if
dim X > 2, i.e. the braid relations (3.18) are defining relations.
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Example 3.2.7. Let X be a K3 surface, and Ry,..., Ry be a set of smooth
rational curves such that a;; = R; - R; < 1 for ¢ # j. Using the exact sequence

0 — Ox(—=R;) - Ox — Or; =0
and applying the functor Homx (Og,,?), we easily get
Hom?*(Og,, Or,) = Ker(Ext*(Og,, Ox (—R;)) — Ext*(Og,, Ox))
= Ker(Hom(Ox (—R;)),Or,)" — Hom(Ox, Og,)")

=~ Ker(H(X, O, (1))Y — H°(X,0R,)") = Ker(k* — k) = k.

All other Hom" vanish. Thus the spherical objects satisfy condition (3.16) and
we have an action of the corresponding Artin-Brieskorn braid group B(A) on
Db(X), where A = (a;;). Note that we have a commutative diagram

B(A) —— Autoeq(D*(X)) ,

ot

where C(A) is the Coxeter group corresponding to B(A) and O(H*(X,Z)) is
the group of isometries of the Mukai lattice (see Example 2.2.14).

The same is true if we replace a collection of (—2)-curves R; as above with
a collection of rigid simple vector bundles &; with dim Extl(é'i, &) <L

C

3.3 Semi-orthogonal decomposition

In this section we discuss how a triangulated category could be described as a
sort of span of its finitely many objects.

Let D be a triangulated category of finite type. We assume that it is equipped
with a Serre functor S : D — D.

Definition 3.3.1. A full triangulated subcategory D’ of D is called right (left)
admissible if the inclusion functor has a right (left) adjoint. The right (left)
orthogonal D'+ (+D’) of an admissible subcategory is the full category formed
by objects B such that Homp (A, B) = 0 (Homp(B, A) = 0) for all A € Ob(D").
We say that D’ is admissible if it is right and left admissible.

Note that D’ is a triangulated subcategory as it is easy to see by using
that Homp (A, B[i]) = Homp(A[—i], B) = 0 and applying the functor Hom to a
distinguished triangle B; — By — C — By[1] with By, By € Ob(D'*).

The meaning of being right admissible is the following. For any object
C € D there exists a distinguished triangle A — C — B — A[1], where A €
Ob(D"), B € Ob(D’*). In fact we set A = i'(C) where i' is a right adjoint of
the inclusion functor i : D’ — D. The identity morphism A — A defines, by
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the property of adjoint functors, a morphism A — C' that can be extended to
a distinguished triangle A — C' — B — A[1]. For any A’ € Ob(D’) we have an
exact sequence

Hom(A’, A) = Hom(A',i'(C)) % Hom(4’,C) — Hom(A', B) —

Hom(A’, A[1]) “% Hom(4’, 1)),

where the morphisms a and a[l] are isomorphisms. This gives Hom(A’, B) =0
for all A’ € Ob(D"), hence B € D'+.

Conversely, suppose each C' € Ob(D) can be realized as the midterm of
a distinguished triangle A — C' — B — A[l], where A € Ob(D’) and B €
Ob(D'+) for some full triangulated category D’. Then D’ is right admissible. In
fact, we can can set i'(C) = A. In order this to be defined we have to show that
the triangle is unique up to a unique isomorphism. Let A" — C/ — B’ — A'[1]
be a distinguished triangle and f : C — C’ be a morphism. Let us construct a
unique morphism ¢ : B’ — B such that the following diagram is commutative

A= B A
bl e
A c B A]

Since Hom™*(A’, B) = 0, applying Hom(A’, ?) to the bottom triangle, we get an
isomorphism Hom(A’, A) — Hom(A’,C). The morphism ¢ is the pre-image of
f o g under this isomorphism. If C’ = C and f = id¢ we get the uniqueness
of the isomorphism ¢. For any C' € Ob(D) we get a distinguished triangle
0—i'C — C — B — i'(O)[1]., where B € Ob(D'*). Applying Homp (4, ?) we
get

0 — Homp (A, (C)) — Homp(i(A),C) — Homp(A, B) = 0.

