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Abstract

This thesis is concerned with the theory of homological projective duality of
A. Kuznetsov. The varieties of interest are projective bundles. By considering
the resolution X = Hilb? P? of the variety Sym? P? as a projective bundle, we
show using results of Kuznetsov that the homological projective dual Y of X
agrees with that of the smooth stack [P? x P?/Ss] as described by J. Rennemo.
Further, we describe the homological projective dual of a family of projective
bundles over the Grassmanian G(n,n + 1) to which X belongs. Lastly we
study the duality of X and Y on linear sections and show an equivalence of
derived categories of a pair of elliptic curves X; C X and Y7 C Y.
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Chapter 1

Introduction

1.1 Background

A classical duality relation in algebraic geometry is projective duality. It stems from
the duality of points and hyperplanes of projective space P™. Hyperplanes can be
considered as points of the dual projective space (P")Y, and for a smooth projective
variety X embedded into projective space, the set of points in (P™)" corresponding to the
hyperplanes tangent to X describes a projective variety X" embedded into (P")Y. We
call this variety the projective dual of X. Homological projective duality of A. Kuznetsov
first presented in [Kuz07], is a generalization of the projective duality in the sense that it
carries the information of projective duality. However, the homological projective duality
happens on the level of the derived categories of the varieties involved.

For a smooth projective variety X with a morphism f : X — P(V) to projective
space, denote by D(X) its bounded derived category of coherent sheaves. For the
duality to capture interesting information, we will need a particular semi-orthogonal
decomposition of D(X), called a Lefschetz decomposition with respect to the morphism
f. We define the universal hyperplane section of X to be the variety - consisting of
pairs (z, H) € X x P(VV) with the incidence relation z € H. Now given a Lefschetz
decomposition of D(X), the derived category of the universal hyperplane section 7 of
X will inherit a semi-orthogonal decomposition

D(A) = (Cor, A, .., An).

For the duality relation, the subcategory C» of D(¢) will be the category of interest. If
C,r can be identified with the derived category of some other smooth projective variety
Y, we call this the homological projective dual of X. This identification is given by a
Fourier-Mukai functor from the derived category of Y to the derived category of ¢ that
restricts to an equivalence of categories onto C,r. The variety Y comes with a morphism
g:Y — P(VV) and a Lefschetz decomposition. Moreover, the duality is symmetric in the
sense that if we now consider the derived category of the universal hyperplane section
of Y and its decomposition with respect to g, then the subcategory appearing as the
first term in the decomposition is equivalent to D(X). Further, homological projective
duality gives related semi-orthogonal decompositions of the derived category of linear
sections of the two varieties involved.

A complication for finding homological projective dual pairs is the fact that finding a
decomposition of the derived category of a variety X in general is a difficult task.
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Question. When does the derived category of a smooth projective variety X with a
morphism f to projective space have a Lefschetz decomposition with respect to f ¢

The approach to finding such a decomposition will often be to find a collection
of exceptional objects and show that the collection is full. However, fullness of the
exceptional collection is in general not easily verified either. Some types of varieties,
such as Calabi-Yau varieties, have derived categories that do not admit semi-orthogonal
decompositions. The varieties we are concerned with will in general not be Calabi-Yau.
They will be projective bundles, and for such varieties, Lefschetz decompositions of their
derived categories are know due to Orlov in [Orl92]. He showed that the derived category
of a projective bundle X over a basescheme Y has a Lefschetz decomposition if the
derived category of Y has a full exceptional collection. We give a proof of his result and
write down the decompositions for the projective bundles we are interested in.

The main example we study in this thesis is the pair of varieties Sym? P? and P? x P2
Since Sym? P? is not smooth, the theory of homological projective duality does not apply
to this variety. A natural choice is to replace Sym?P? with its resolution given by the
Hilbert scheme Hilb? P2. Alternatively, since the theory of A. Kuznetsov generalizes to
smooth stacks, another approach would be to study the smooth stack [P? x P2?/S,].

[P? x P?/S,] Hilb? P2

~

Sym? P2
By results of [BKRO1] and [Hai01], there is an equivalence of derived categories
D(Hilb? P?) ~ D([P? x P?/8,]).

Further, in [Ren20] J. Rennemo determined the HP-dual of the smooth stack

[P(V) x P(V)/Sa] for a general vector space V' by giving a Lefschetz decomposition of
the derived category of the Sy-equivariant coherent sheaves on P(V') x P(V'). He found
that the HP-dual of [P(V) x P(V')/Ss] is a Clifford module category which in the case
dim V = 3 can be computed as the derived category of the variety P? x P2. With these
two results in mind, we aim at answering the following question:

Question. Does the homological projective dual of Hilb? P2 agree with that of the smooth
stack [P? x P2 /S, ?

We find that even though the Lefschetz decomposition used to study D(Hilb?P?)
differs from the one decomposing D([P? xP?/S5]) given in [Ren20], the answer to the above
question is yes nevertheless. Since HP-duality depends on the Lefschetz decompositions,
this is not expected in general. We find that the method used for determining the dual
of Hilb? P? generalizes to a family of projective bundles, and we determine the HP-dual
of each variety in this family.

1.2 Outline

Chapter 2 is devoted to building the necessary foundations for studying the derived
category. We give an introduction to the derived category at a level where notions of
categories and functors are sufficient prerequisites. We introduce some essential notions
of category theory and describe how the derived category of a general abelian category is
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constructed. We move on to study the derived category of coherent sheaves on a smooth
projective variety more closely. We define the most essential derived functors used in
algebraic geometry and illustrate some of their useful properties.

In Chapter 3 we study the geometry of projective bundles. We present the construction
of relative projective spaces and present some results describing the sheaf cohomology of
such schemes, making use of the derived functors from Chapter 2. We carry on to study
closer the varieties of interest in this thesis for homological projective duality. To do so,
we introduce quotient varieties and Hilbert schemes of points and describe the Picard
groups of the varieties in question. Finally, we move on to study the varieties from a
viewpoint of cohomology of their invertible sheaves. We prove the Kiinneth formula for
smooth projective varieties and apply the results on cohomology of projective bundles to
a few examples.

In Chapter 4 we study the decompositions of the derived categories necessary to apply
the theory of homological projective duality. The decompositions are first introduced
in the general setting of a triangulated category and later in the specific case of the
derived category of a variety. We introduce the notion of an exceptional collection and
describe the connection between full exceptional collections of the derived category and
K-theory of coherent sheaves. Some further conditions on exceptional collections to be
full are given and applied to some examples. Finally, we focus on the setting of projective
bundles and present a way to decompose the derived category of a relative projective
space in terms of the base scheme, as given in [Orl92].

In Chapter 5 we study homological projective duality. We state this duality in its
original form given by Kuznetsov. We present the main theorem of A. Kuznetsov for
studying pairs of homologically projectively dual varieties on linear sections. Lastly,
we present a theorem of Kuznetsov that describes the homological projective dual of a
general projective bundle which will also set the stage for the applications of homological
projective duality.

Finally, in Chapter 6 we apply the theory and give a description of the homological
projective dual of a family of projective bundles. This will also determine the dual Y of
X = Hilb?P2. We end this chapter by studying the duality of X and Y on linear sections
and find a pair of closed subschemes X C X and Y, C Y whose derived categories are
equivalent.

1.3 Notations and Conventions

We let k denote an algebraically closed field of characteristic 0. Unless otherwise specified,
we assume all schemes to be quasi-projective over k. We use the terms vector bundle
and locally free sheaf, in particular line bundle and invertible sheaf, interchangeably.
We assume familiarity with algebraic geometry at the level of [Har77] Chapters I-III,
although some specific constructions will be recalled when necessary.
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Chapter 2

The Derived Category

This chapter is devoted to studying the derived category. We construct it in a general
setting but quickly turn our attention to the use of the derived category in algebraic
geometry. The motivation for the derived category is to have a category for studying
homological algebra. The main idea is to have as objects the complexes and work with
them rather than their cohomology. We follow chapters 1-4 in [Huy06] by D. Huybrechts.

2.1 Preliminary Category Theory

We begin this section by recalling some basic notions from category theory. A category
C is additive if for all objects A, B € C, the sets Hom¢ (A, B) are abelian groups and the
compositions

Hom¢ (A, B) x Hom¢ (B, C) — Home (A, C)

are bilinear. We say that an additive category is k-linear if the groups Hom¢ (A, B)
are k-vector spaces and the compositions k-bilinear. A k-linear functor F': C — D is a
functor of k-linear categories such that the map Hom(A, B) — Hom(F(A), F(B)) is a
homomorphism of k-vector spaces. An additive category is abelian if every morphism
f A — B admits a kernel and a cokernel fitting into an exact sequence

0— ker f - A— B — coker f — 0,

i.e. there are isomorphisms coim f ~ im f. A functor of abelian categories is called exact
if it preserves short exact sequences.

Definition 2.1.1. Let F' : C — D be a functor. We say that the functor H : D — C is right
adjoint to F' if there for all C' € C and D € D are isomorphisms

Homp(F(C), D) = Home(C, H(D))

which commute with the natural maps of Hom-spaces induced by morphisms in C and
D. If H is right adjoint to F', then F is left adjoint to H.

Definition 2.1.2. A functor F': C — D is called full if for all A, B € C the map
Hom¢ (A, B) — Homp(F(A), F(B))

is surjective. If it is injective we call it faithful, and if it is an isomorphism, fully faithful.
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We say that two categories C and D are equivalent if there exists a pair of functors
F:C—-Dand G:D — Csuch that FoG ~ idp and Go F ~ ide. Let S C C be
a subcollection of objects and morphisms of C. Then § is a subcategory of C if the
subcollection of morphisms is closed under composition, contains the identity id4 : A — A
for all A € § and if f : A — B is in the collection of morphisms, then A, B € §. We
denote by ¢ the inclusion functor ¢ : & — C.

Definition 2.1.3. A subcategory S C C is full if
Homgs(A, B) = Home (A, B)

forall A,B € S.

A fully faithful functor F' : C — D gives an equivalence of categories between C and
the full subcategory of D of all objects D € D isomorphic to F(C) for some C € C. If
every object D € D is isomorphic to F(C') for some object C' € C we call F essentially
surjective.

Proposition 2.1.4. [Huy06, Proposition 1.4] A fully faithful essentially surjective functor
F :C — D defines an equivalence of categories C = D.

Example 2.1.5. Let X = Spec(A) be an affine scheme. Then the category QCoh(X) of
quasi-coherent sheaves on X and the category Mod 4 of A-modules are equivalent. The
functor

~: Mod 4 — QCoh(X)

defined by sending a module M to the sheaf M defined on the distinguished opens by
M(D(f)) = My and the global sections functor

I': QCoh(X) — Mod4

are fully faithful. Moreover, I'(X, M) = M and I'(X,F) = F. Hence the functors
compose to the identity on Mod 4 and QCoh(X).

Definition 2.1.6. [Huy06, p. 9] Let C be a k-linear category. Then a k-linear auto-
equivalence S : C — C is called a Serre functor if for all A, B € C, there are isomorphisms

Home (A, B) = Home (B, S(A))Y

of k-vector spaces functorial in A and B.

Definition 2.1.7. A subcategory S C C is (left or right) admissible if the inclusion functor
t: S — C admits a (left or right) adjoint.

Definition 2.1.8. Let A be an abelian category. Then
I € Ais injective if Hom(—, I) : A°® — Ab is an exact functor. If for every A € A there
is an injection 0 — A — I with I injective, then we say that A has enough injectives.

P € Ais projective if Hom(P, —) : A — Ab is an exact functor. If for every A € A there
is a surjection P — A — 0 with P projective, then we say that A has enough projectives.
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2.2 The Derived Category
For an abelian category .4 we can form the category of complexes of A, denoted Kom(.A).
The objects of Kom(.A) are complexes

. di-t . d . dift
N (ot S SN | . S [ o s S

such that A* € A4 and dfjl ody =0 for all i € Z. The maps d are called differentials or
boundary maps. If A, B € Kom(A), then a morphism f: A — B of complexes is given
by a morphism f! € Hom(A*, B) for each i € Z such that the f%’s commute with the
differentials. The category of complexes is an abelian category; the complex consisting of
only zeroes is the zero object and for each morphism f we can form the complex of the
kernels ker f* and the complex of the cokernels coker fi. For a complex A € Kom(A), we
define the cohomology objects by

~ kerdy

H'(4) im di{li

These are objects of A and they all vanish exactly when the complexes are exact
sequences. A morphism f : A — B of complexes induces a morphism on cohomology
objects H(f): H(A) — H(B).

Definition 2.2.1. A complex A € Kom(A) is acyclic if H'(A) = 0 for all i € Z. We say
that a functor F': Kom(A) — Kom(B) is acyclic with respect to a class of objects S C A
if it maps any acyclic complex of objects of S to an acyclic complex in Kom(B).

For any given complex A we can shift the entire complex to the left or right. We
denote by A[1] the complex A shifted one term to the left. More precisely, we let A[1] be
the complex such that A[1]" = A and d%[ll = —d’* for all i. For another complex B

and a morphism f € Hom(A, B) define f[1] to be the morphism of complexes such that
f[1]" = fi*1. This shifting of complexes gives rise to a functor.

Definition 2.2.2. Define the shift functor T' : Kom(A) — Kom(A) by T(A) = A[1] and
T(f) = f[1] € Hom(A[1], B[1]).

The shift functor is an auto-equivalence on Kom(.A) and satisfies 7% o 79 = T+ for
all i,j € Z. For any n € Z the complex A[n] which is A shifted n terms is defined by
Aln] =T"(A).