This shows that i' is a right adjoint to 4.

Our final observation is that a right (left) admissible subcategory is admis-
sible if D admits a Serre functor.

For any set S of objects in D let (S) to be the smallest full triangulated
subcategory containing S among its objects. We say that S generates D if
D = (S). We say that a subcategory D’ generates D if its objects generate D.

Proposition 3.3.1. Let D' be an admissible subcategory of D. Then D' and
D'+ generate D.

Proof. Any C can be included in a distinguished triangle A — C — B — A[l1],
where A € Ob(D’) and B € Ob(D’*). This triangle defines the distinguished
triangle B[—1] — A — C — B. By definition of a triangulated subcategory, C
must be an object of (D', D'+). O
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Remark 3.3.2. The notion of an admissible category is a generalization of the
torsion theory in an abelian category. It is a pair of full subcategories T and
F of an abelian category A such that Homa (T, F) = 0 for all A € Ob(T) and
F € Ob(F) and any object X in A admits a subobject T' € Ob(T) with quotient
isomorphic to an object from F. A motivating example is the category of abelian
groups, where T is the subcategory of finite abelian groups, and F is the category
of free abelian groups.

Definition 3.3.2. A sequence (D, ..., D,,) of admissible subcategories is called
semi-orthogonal if D; C Djl for1 <i < j <m. Wesay that (D, ..., D,,) defines
a semi-orthogonal decomposition of D if (Dy,...,D,,)" consists of zero objects,
or, equivalently, D = (Dq,...,D,,).

A way to construct semi-orthogonal sequences is by using exceptional objects
in the category.

Definition 3.3.3. An object E of a k-linear derived category D is called ex-
ceptional object if Homp(F, E) = k. An exceptional sequence is a sequence
Ei, ..., E; of exceptional objects such that Homp (Ej, E;) = k if ¢ < j. An ex-
ceptional sequence (E1, ..., Ey,) is called strong if additionally Hom*®(E;, E;) =
0 for i < j and s # 0.

Example 3.3.3. Let FE be an exceptional curve of the first kind (or a (—1)-
curve) on a smooth projective algebraic surface X (i.e. £ = P! and E? = —1).
Then Of, considered as a sheaf on X is an exceptional object in D?(X). This is
checked in the same way as we checked that a (—2)-curve R defines a spherical
object Opg.

Example 3.3.4. Let X = P" and E; = Opn(—i), where ¢ = 0,...,n. Let us
check that it is an exceptional sequence. Since Hom'(E;, E;) = Hom'(OxOx) =
Hom'(X,Ox) = 0,5 # 0, the sheaves E; are exceptional. We also have

Hom'(E;, E;) =2 Hom"(Ox, F;_;) = H'(X,0x(i — j)) =0
for t # 0 (because i — j > —n).

Suppose (E, F') form an exceptional sequence. Let Lg be the left twist func-
tor defined in (3.3). Then (Lg(F), E) is an exceptional sequence. This easily
follows from applying Hom(E.?) to the distinguished triangle (3.3). Starting
from an exceptional collection &€ = (Ey,...,E,) one can replace it with the
exceptional collection

Li(&) = (Er,...,Ei-1,Lp,(Eit1), Ei, Eiya, ... Ey)

The new collection is called the left left mutation of £ at F;. Similarly one
defines the right mutation at F;.

Ri(&) = (Ey,...,Ei 1, Eip1,Re,, (E;), Eiya,..., Ey)

We omit the proof of the following proposition (see [Bondal], Izv. Math.
USSR, v. 53 (1989)).
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Proposition 3.3.5. Consider R;, L; as transformations on the set of excep-
tional collections of length n. Then

(i) Ri = Li_l;
(ZZ) Rz (¢] Ri+1 o Ri = Ri-i—l o Ri o R'H—l-

Note that the action braid group action described by this proposition is on
the set of exceptional sequences but not on the category D, as was the case
with spherical twists in D = D®(X). For example, one immediately checks that
Rp(E) = Lg(E) 20 if F is an exceptional object, so neither Rg nor Lg is an
equivalence of categories.