Definition 2.2.3. ([Huy06, p. 33]) Let f : A — B be a morphism of complexes. We define
the cone of f, denoted C(f) to be the complex defined by

- _dfjl 0 )
c(f) frdy

The cone construction gives a short exact sequence of complexes

with differentials

0—B—C(f) = A[l] — 0,
which gives a long exact sequence on cohomology

<= H7YC(f)) = HY(A) —» H(B) — H(C(f)) = H(A) — ---
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We want to study complexes and morphisms of complexes up to cohomology, meaning
that we would like to consider a morphism of complexes f : A — B as an isomorphism if
the induced map on cohomology is an isomorphism.

Definition 2.2.4. (Chain Homotopy) Let A, B be complexes with boundary maps d4 and
dp, and let f,g: A — B be morphisms of complexes. We say that f and g are homotopic
if there exists a morphism s : A — B[—1] such that

f—g=dpos+sody.

f”l,g”l

BiFt —— .

Figure 2.1: Chain Homotopy

Notice that if f and g are homotopic and we restrict to kerd 4, then sodys = 0 and
the difference of f and g can be factored through im dg. Hence, the induced morphisms
on cohomology are equal. The homotopy equivalence is an equivalence relation on the
morphisms of Kom(.A4) and gives rise to a new category called the homotopy category.

Definition 2.2.5. Let .4 be an abelian category. We define the homotopy category K(.A)
to be the category with the same objects as Kom(.A) and with morphisms being chain
homotopy equivalence classes of morphisms of Kom(.A), i.e. for A, B € K(A) we let

Homy (4)(A, B) == Homyom(a) (4, B)/ ~

with f ~ g if f and g are homotopic.

Some verification is needed to show that this is in fact a category, c.f. [Huy06, prop.
2.13]. The definition above defines a homotopy category for any additive category A
which is not necessarily abelian [Huy06, p.32], however we will focus on the case where
A is abelian.

Definition 2.2.6. Let f : A — B be a morphism of complexes. We say that f is a quasi-
isomorphism if the induced maps H(f) : H'(A) — H'(B) are isomorphisms for all
1.

If we would like to work in a category where the quasi-isomorphisms are actual
isomorphisms, then the existence of inverses is necessary. However, there is no guarantee
that a quasi-isomorphism has an inverse. The solution to this problem is a so-called
‘localization’ of the category K(.A). The process is analogous to the localization of a
ring by adding inverses of elements of a multiplicatively closed subset of the ring. Only
now, we wish to add inverses of morphisms. The property we need is that the type of
morphisms we want to invert, which in our case are the quasi-isomorphisms, form what
is called a localizing class. For details, see [Ser13, p. 147].

8



2.2. The Derived Category

Definition 2.2.7. Let C be an additive category and let S be a localizing class of C. We
define the category C[S™!] to be the category satisfying the universal property that any
functor F : C — D factors uniquely through C[S™1] if and only if F(¢) is an isomorphism
forall p € S.

F.C— D
ClS™
This universal property determines C[S™!] uniquely up to equivalence of categories.

The class of quasi-isomorphisms form a localizing class and we define the derived
category by the localization of the homotopy category by this class.

Definition 2.2.8. Let A be an abelian category and let S denote the class of quasi-
isomorphisms of K(.A). We define the derived category of A, denoted D(A), to be the
category K(A)[S™1].

We denote by Q4 : K(A) — D(A) the functor satisfying the universal property: it
sends quasi-isomorphisms to isomorphisms, and any functor F' : K(A) — D with the same
property factors uniquely through it. Notice that the objects in the derived category are
the same as the objects of the category of complexes. We will often be interested in the
complexes that are bounded in some way. We call a complex A € Kom(.A) bounded above
if A*=0 for i > 0, bounded below if A* =0 for i < 0 and bounded if A® =0 for |i| > 0.
Analogously we say that A has cohomology bounded above if H'(A) = 0 for i > 0,
bounded below if H'(A) = 0 for i < 0 and bounded if H*(A) = 0 for |i| > 0. If we want
to restrict to complexes that are bounded above, bounded below or bounded, we write
D~ (A), D*(A) and DP(A), respectively. The categories D~(A), DT(A) and D°(A) are
equivalent to the subcategories of D(A) of complexes with cohomology bounded above,
bounded below and bounded, respectively [Huy06, Prop 2.30]. While the objects of the
derived category are just the complexes, the morphisms are more complicated to specify
because of the localization involved.

2.2.1  Morphisms in the Derived Category

For complexes A and B, a morphism f € Homp4)(4, B) is given by a composition
f=hoq ! where h € Homg4)(C, B) and ¢~ ! denotes the formal inverse of a quasi-
isomorphism ¢ € Homg 4)(C, A) for an object C. The morphism f can be represented
as a roof diagram

by adding an inverse to g. Two morphisms f, g € Homg4)s-1)(4, B) are equal if their
roof diagrams are dominated, that is if there is an object C3 and a quasi-isomorphism g3
fitting into the commutative diagram
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C3
q3
o) 7N C
A B

Given two morphisms represented by the roof diagrams

Cy

AN

A B

their composition is given by extending to a diagram

The existence of such an extension is ensured by the properties of a localizing class.
Although the derived category and the homotopy category are not abelian categories,
they do have the structure of triangulated categories. In the absence of exact sequences,
what we do have are the distinguished triangles.

2.2.2 Triangulated Categories

Definition 2.2.9. A triangulated category is an additive category T equipped with an
auto-equivalence T" : T — T for each i € Z and a collection of distinguished triangles
subject to four axioms, see [Huy06].

Definition 2.2.10. [Stacks, Tag 05QK]. A distinguished triangle in an additive category T
is a tuple (X,Y, Z, f,g,h) with XY, Z € T giving a diagram

xLy%zmhrx.

A morphism of triangles is given by morphisms «, 3, such that the squares in the
diagram

commute.

The derived category and the homotopy category with the shift functor both form
triangulated categories. The class of distinguished triangles is defined as follows

10
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Definition 2.2.11. [Huy06, p. 36] A triangle
A— B —C— All]

in the derived (or homotopy) category is distinguished if it is quasi-isomorphic to a
triangle of the form

Fiaooi - P
where C(f) denotes the cone of f.

A distinguished triangle induces a long exact sequence on the cohomology objects

o= H7YA) - HYB) -H"'(C) — H'(A) — H'(B)
— HY(C) — H™Y(A) - H(B) — ---
There is a natural inclusion functor ¢ : A — D(.A) sending an object A € A to the

complex
e3> 0=2A—-0— -

with trivial differentials and A sits in degree 0. A morphism f € Hom4(A, B) is sent to
the morphism

A

0 0

|

0 B 0

We will write just A instead of ¢(A) whenever it is clear from context that we think of
A as a complex in the derived category D(.A) centered in degree 0 rather than as an
object of A. The following proposition provides a way of calculating morphisms between
complexes of this type.

Proposition 2.2.12. [Huy06, p. 49] Let A be an abelian category with enough injectives.
Then

Homp4) (A, Bln]) ~ Ext’y(A, B) ~ Homp4)(A[-n], B)
for all A,B € A.

Proposition 2.2.12 will prove useful later as we will be especially interested in objects
of A considered as objects of D(A) with no morphisms between them in the derived
category. The proposition translates that problem into a question of homological algebra
in the category A.