Proposition 3.3.6. Let (En,..., E,,) be an exceptional sequence, then (Eq, ..., E.,)
s an admissible subcategory.

Proof. We have to show that, for any C' € D one can find a distinguished triangle
A — C — B — A[l], where A € Ob((Ey,...,E,)) and B € Ob((Ey, ..., Eyn)7t).
We use induction on m. Assume m = 1. We use the right twist functor Rg.
Consider the distinguished triangle

Homp (B, C) @ Ey[—i] — C — Ry, (C) 1.

The first object belongs to (E;). Applying Homp(F1,?) we get an exact se-
quence

— @ Homp, (B, €)@ Hom (B, Er[—i]) — Hom},(Ey, C) — Hom},(Ey, R, (C)).

Since E; is exceptional, the first term is equal Hom‘ljj(El7 C) ® k. This immedi-
ately implies that Hom},(E, R, (C)) = 0 for all j.

By induction, we have a distinguished triangle A — C' Ny N Al[1], where
A'is an object of (E1, ..., E,_1) and B belongs to (E1, ..., E,_1)*. In fact, we
can also include in the induction the assertion that B = R™~1(C) := Rg,,_, o
-0 Rp, (C)[m—1]. Consider the morphism v = a[m —1]o 3, where « is defined
from the triangle defining

R™(O)[-1] — @Homi(EW R™ 1)) ® R™[—i] - R™Y(C) S R™(0).

Then it defines a distinguished triangle
A — C L R™(C)[m] — A'[1],

with A’ € Ob(A) and R™(C)[m] € Ob(A™).
O

Definition 3.3.4. An exceptional sequence (Ey,..., E,;,) is called full if D =
(E1,...,En).
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It follows from the definition that (E;,..., E,,)" consists of zero objects,
if (E1,...,Ey) is a full exceptional sequence. If D admits a Serre functor, we
obtain that +(FE,..., E,,) consists of zero objects, hence {Fy,...,E,} is a
spanning set.

The following was the first non-trivial example of a full strongly exceptional
sequences due to A. Beilinson.

Theorem 3.3.7. Let X = P" and QL. = A (Q}.) be the sheaves of regular
differential i-forms. The sequences

(O]}M,Oﬂmn(l),...,Opn(n)), (319)

Q. (n),..., 0% (1), Opn) (3.20)
are strong full exceptional sequences.

Proof. Let P =P(V) (lines in V'), where V' is a vector space of dimension n+ 1
over k. The standard facts about cohomology of projective spaces easily give

Hom(Op: (~1), Opi (=) 2 77 (V"), Ext’(Opi(—i), O (7)) = 0,t # 0.

This implies that (3.19) is a strongly exceptional sequence. To show the same
for the second sequence we use the inductive description of the sheaves Qp.. by
means of short exact sequences

0 — Qb — V*(=1) — Qit — 0.
It easily implies that
Hom(Qpn (1), Q. (7)) = A(V), Ext! (Qpn (1), 2o (4)) = 0, # 0.

Let X = P"” and A be the diagonal in X x X, we use that O admits the
following locally free resolution

0— A"(Ox(-1)RQ%(1) — ... = Ox(-1) K Q5% (1) - Ox K Ox — Op — 0

(3.21)
This is the combination of two standard constructions. First we consider the
Euler exact sequence

Ox—>V®Ox(1)—>Tx—>O,

where Tx = (%)Y is the tangent bundle. Twisting by Ox(—1), we get
HY(X,7Tx(-1)) 2 V. We also have H°(X,0x(1)) = VV. Consider the lo-
cally free sheaf € on X x X equal to Ox (1) W 7x(—1). Its dual sheaf is
Ox(=1) ®QL(1). We have H*(X x X,£) 2 V* ® V. Let s be its section
defined by idy € V* @ V.= Hom(V,V). If ey,...,e, is a basis in V and
€_1,...,€_p is its dual basis, then s = > e_; ®e;. It is easy to see that the zero
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scheme Z(s) of s is equal to the diagonal. Now we use the Koszul resolution of
the zero scheme of a section of a locally free sheaf on a regular scheme

0—A"(EY) = ... =& = Oxxx — Oa — 0.