Proposition 2.2.13. The inclusion functor ¢ : A — D(A) is fully faithful and takes exact
sequences to distinguished triangles.

Proof. Under the assumption that A has enough injectives, Proposition 2.2.12 says that
Hom 4(A, B) = Ext% (A, B) ~ Homp(4)(¢(A),(B)),
so ¢ is fully faithful. The functor is fully faithful for a general abelian category also,

c.f. [Stacks, Tag 06XS]|. For any exact sequence 0 - A — B — C — 0 we get a
quasi-isomorphism

11
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]

The cone of (A — B) is just the complex in the top row, hence C(c(A — B)) = +(C).
The morphism «(C' — A[1]) is trivial since ¢(A) is nonzero in degree 0 only. Thus

L(A) = 1(B) = (C) — (A)[1]
defines a distinguished triangle. |

2.2.3 Truncation

In this section we briefly introduce the concept of truncation of complexes since it will
be used througout. We follow the notation of [Stacks, Tag 0118]. Let A be an abelian
category. Then for £ € D(A) we can define the morphisms of complexes given in the
diagram

i—2

o<i—1(€%)[1] e £y gl D0
I b e b
0>i(E%) : 0 0 g Iz gt
| lo }d Ld
ge el gi-l e gi de g+l ..

Then the cone of f is given by

(4°2)
Clf): =200~ g1 g

(d"o—lg) . (802) ,

~f L 0ef - L0pct ...
Hence C(f) ~ £°* and we get a distinguished triangle 0>;_1£°[1] = 0<;E®* — £°. The

complex 0>;(£°®) and 0<;(€®) are sometimes refer ed to as the stupid truncations of £°.

If we instead truncate the complex £° as

T<i(E°) : e gi-t ker di 0
g - . 52’—1 gz gi+1

then we obtain a complex with the property that
HE(E®) ifk<i

H*(1<;(€°)) = B
(r<i(€%) {0 if k<.

Similarly, the truncation

E*® . N gt gitl
>i(E%) : 0 coker di !t —— g1 5 ...

gives a complex with the property that
HE(E®) ifk>i

k (e _
H(72:(87) = {0 i k> .

12
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2.3 The Derived Category of Coherent Sheaves

Now that we have constructed the derived category for a general abelian category, we
want to apply the framework to algebraic geometry. We would like to work with bounded
complexes of coherent sheaves.

Definition 2.3.1. For a smooth projective variety X over Speck we define the derived
category of X as
D(X) = D°(Coh(X)).

In chapter 4 we will study exceptional collections of derived categories. We will then
be interested in the homomorphisms in the derived category between locally free sheaves
on X, specifically when the groups Hompx)(&, F[n]) are trivial for locally free sheaves
& and F. The following proposition will be useful for that problem.

Proposition 2.3.2. Let X be a smooth projective variety and let F be coherent and £ a
locally free sheaf on X. Then

Hompx) (&, Fln]) ~ H*(X,F® £Y).

Proof. We have Ext"(£,F) ~ Ext"(Ox,F ® £Y) and the result follows from
Proposition 2.2.12 and the fact that Hom(Ox, —) is the global sections functor. [

Proposition 2.3.3. [Huy06, p. 63] The inclusion functor . : D(X) — DT (QCoh(X))
defines an equivalence of D(X) with the full subcategory of DT (QCoh(X)) of bounded

complexes of quasi-coherent sheaves with coherent cohomology.

Now that we have constructed the bounded derived category of coherent sheaves on a
smooth projective variety, we would like a derived version of the usual functors - global
sections, pushforward, pullback and tensor product. The naive approach is to just apply
the functors term wise in each complex. This does preserve homotopy equivalence and
gives a well defined functor between homotopy categories. However, it does not work
in the derived category. Since the isomorphisms in the derived category are homotopy
classes of quasi-isomorphisms of complexes, any bounded acyclic complex is trivial in the
derived category - the zero morphism on each term in the complex to the trivial complex
is a quasi-isomorphism. Hence, applying a functor term wise to an object in the derived
category makes sense only when the functor is exact. What we will need to define the
derived versions of the functors is a class of objects in the homotopy category for which
each functor is acyclic, and the assertion that any complex is isomorphic in the derived
category to a complex of objects from this class.

Definition 2.3.4. [Huy06, p. 48] For abelian categories .A and B and a left exact functor
F: A — B, we say that a triangulated subcategory K C KT (A) is adapted to F if the
following hold:

(i) F is acyclic with respect to the subcategory K.

(ii) Any B € K(A) is quasi-isomorphic to an object A € K.

We call K an adapted class.

Replace left exactness with right exactness and K*(A) with K~ (A) for the definition
of an adapted class to a right exact functor. We treat the case for left and right derived
functors separately.

13



Chapter 2. The Derived Category

2.4 Right Derived Functors

For an abelian category A with enough injectives, any left exact functor F': A — B is
acyclic with respect to the class of injective objects. The injective objects Z form a full
additive subcategory of A and one can define the homotopy category K (Z). By the
following proposition, the category K+ (Z) form an adapted class to any left exact functor
F:A—B.

Proposition 2.4.1. [Huy06, Proposition 2.35] If A is an abelian category with enough
injectives, then any A € Kt (A) has a quasi-isomorphism A — I to a complex I € KT (A)
of injective objects of A.

To define a derived functor RF : D*(A) — D% (B) we will need to go via the
homotopy category K+ (A).

Proposition 2.4.2. [Huy06, Proposition 2.40] Let Z denote the full additive subcategory of
all injective objects of A. Then there is an equivalence of categories

Q7 :KT(Z) = DT (A).

For a left exact functor F' : A — B of abelian categories with 4 having enough
injectives, we define the right derived functor RF' as the composition given in the diagram

Dt(A) — 2L, DH(B)
Q:T QBT

KH(Z) —E— KT (B),

by choosing an inverse functor to the equivalence J7. The bottom arrow is the functor
that applies F' to every term in the complex.

Now, let us confine our attention to the setting in algebraic geometry. While the
category Coh(X) in general does not have enough injectives, the category QCoh(X)
does [Huy06, p. 44]. Any F € QCoh(X) has a resolution

0 F—=I10—=1t— ...

of injective objects I° € QCoh(X). We will often write 0 — F — I*® where
I* € D(QCoh(X)) is the complex of injectives. Notice that

F* 0 F 0
| ool
I°: 0 10 It

is a quasi-isomorphism of complexes, and so every quasi-coherent sheaf is isomorphic in
D(QCoh(X)) to its injective resolution. Moreover, Proposition 2.4.1 ensures that any
complex F* of quasi-coherent sheaves is quasi-isomorphic to a complex of injectives.