Let F be a coherent sheaf on A = X considered as a sheaf on X x X. Tensoring
it with the complex (3.21) we obtain a complex on X x X quasi-isomorphic to F.
Applying the derived functor Rpr,, we obtain a complex X quasi-isomorphic
to F. This gives a spectral complex of the double complex

F p+q=0

0 peg o (3.22)

EPT = HY (B, F(r)) @ 03 (~q) = B = {

A similar argument applied to the first projection gives a spectral sequence

F p+q=0

(3.23)
0 p+qg#0

BV — HP(B", Q3 (~q)) © Ox () —> 71 = {

The spectral sequences (3.21) and (3.23) are called the Beilinson spectral se-
quences.

Let us first show that any coherent sheaf F orthogonal to our exceptional
sequence must be zero. In fact, 0 = Hom‘(Ox(a),F) = H'(X,F(-a)),a =
0,...,n, implies that £ = 0 in (3.23) for all p,q, hence F = 0. Now, for a
complex F*® we use the spectral sequence

B = Hom?(Ox (a), HY(F*)) = Hom?*"(O(a), *)

If the limit is equal to zero for all a = 0, ..., n, then all E5'? =0, hence HI(F*)

is ortogonal to our exceptional sequence and therefore equal to zero for all q.
Using spectral sequence (3.23) we prove that the sequence (3.20) is a full

strongly exceptional sequence. O

It follows from the definition that a full exceptional sequence freely generate
Ky(D). In fact, the Gram matrix G of the Euler form

([E],[F]) = Xx(E, F) = Z(—l)idimk Hom'(F, E)

with respect to ([E4],...,[En]) is an upper triangular unipotent matrix. Sup-
pose also that D admits a Serre functor S. Let A be the matrix of the corre-
sponding operator in Ky(D) in the basis defined by the exceptional sequence.
Then x(E, F) = x(F,S(E)) implies A = G~1G*.

Proposition 3.3.8. The matriz (—1)?A is a unipotent matriz.

Proof. Let d = dim X. It is known that the group Ky(X) admits a filtration

{0} c F4X) C...F}(X) C Ko(X),
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where F'(X) is spanned by the classes of coherent sheaves with support in
codimension > i. We have F*(X)/F?(X) = Pic(X) and K°(X)/F?(X) =
Pic(X) & Z. It is known that F*(X) - F/(X) C F*(X) with respect to the
multiplication in the ring Ko(X).

The filtration in K(X) corresponds to a filtration in Ko(D%(X)) = Ko(X).
For any two invertible sheaves £, and Lo, considered as subsheaves of the con-
stant sheaf k(X), we have [£1] — [£1 N La], [L2] — [£1 N L2] € F1(X), hence
[£1] — [L2] € FY(X). In particular [wx] — [Ox] € F1(X). Since [Ox] is the unit
in the ring structure on Ko(X) and the shift operator in D®(X) is the operator
(=1)4mXid e x), we obtain that, for any x € F*(X),

(~1)%8 — idk,(x)) (@) = (lwx] — [Ox] -2 € FHY(X).
This gives ((—1)%S — id,(x))? = 0, hence ((—1)?4 —1)¢ = 0. O

Example 3.3.9. Suppose D?(X) is generated by a strongly exceptional se-
quence (F1, Es, F3). Then the Gram matrix

1 =z vy
G=|0 1 =z
0 0 1
and
1—2?2—22=z2yz —z4+ay’—yz ay—=z
A=G"IG = T —yz 1—y? -y
z Y 1

The trace of A — I5 is equal to zyz — 2 — y? — 22, so the necessary condition
for A — I3 to be nilpotent is that

ryz —x? —y* =22 =0 (3.24)
If this holds, then computing the other coefficients of the characteristic polyno-
mial we find that all of them are equal to zero. Thus (3.24) is a necessary and
sufficient condition for A to be unipotent. This shows that in the case when d
is even and D?(X) is generated by a strong exceptional sequence (E1, Eo, F3),
then the dimensions

x = dim Hom(FEs, E1),y = dimHom(E3, E1), 2 = dim Hom(FEs, Es)

satisfy the equation (3.24) (called the Markov equation). For example, it applies
to the case when X = P2. Taking (Ei, E2, E3) = (Op2(2), Op2(1), Opz, we
get a solution (z,y,z) = (3,6,3). Applying the mutations, we generate other
solutions.

Note that, by Riemann-Roch, if (Ey, E2) is a part of a strongly exceptional
collection, hence

0= x(E2, E1) = (Mu([Ez]), Mu([E1])).
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A direct computation in the case X = P? and F; are locally free sheaves, gives

. 3 1
dim x(Es, E1) = rira(1 + 5(#1 — p2) + 5(#1 —p2)? — A1 — Ay),

where 7; is the rank of F;, yu; = ’:—7, k; = c1(E;) - c1(Op2(1) is the slope of E; and

1 T — 1
8= Lam) - P
is the discriminant of E;. Since E; are exceptional, 1 = x(F;, F;) = rf — 24,
2
hence A; = 7§T21. This easily gives

0 =17 +7r3 + 61y — 36127172,

where 619 = kory — k172. Thus %(m, T9,012) is a solution of the Markov equation
(3.24). Suppose that 1 = ro = r, solving the quadratic equation we obtain that
512/7“2 = (]CQ — kl)/r =4 or —1.

Example 3.3.10. Starting from one of the two exceptional sequences described
in Beilinson’s Theorem, we may obtain new exceptional sequences via mutation.
For example, we have

Loy, (Opv) (1)) = ker(V* — Opy(1)) = Tpyy (—1) = Qg(_vl) (n)),

so that the mutation of the first exceptional sequence at its first term gives the
exceptional sequence

(Tp(vy)(=1), Opvy (1), - -, Opvy(n)).

Similarly, we get Ro, (Q]%)(V)(l)) = Op(v)(1) and we get the mutated excep-
tional sequence

(Qpy(n),..-, QIQP’(V)(2)7 Opvy, Opvy(1)). (3.25)

3.4 Tilting objects

Recall that an abelian Grothendieck category A is equivalent to the category of
modules over the ring Enda(U), where U is a generator of the category. In this
section we will discuss a generalization of this fact to a derived category. First
we consider the analogs of a generator.

Let A be an abelian category with enough injective objects. For any object
E € A consider the ring R = Enda(E)°? and the functor A — Mod(R) defined
by A — Homa(E,A). Let ® : DT(A) — D*(Mod(R)) be its derived functor.
We say that E is a tilting object if its restriction to D?(A) defines an equivalence
of triangulated categories

DY(A) — D(Mod(R)®)).



3.4. TILTING OBJECTS 129

Definition 3.4.1. A tilting object in A is an object E satisfying
(i) Exti(E,E)=0,i+#0;
(ii) for any F* € D~ (A), RHoma(F, F'*) = 0 implies F** = 0;

iii) for any F'* € D~ (A), Hompsa)(E, F'®) is a finitely generated module over
(A)
Enda(E).

Theorem 3.4.1. Let E is a tilting object in an abelian category A and R =
Enda(E)°P. Then the derived functor RHom(E,?) : DY(A) — D®(Mod(R)) of
Homa(E,?) is an an equivalence of triangulated categories.

Proof. We know from section 1.1 that the functor ® = Hom(E,?) : A —
Mod(R'®) has the right adjoint functor Mod(R®) — A, M — E® M. It is
easy to see that its derived functor ¥ : D~ (Mod(R®)) — D~ (A) is the right
adjoint functor for RHom(E,?) : D~ (A) — D~ (Mod(R')). Since F is a tilting
object, we have ® o U(R) = RHom(E) = Hom(E, E) = R. By adjunction,

\IJ . HomD*(Mod(ng))(Ra M.) :> HOIIlD—(A)(E,E® M.)