14



2.4. Right Derived Functors

2.4.1 Derived Global Sections
Let X be a k-scheme. The global sections functor

I': QCoh(X) — Vec(k)

is left exact. Since QCoh(X) has enough injectives, any complex F* € DT (QCoh(X))
is quasi-isomorphic to a complex of injectives I* € DT (QCoh(X)) and we define the
derived global sections as the functor

R : D*(QCoh(X)) —— DT (Vec(k))
o L T(X,I°)

We denote by R‘T'(X, F*) the higher derived global sections defined as the cohomology
objects of the complex I'(X, I®). If F is just a sheaf, then

RT(X,F)=H'(X,F)

are the cohomology groups of X with respect to F. If F is coherent, then these are
finite dimensional and they vanish for ¢ > dim(X). We can define the derived functor
RI': D(X) — D(Vec(k)) by the composition

D(X) — D?(QCoh(X)) — D(Vec(k)).
2.4.2 Derived Pushforward
For a morphism f: X — Y the pushforward functor
f+ : QCoh(X) — QCoh(Y)
is left exact. We define the derived pushforward by

Rf. : DT(QCoh(X)) —— DT(QCoh(X))

Fo fo(I*)

If f is projective or proper then f, preserves coherence and the higher pushforwards
R*(F*®) are coherent as well. In this case we have a derived functor

Rf. : D(X) — D(QCoh(X)) — D(Y)

by Proposition 2.3.3. If g : Y — Z is another morphism, then g, o f, = (g o f).. We
would like
RgioRfi =R(go f)« (2.1)

to be true also. However, the pushforward functor does not preserve injectives in general.
The solution to this problem is the flasque sheaves. We say that a sheaf is flasque if all
the restriction maps are surjective. For opens V C U in Y, we have

FU) —— f.F(V)

(
| H
: (

e
FfHU) — F(HV)),

15



Chapter 2. The Derived Category

so flasque is preserved under pushforward. Any injective object of QCoh(X) is also
flasque, and the flasque sheaves are adapted to the pushforward functor [Huy06, p. 74].
Thus if I*® is a complex of flasque sheaves quasi-isomorphic to F*, then Rf.(F*) = f.(I*)
and f,([*®) is again a complex of flasque sheaves.

Proposition 2.4.3. [Ser13, p. 200] For abelian categories A, B and C, let F : A — B and
G : B — C be left exact functors. Let K4 and Kg be adapted to F' and G, respectively.
Then the derived functors RF, RG and R(G o F) exist, and if F(K4) C Kg, then

RGoRF =R(GoF).

Since the flasque sheaves are also adapted to the global sections functor [Har77,
p.208][Stacks, Tag 09SY], the above proposition says that there are well defined
compositions RI'(X,Rf.(—)) = ['(X,Rf.«(—)) and (Rfx o Rgs)(—) = R(f 0 g)«(—).

The derived pushforward and derived global sections have useful compatibilities.
If f: X — Speck, then Rf.(—) = RI'(X, —) since f.(—) = I'(X,—). If Y is affine,
then f.(F) = I'(X,F) for a quasi-coherent sheaf F. By taking an injective resolution
0— F —I° we get

e~ e~

Rf.(F) = f.(I*) = (X, I*) = R[(X, F) (2.2)

since the tilde-functor is exact. Taking cohomology of 2.2 gives the following proposition.

Proposition 2.4.4. For a morphism f: X — Spec(A) and a quasi-coherent sheaf on X we
have

—_~—

R'f.(F) ~ H{(X, F).
The derived pushforward and derived global sections are compatible in the following
way.

Proposition 2.4.5. Let f : X — Y be a morphism of schemes and let F € QCoh(X).
Then

RI(X, F) = RI(Y,Rf.(F)).

Proof. Consider the diagram

Spec(C).

We have
DX, F) = hi(F) = (g o [)«(F) = g« (fu(F)) = LY, fu F).

Take a flasque resolution 0 — F — I*® of F. Then

RL(Y,Rf.(F)) = RT(Y, f.I°) = T(Y, f.I°) = T'(X,I*) = R[(X, F).

16
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2.5. Left Derived Functors

2.5 Left Derived Functors

The left derived functors require less work. Since any coherent sheaf F on smooth
projective scheme X of dimension n admits a resolution

0=t el 5 F o0

of locally free sheaves £, any coherent sheaf F is isomorphic in D(X) to its locally free
resolution £° by the quasi-isomorphism

I

In fact, if X is regular then any G* € D(X) is isomorphic to a complex £* € D(X) of
locally free sheaves [Huy06, p.77]. Thus for the right exact functor 7 @ (—) : Coh(X) —
Coh(X) we can define the derived tensor by

F@l(-): D" (X) —— D (X)
G — > FRE°.

If G* is a complex of locally free sheaves then the derived tensor product and the usual
tensor product coincide. For two honest complexes F* and G* with either F* or G*® a
complex of locally free sheaves, define the derived tensor product by

L(-)®" (=) :D(X) x D™ (X) —— D~ (X)

(‘/—_'ojgo) , ]:o ®L 907
where F* ®@" G* is defined as the complex with entries (F*® g‘)i = ®p+g:i FP® G9q and
differentials d = dre ® 1 + (—1)*1 ® G* [Huy06, p. 79]. For a morphism f: X — Y let

E® be a complex of locally free sheaves isomorphic to G* in D(Y'). We define the derived
pullback Lf* as the functor

Lf*: D7 (QCoh(Y)) ——— D (QCoh(X))
. —1lce oL
The inverse image functor is exact and can be applied term wise in the complex. The

tensor product is the derived tensor product. If G* itself is a complex of locally free
sheaves or if f is flat, then the derived and usual pullbacks coincide.

2.6 Properties of Derived Functors

Proposition 2.6.1. (The projection formula) Let f : X — Y be a morphism of ringed
spaces, F an Ox-module and € a locally free sheaf on'Y of rank r. Then

f(FRfE) ~ fu(F)®E.

17
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Proof. Let {U;} be a cover of Y such that &|y, ~ OF" for each i. We prove that an

isomorphism exists for every U; in the cover. So assume X = f~1(U;) and Y = U;. Then
£ ~ OF" and we have

FR )~ f(FROY)~ (FY = (fF)Y ~ FR0Y ~ f(F)®E.  (2.3)

Since the isomorphism f,(F ® f*€) ~ fi.F ® £ is independent of the choice of local
isomorphism & ~ O;‘?T, it is clear that the isomorphism commutes with the restriction
maps. |

Proposition 2.6.2. [Har77, Excercise III 8.3] Let f : X — Y be a morphism of ringed
spaces, F an Ox-module and £ a locally free sheaf on'Y of rank r. Then

Rf(F® f*€) ~ Rf.(F) @ E.

Proof. Let I*® be an injective resolution of F. Then the derived pushforward of F is
defined as Rf.(F) = f.(I*). Since £ is a locally free sheaf, both f*(£) and £ ® (—) are
exact. Hence

Rf(F) @ 7€ ~ f(I*) @ f7€ ~ fu(I* © [*E),

where we use the projection formula on each term in the complex f.(I*) ® €. To show
that I®* ® f*€ is an injective resolution of F ® f*£, we can show that Hom(—, I*®* ® f*&)
is exact. We have

Hom(—,I* ® f*£) = Hom((—) ® (f*€)Y,I*).

Since & is locally free, so is (f*£)Y and tensoring with locally free sheaves is exact. Since
I*® is injective, Hom(—, I®) is also exact. Hence their composition is exact. It follows that

fI*® f7E) = Rf(F ® f°E),
which proves the proposition. |

Lemma 2.6.3. If X and Y are smooth projective, then for any F* € D(X) and G* € D(Y')
we have

Rf*(f. ®L Rf*go) ~ Rf*f. ®L go.

Proof. Replace F* with a complex I*® of inectives and G*® with a complex £° of locally
frees. Then

RAEF @G = £ (D) @ E* = f(I® f*E) = RfF* @1 G°.
[ |

Theorem 2.6.4 ([Huy06, p. 67]). Let X be a smooth projective variety of dimension n over
a field k, and denote by wx the cannonical sheaf of X. Then

Sx : D(X) — D(X)

defined by F* — wx & (F*)[n] is a Serre functor.

18



2.6. Properties of Derived Functors

Any equivalence F' : D(X) ~ D(Y) commutes with Serre functors Sx and Sy, i.e.
FoSx ~ SyoF. As the name might suggest, the Serre functor encodes the Serre duality
in a derived category setting. By the property of a Serre functor, there are isomorphisms

Hom(G*, F*) ~ Hom(F*,wx ® G*[n])"

for all F*,G* € D(X). If we set G* = Ox[—i] and let F* be a coherent sheaf F on X
both considered as complexes in D(X), then

Homp(x)(G*, F*) = Ext'(Ox, F) = H(X, F)

and ‘
Hom p(x(F*, Sx(6*)) = Ext"(F, wy).

This gives the more classical statement of Serre duality that for a coherent sheaf F on a
smooth projective variety, there are isomorphisms

H{(X,F)V ~ Ext"(F,wx)

for all 4. If moreover F is locally free, then Ext" *(F,wyx) ~ Ext" " (Ox, F¥ ® w,) and
we get isomorphisms

H(X,F)V ~H" (X, F' @wx)
for all 4.
Example 2.6.5. Consider the Euler sequence on P™ given by

0— Qprn — Opn<—1)@(n+1) — Opn — 0,

where Qprn denotes the cotangent bundle on P". Taking exterior powers gives an
isomorphism

Thus the canonical sheaf on P" is given by
wpn = A" Opn (=1)80FD) = Op, (=1)20H) = Opa(—n — 1).
Then Serre duality says that
HY(P", Opn(m))Y ~ H"H(P", Opn(—m —n — 1)). (2.4)
We will refer to the isomorphism (2.4) later for cohomology computations.

Proposition 2.6.6. [Har77, Proposition I 9.3] For schemes X, Y and S, let f: X =Y
be a morphisms of finite type and g :' Y — S be a flat morphism.

XxgV —2 X

y — 2 5§

Then for a quasi-coherent sheaf F on X, there are isomorphisms
9" R f+(F) > Riq:(p* F)

for alli > 0.
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Chapter 2. The Derived Category

Corollary 2.6.7. [Stacks, Tag 0736] If F € D(QCoh(X)) then
G Rf(F) =~ Rg«(p*F).

Definition 2.6.8. [Huy06, p. 114](Fourier-Mukai functor) Let X and Y be smooth projective
varieties, and denote by p: X XY — X and ¢ : X x Y — Y the two projections. A
Fourier-Mukai functor is a functor ¢p defined by

¢p : D(X) D(Y)

F ————— Rq.(P " Lp*F).

We call P € D(X xY) the Fourier-Mukai kernel.

We will not use Fourier-Mukai Functors explicitely, but quite remarkably, any
equivalence of categories D(X) ~ D(Y) for X and Y smooth projective is given by a
Fourier-Mukai functor [Orl97, Theorem 2.2]. One might ask what geometric information
carries over to the derived category. The following theorem summarizes some of the
important properties.

Theorem 2.6.9. Let X and Y be smooth projective and assume D(X) ~ D(Y') is an exact
equivalence of triangulated categories. Then

1. X and Y have the same dimension.

2. Their canonical bundles are of the same order.

3. If the (anti)-canonical bundle of X is ample, then X ~Y and the (anti)-canonical bundle

of Y is also ample.

Proof. Proof of the first and second statement: [Huy06, Proposition 4.1]. Proof of the
third statement: [Huy06, Proposition 4.11]. |
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Chapter 3

Geometry of Projective Bundles

The majority of the varieties in question in this thesis will be projective bundles. We call
a scheme X a projective bundle if it has a morphism 7 to some base scheme Y such that
for a cover of affine opens U C Y, the inverse image 7~ !(U) is isomorphic to U x P" for
some n. In other words, for every U in the cover there exists a commutative diagram

UxP' —— 7 l(U) — X

\ -
U—Y
and the square is a fiber product. To any locally free sheaf £ on Y one can associate a

projective bundle P(€) by the relative Proj construction. Before giving the construction,
we state some properties of symmetric and exterior powers of sheaves.

3.1 Projectivization of Vector Bundles

3.1.1 Properties of Symmetric and Exterior Powers

Recall the construction of the symmetric and exterior algebra Sym™ M and A" M of a
module M over a ring R. For the construction see for instance [EPS98, Appendix 2.A.3].
For a scheme X and a sheaf F on X we let Sym” F denote the sheafification of the
presheaf defined by

U +— Sym" F(U)

for opens U C X. Similarly let A" F denote the sheafification of the preseheaf
U— A"F(U).

Define Sym F = P,,>( Sym" F and AF = @,,>o A" F. We will use several properties of
the sheaves Sym"(F) and A"F throughout the thesis, the most important of which are
summarized in the proposition below.

Proposition 3.1.1. Let (X, Ox) be a ringed space, let F, G and € be locally free sheaves on
X of finite rank and let L be an invertible sheaf on X. Assume there is an exact sequence
0—>E&—F—>G—0. Then

1. There are isomorphisms Sym™(F") ~ (Sym" F)V for all n > 0.
2. There is an isomorphism N7 F ~ NK9G @ NTKEE,
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Chapter 3. Geometry of Projective Bundles

n

. There are isomorphisms N¥LE" ~ (£®k)®(k) and \"LP" = LO" for all 0 < k < n. If
k> n then ANFL®™ = 0.

. For all n > 0 there is an exact sequence

0— A" - A" HEQSym! F — - » A28 @ Sym™ 2 F
- £®Sym™ ' F — Sym" F — Sym" G — 0.

. Moreover, if £ is invertible, then for all n > 0 there is a short exact sequence
0—E&®Sym" ! F - Sym" F — Sym™ G — 0.