Since R is a generator of the category Mod(R®™) this easily implies that ¥ is
fully faithful. Let

L
E & RHom(E, F*) % F* — g+ U

be the distinguished triangle corresponding to the adjunction morphism «. Ap-
plying RHom(E, 7), and using that W is fully faithful, we obtain that RHom(F, G*) =
0. By definition of a tilting object, we obtain G®* = 0. This implies that F'® =
U(®(F*)), hence (@, ¥) define an equivalence of categories D~ (A), D~ (Mod(R)).
Therefore, ¥ is also a left adjoint functor to @, i.e. we have an isomorphism

L
¢ : Hom(E ® M®, F*) = Hom(M*®, Hom(E, F*).

This shows that ® sends a bounded complex to a bounded complex and hence
defines an equivalence of derived categories D~ (Mod(R'8)) — D!(A). O

Assume that A is a k-linear category of finite type. Let E be a tilting object.
The ring R = Enda(E, E) is a finite-dimensional k-algebra. This implies that
R considered as a left module over itself is isomorphic to the direct sum of
indecomposable left ideals R = Py®...®P,. If 1 = e;+...4+e, with e; € P;, then
e; are orthogonal idempotents in R, i.e. e? = e; and eiej = 0,1 # j. The ideal P;
is equal to Re;. Being a direct summand of R, it is a projective R-module. For
any left R-module M, the canonical homomorphism Hom(Re;, M) — M, ¢ +—
¢(e;) = e;p(e;) defines an isomorphism of R-modules Hompg(P;, M) = ¢, M. In
particular, we have

HOIHR(H, Pj) = eiRej.

We assume that R is a basic algebra in the sense that the modules P; are all
non-isomorphic. One can always replace R by a basic algebra (by collecting
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idempotents from each isomorphism class) such that the categories of modules
are equivalent.

The quiver QQr assigned to any basic finite-dimensional algebra is defined as
follows. We assign a vertex v; to each idempotent e; of R. The set of arrows
between v; and v; is a basis of the vector space Homg(P;, P;)/K (4, ), where
K(i,j) is the subspace generated by the images of the composition maps

Hompg(P;, P;) x Homg(P;, Pj) — Homg(P;, P;), t # 1, .

We consider the zero arrow from v; to v; corresponding to e; € e;Re;. Thus
Q®r has no loops if and only if e;R;e; = k. Let k[Q] be the path algebra of
Qr- A two-sided ideal in k[QR] is called admissible if it is generated by a linear
combination of paths of length > 1 with the same source and the tail. One can
show that any basic algebra R is isomorphic to the quotient of the path algebra
of Qg by some admissible ideal ([Gabriel]).

We leave the proof of the next proposition to the reader.

Proposition 3.4.2. Let E be a tilting object in A, assume that R = Enda(F)
is a basic algebra and let R = Re; @ ... ® Re,,. Suppose Qr does not contain
loops and there are no two arrows a,b with s(a) = t(b),t(a) = s(b). Then

L
E; = E® P; is an exceptional object in D*(A), after reindexing (E1, ..., E,) is
a strong exceptional sequence and E = F1+ ...+ E,.

Let @ be a quiver with n vertices satisfying the conditions from the previous
proposition and R = k[Q]/I be its path algebra with some relations. Consider
the grading on R with R; generated by the paths of length . For example, Ry
is generated by zero arrows attached to each vertex. The graded algebra R is
generated by Ry and R, if and only if the arrows exist only between adjacent
vertices. The vector space Ry is the subalgebra of R isomorphic to the direct
product of n — 1 copies of the algebras k[x]/(x(x — 1)). The vector space Ry is
a bimodule over Ry. Let T(R;) be the tensor algebra of the Rp-bimodule R;.
The algebra R is the quotient of T'(R;1) by some homogeneous ideal J. Assume
that J is quadratic ideal, i.e. a two-sided ideal generated by a subspace of Js
of R; ®p, Ry (in this case a graded Ry-algebra R is called quadratic. Then one
defines the dual of R as the graded algebra B = T(R?})/(J5), where Jy is the
annihilator of Jz in the dual vector space (Ry ®pr, R1)* = R} ®r, R}