Proof. Properties 1.-3. are canonical isomorphisms that can be checked locally, c.f.
[EPS98, Appendix 2.A]. Let E, M and N be free modules fitting into the exact sequence

0ELMES NS0
The maps of the sequence in property 4. are
Sym" M — Sym" N
defined by mj - --my — g(mq) - - g(my) and
AE @ Sym™ % M — AEF ! @ Sym™ F ! M

defined by
k .
el/\---/\ek®m1---mn_k|—>Z(—l)’“el/\-'-/\éz-/\'--/\ek@)f(ek)-ml---mn_k.
i=1

One can check that the sequence in 4. with these maps is indeed exact. Property 5. is a
consequence of 3. and 4. [ ]

Proposition 3.1.2. [Wei9/, p. 114] (The Koszul Resolution) Let R be a ring and
x = (x1,...,2,) a reqular sequence in R. Denote by I the ideal generated by x. Then
there is an exact sequence

0= A"(R") = --- > AY(R") = R" 5% R— R/I - 0.
The maps A*R™ — NF"1R™ are given by e;, A -+ Aeip — Y (=1 ag e Ao AN ej, A
N
Example 3.1.3. Let R = k[xo,..., x|, let © = (x0,...,z,) be the regular sequence and
let I = (x). Then R/I ~ k and A" (R") ~ R(:rll), so the sequence

0sR— - =R SR SR k0

is exact. The homomorphisms are all degree one maps, so

n+1

0R— = Rn-12) 5 R)™ S Rn+1) >k —0

is an exact sequence of graded R-modules. By applying the graded tilde functor, we get
the exact sequence

0=-0—-—=0n-— 1)("3“) — On)"™ = O(n+1) =0,

which gives a resolution of the n + 1’st twist on P™ by the previous n twists.
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3.1. Projectivization of Vector Bundles

3.1.2 Relative Projective Spaces

Let F be a quasi-coherent sheaf with the structure of a graded Ox-algebra on a scheme X.
That is, F >~ @,~q Fi with Fy ~ Ox and F; coherent such that F; locally generates F.
Then for a cover of X by affine opens U = Spec(A), each F(U) is a graded Ox (U)-algebra,
and so we get a morphism

w2 Proj(F(U)) — Spec(A).
Gluing over the affine opens gives a scheme Proj(F) and a morphism
7 Proj(F) — X.

The scheme Proj(F) comes with an invertible sheaf Op,,;7)(1) defined by the gluing
of the invertible sheaves O(1) on each Proj(F(U)). If F is locally free, then Sym F is
a graded Ox-algebra and we define the projectivization of F as the projective bundle
given by

P(F) = Proj(Sym(FY)).

If the rank of F is r + 1, then over an open affine U = Spec(A) C X we have
7 1(U) = Proj(F(U)V) and the graded Ox(U)-algebra Sym(F(U)V) is isomorphic
to the polynomial ring A[zo,. .., z,] where the z; form a basis for F(U)". Thus we have
commutative diagrams

ngec k(x) TA ]P)(‘F)
X

where each square is a fiber product. Notice that if X itself is affine, say X = Spec(A),
then P(F) = P”. We define the projectivization P(V') of a vector space V' analogously by

Spec k(x) ——— Spec(A) ————

P(V) = Proj(Sym(V'")).

The projectivization of vector bundles behave nicely with respect to injections and
surjections. For locally free sheaves £, F and G, if the morphism £ — F is injective and
F — G surjective, then P(E) — P(F) is injective and P(F) — P(G) surjective. Moreover,
if £ and &’ are locally free sheaves, then P(£) ~ P(&’) if and only if &' ~ £ ® L for some
line bundle £ [Har77, p. 170].

Proposition 3.1.4 ([Har77, p. 253]). Let Y be a scheme and let € be a locally free sheaf on
Y of rankr+ 1. If X =P(€) and 7w : X — 'Y s the projection morphism, then

7. O0p(g (1) = Sym'(EY) for 1 >0

T Op(ey (1) = 0 for 1 <0

R, (Op(e)(1)) =0 for 0 <i <r and alll € Z

R (Op(ey(1) =0 forl > —r —1
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Proof. To prove 1 and 2, we restrict to an open affine U C Y. Then m.Opg)(I)|r-1(1r) =
Oy ()|y = Sym!(Oy (1)|y) ~ Sym'(£Y|y). Hence

m.Op(g) (1) = Sym' (£Y),

and if [ < 0, then the right hand side is zero since there are only positive graded pieces,
which proves 2. To prove 3 and 4, note that Riﬂ'*olp(g) (1) is the sheafification of the
presheaf defined by

U H(p~ ' (U), Opey()lp-117))

c.f. [Har77, p. 251]. The right hand side is equal to H'(P(E(U)), Ope(ury)(1)) which is
just the cohomology of an invertible sheaf on a projective space of dimension r — 1. We
know that these are all zero for 0 < ¢ < —r — 1 which proves 3. By Serre duality they
are also zero for ¢ = r whenever [ > —r — 1, which proves 4. |

Proposition 3.1.5. Let f : X — Y be a morphism of smooth projective varieties, F a
coherent sheaf on X and L a locally free sheaf on' Y. Then

H(X,F® f*L)~ H(Y,Rf,F®L).
Proof. Take a flasque resolution 0 — F ® f*L£ — I*. We know that
RI(X,F® f*L) = R['(Y,Rf.(F @ f*L).
By taking cohomology on the left hand side we get
RT(X,F® f*L) = H(T(X,I°) = H(X,F® f*L).

Using the fact that pushforward preserves flasque and flasque is adapted to the global
sections functor, we take cohomology on the right hand side to get

RT(Y,Rf(F® f*L) = RT(Y, f.(I°)) = H'(Y,Rf(F @ f*L)).
Lastly, the projection formula tells us that R f«(F ® f*L) ~ Rf.F @ L. |

Corollary 3.1.6. Let Y be smooth projective and X = P(E) for a locally free sheaf £ of
rank T+ 1 onY and let m: X — Y be the projection morphism. Then for a locally free
sheaf L on'Y we have

H{(X,0x(l)®n*L) ~ H(X,Sym' ¥ @ L)
for 1 > 0. The cohomology groups vanish for 0 <l < —r —1.
Proof. From Proposition 3.1.4 we know that Rm.Ox(l) = Sym'&Y for I > 0 and
R7m.Ox(l) =0 for 0 <l < —r — 1. Then the corollary follows from Proposition 3.1.5. B
3.2 Grassmanians

Given a vector space V of dimension n, we can consider the set of all linear subspaces
of a given dimension. Grassmannians are projective varieties that parameterize such
subspaces. The points of the Grassmannian G(k,n) can be described as the set

G(k,n) ={[L] : L CV is a linear subspace of dimension k}.
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3.3. Quotients and Hilbert Schemes of Points

The Grassmannian is a projective variety and can be embedded into projective space via
the Plicker embedding [EH16, p. 90]. A point [L] € G(k,n) defines a linear subspace
L C V. Then the orthogonal space of L is the space

Lt =ker(VY — LY).
Sending L to its orthogonal space L+ C V'V defines an isomorphism
G(k,n) = G(n —k,n).

We can think of the elements of G(k,n) either as k-dimensional linear subspaces of V' or
k — 1-dimensional linear subspaces of P"~!. With our convention of the projectivization
of vector spaces we have P(V) = G(1,n) and P(VY) = G(n — 1,n).