Example 3.4.3. Let X = P! and (£7,&3) = (Op1(1),Op1). The algebra R =
End(€P @ £3) is 4-dimensional with ey Res = H°(Op1 (1) = kx + ky. We write
R in the form of triangular matrices

ko0
wefi ]

where the multiplication is defined in the natural way

{(m?y) 107} ' [(x’i/y’) l?’] B {(w’,yb’)az/(az’,by’) b(l))’ '
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The quiver is the Kronecker quiver

o T,
~—~— 7

A finitely generated R-module M is a finite-dimensional representation of the
quiver with M7 = My, where M; = e; M are vector spaces over k of dimensions
n;. the two morphisms are given by two matrices A, B of size ny X na. A
morphism from a representation defined by (A, B) to a representation defined
by (A’, B’) is a pair of matrices C, Cy such that C1 ACy = A’,C1BCy = B'.

Note that R is a quadratic algebra isomorphic to the non-commutative
graded algebra Rolx,y]/(2?, zy,yz,y?), where Ry = k[t]/(t> — t) (note that
re = x but ex = 0, where e =t mod (t? —t)). Its dual algebra is isomorphic
to the algebra of non-commutative polynomials in two variables over Ry.

When X = P? and (61.5 82.’83:) = (Op2(2), OIP’Q(l))’ Opz2), we get the quiver

ey Tl ey 3,
\‘Z'j \»—zj

In this case the ring R is the path algebra of the quiver with relations of type
ry = yx, and so on.

A similar quiver with n + 1 vertices correspond to the exceptional sequence
(Opn(n),Opn (1)), Opn). Let P* =P(V). For n > 1, the algebra R is a quadratic
algebra is generated over Ry by R; = V* with a basis xg, ..., z, and relations
Tilj — TjLq = O,Z #]

Consider the exceptional sequence (3.20). Let the vertex v; of the quiver cor-
responds to i-th term in this sequence. We know that Hom(P;, P;) = A"~ (V),
where P* = P(V'). The algebra R is generated by V with the basis ey,..., e,
dual to the basis o, ..., x, of V*. Its relations are e;e; + eje; = 0. The quiver
Qr coincides with the quiver for the exceptional sequence (3.19). Thus we see
that R is a quadratic algebra isomorphic to the Grassmann algebra of the Ry-
module R; (if char(k) # 2) dual to the algebra corresponding to exceptional
sequence (3.19).

If we take the mutated sequence (3.25) with n = 2, we get again the same
quiver but different algebra. Its multiplication Hom(R;, Re) x Hom(Rg, R3) —
Hom(R;, R3) is isomorphic to the multiplication A2V x A*V — V. The algebra
corresponding to (3.19) is defined by the multiplication V* x V* — S2(V*) and
the algebra corresponding to (3.20) is defined by V x V — A2(V).

3.5 Exercises

3.1 Show that the ideal sheaf of a smooth rational curve R on a Calabi-Yau
3-fold X with normal bundle Oz(—1)®? is a spherical object.

3.2 Show the dual, or a shift of a spherical object is a spherical object.

3.3 Show that the condition £* x wx = £°* can be replaced by the condition
that the pairing Hom'(F*,£°®) x Hom" *(£°*,F*) — Hom"(£°,E*) X k is a
non-dgenerate pairing for all 7* and and all i € Z.



132 LECTURE 3. RECONSTRUCTION THEOREMS

3.4 Let E be an elliptic curve and = # y be its closed points. Show that the
sheaves O, O,, O¢ are spherical objects satisfying (3.16) with Coxeter-Dynkin
diagram of type As.

3.5 In the situation of the classical McKay correspondence from Example 2.4.14,
m = 2, show that the objects V,, ® R/(21,22)R are transformed by the Mckay
correspondence to the sheaves Op,, where E; is an irreducible component of
771(0) or to Ox/a, if p; is trivial. Using this prove that these objects are
spherical.

3.6 Let £,...,EX be a set of spherical objects in D?(X) satisfying condition
(3.16). Show that the action of Lgs in H*(X,Q) is induced from the natural
homomorphism of the Artin-Brieskoen braid group to the Coxeter group.
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sheaf, 36
Fourier transform, 61
Fourier-Mukai partners, 112
Fourier-Mukai transform, 63
equivariant, 86
fully faithful, 2
functor, 1
n-th left derived functor, 30
n-th right derived functor, 30
contravariant, 1
additive, 9
corepresentable, 2
exact, 8
Ext, 34
left exact, 8
of triangulated categories, 24
quasi-inverse, 2
representable, 2
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representing object, 2
right exact, 8

G-object, 76
generating set
of a category, 122
generator
in a category, 6
gluing data, 102
graph
of a morphism, 63
Grothendieck-Riemann-Roch Theo-
rem, 70
Grothendieck-Verdier Duality The-
orem, 55
group action
in a category, 75
group object
in a category, 75
group scheme, 78
constant, 78
groupoid, 101
generated by a cover, 102
in a category, 101

Hirzebruch-Riemann-Roch formula,
72
Hochshild cohomology, 111
Hochshild homology, 111
Hodge decomposition, 42
Hodge isometry, 111
Hodge numbers, 42
homological dimension, 90
of a module, 89
of an abelian category, 58
homology group, 10
homotopy
of morphisms of complexes, 11
of morphisms of simplicial com-
plexes, 11
Hopf algebra, 81
hyper-cohomology, 49
hypercohomology, 43
hyperext
relative, 53
hyperext modules, 52
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hyperext sheaf, 51

idempotents
orthogonal, 129
injective object, 31
integral transform, 62
K-theoretic, 70
categorical, 61
cohomological, 70
inverse, 62
kernel, 59, 61, 62
Intersection Theorem, 90

K3 surface, 111
K3-surface

Global Torelli Theorem, 111
Kronecker quiver, 130

Leray spectral equence, 44
local coefficient system, 44
localizable, 13
localization

of a category, 12

Markov equation, 127
McKay graph, 99
monomorphism, 4
Morita equivalennce, 9
morphism

image, 4
Mukai lattice, 75
Mukai vector, 71
mutation, 123

object
final, 3
initial, 3
invertible, 106
point-like, 105
simple, 102
object-complex, 30

pre-equivalence relation, 101
presheaves, 2
projective dimension, 89
projective object

in a category, 6
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quadratic algebra
dual, 130
quadratic ideal, 130
quadratic lattice, 111
quasi-isomorphism
of complexes, 12
quiver
morphism of diagrams, 5
of a basic algebra, 129

reflection, 118
relative canonical sheaf, 56
representation functor, 2
resolution, 33

injective, 33
roof, 13

seesaw principle, 67
semi-orthogonal sequence, 123
Serre Duality Theorem, 56
Serre functor

uniqueness, 57
shift functor, 10, 21
simplicial complex, 10
simplicial set

geometric realization, 10
skew group algebra

sheaf, 77
spanning set

in a derived category, 91
spectral sequence, 38

degenerate, 39

limit of, 38

morphisms of, 39

of Frolicher, 42

of the double complex, 41
spherical object, 113
spherical twists, 117
subcategiry

admissible, 121
subcategory

full, 2

triangulated, 24
support

of a sheaf complex, 90
suspension, 15
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tensor product
of complexes, 37
of sheaves, 36
tilting object, 128
torsion theory, 123
total Chern class, 60
transcendental cycles, 111
triangle
distinguished, 17
in the category of complexes,
17
triangulated category, 21
of finite type, 114
triangulation, 10
triangulazable topological space, 10

vector bundle
simple, 74

Whitehead Theorem, 10

Yoneda functor, 2
Yoneda lemma, 2

zero presheaf, 3
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