3.2.1 Sheaves Associated to Grassmannians

Let O¢g denote the structure sheaf of G(k,n). Then we can form a bundle V ® Og —
G(k,n) called the tautological bundle. The fibers over points on G(k,n) are isomorphic
to V. The tautological bundle has a subbundle S of rank k whose fibers over points
[L] € G(k,n) are isomorphic to the subspace L C V [EH16, p. 95]. Since S is a subbundle
of the tautological bundle, we get a short exact sequence

0=>5—=>VR0z—Q—0,

where () is the quotient. We call S and () the universal subbundle and universal quotient
bundle, respectively.

3.3 Quotients and Hilbert Schemes of Points

3.3.1 Quotients

Let X be a variety and G a group. Denote by ¢ : X — X/G the quotient map of X by
G.

Definition 3.3.1. [Har95, p. 123] We call X/G the quotient of X by G if any regular map
f X =Y factors through ¢ if and only if it is invariant under the action of G, that is if
f(x) = f(gx) for all z € X and all g € G.

The quotient does not always exist as a variety. However, if we take the quotient
of X by a finite group G it does always exist. The case of G finite is the one we are
interested in. Consider the affine case where X = Spec(A) for a ring A and G is a finite
group. We can form the G-invariant ring of A by

A ={fe A : gf=fforalgeG}

and the quotient is given by X/G = Spec(A%).

For a variety X we define the variety Sym”™ X to be the quotient of X™ by the
symmetric group .S, which acts on X™ by permutation of the coordinates. The points
of Sym™ X are cycles of permutations of the points of X™. They can be represented by
formal sums >, n;[p;] such that > n; = n where p; € X and the n; are positive integers.
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Example 3.3.2. Let X = Speck[z]. Then X" = Spec(k[z]®") = Speck|[x1,...,z,] and
Sym™ X = Spec(k[zy,...,2,]%"). The natural homomorphism

¢ k[s1,...,sn] = klz1,... ,xn]S"
where s; denotes the symmetric functions in the x; is an isomorphism and we conclude
that

Sym"(A!) ~ A",

Similarly, one can show that Sym” P! = P".

Example 3.3.3. Let (z,y) be the coordinates on P? x P? so 2 = (z¢ : #1 : x2) and
Yy = (Yo : Y1 : y2). Consider the map

FiPPxP? PS5
(z,y) ——— (w3 + z59:)

for 0 < ¢ < j < 2. Since f is given by homogeneous polynomials on the coordinates
and is invariant under scaling, it defines a projective morphism of schemes. It is So-
equivariant so it f factors through the universal quotient Sym?P? of P2. We get an
injection 7 : Sym? P? < P5, so the image of f is isomorphic to Sym?P? and is cut out by
the zero locus of the homogeneous degree 3 polynomial defined by the determinant of
the matrix

2x0%0 Toy1 +X1Yo  Toy2 + T2Yo
M = | z1yo + zoy1 2x1y1 T1Y2 + Toy1
Toyo + ToY2 Tayi + XT1Y2 2x2Y2.

Thus we can embed Sym? P? as a 4-dimensional closed subscheme of P?.

3.3.2 Hilbert Schemes of Points

Given a scheme X, we would like to study its closed subschemes. The closed and proper
subschemes of X can be parametrized in a way that gives the parametrization itself the
structure of a scheme. The resulting scheme is the Hilbert scheme of X. We give the
definition of a general Hilbert scheme as presented in [Nak99, p. 5]. However we will
quickly turn our attention to the Hilbert schemes of points, that is those that parametrize
zero-dimensional closed subschemes of X.

Let X be a projective scheme with an ample line bundle O(1). For a sheaf F on X,
define the Hilbert polynomial of F as

Pr(m) = x(F ® Ox(m)) = > (=1)" dimy H'(X, F ® Ox(m)).
>0

For a scheme T let Z < X x T be a closed subscheme such that the projectionm: Z — T
is flat. For a point t € T, denote by Z; = 7~ 1({t}) the fiber of 7 at t and define the
Hilbert polynomial at ¢ as

Fi(m) = x(Oz, @ Ox(m)).

Since 7 is flat, the Hilbert polynomial at ¢ takes the same value for every t € T if T is
connected. Define the contravariant functor

HilbY : Sch — Set
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from the category of schemes to the category of sets by
Hilb o (T)={Z C X xT |nw:Z— T is flat and P;(m) = P for all t € T}.

This functor defines the Hilbert scheme Hilb" X by the following theorem.

Theorem 3.3.4. [Gro95] The functor Hilb§ is representable by a projective scheme
Hilb” X.

The degree of the Hilbert polynomial is the maximal dimension of the subschemes it
parametrizes. Thus for a constant Hilbert polynomial, the above functor will parametrize
zero-dimensional subschemes. The Hilbert scheme of points is defined to be exactly this
scheme.

Definition 3.3.5. For a projective scheme X we define the Hilbert scheme of n points of X
denoted by Hilb™ X as the projective scheme representing the functor Hilb%.

If T is just a point then the set Hilb% (T') describes the points of Hilb™ X. Indeed, if

Z <% X x T is a closed subscheme and 7 : Z — T is the flat projection, then Oz, = Oz
and n = x(Oz ® Ox(m)). Since Z is zero-dimensional it is supported in finitely many
points and we define the length of Z as

len(Z) =Y dimy H*(Z,0z,) = dim; H(Z,0y),
p

where the sum is taken over all p € supp(Z). If Z € Hilb" X then len(Z) = n. If
we let Z C X be the closed subscheme supported in n distinct points x1,...,x, € X,
then Oz = @;; k(x;), where k(x;) denotes the skyscraper sheaf at z; and we see that
len(Z) = n. The Hilbert scheme of points has a map

¢ HI"X — 5 Sym" X

Z —————— >, len(Ozp)[pl.

This map defines a morphism of schemes, called the Hilbert-Chow morphism [Fan+05].

Proposition 3.3.6. [Fan+05, Theorem 7.3.4] If X is a nonsingular quasiprojective surface,
then the Hilbert-Chow morphism Hilb™(X) — Sym"™(X) is a resolution of the singularities

of Sym"(X).

Remark 3.3.7. If X is smooth of dimension one then Sym”™ X is smooth and the Hilbert-
Chow morphism is an isomorphism.

Example 3.3.8. The variety Sym? P? is singular along the image of the diagonal A C P2 xP?
by the quotient map. The Hilbert scheme Hilb? P? is a resolution of the singularities of
Sym?P? and Bla Sym?P? ~ Hilb? P2,

Hilb? P? as a Projective Bundle

The variety Hilb? P? has a morphism ¢ : Hilb? P2 — G(2,3) given by sending a closed
zero-dimensional subscheme Z of length 2 to the unique projective line containing Z
[BOR20]. This projective line defines a point in (P?)V = G(2,3). If Z is supported in two
different points p; and pe, then Z is mapped to the projective line H € G(2,3) spanned
by p1 and po. If p; and po coincide, then they specify a tangent direction to the point
p1 = p2 which again defines a unique projective line H € G(2,3) [Fan+05, p. 169]. The
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fibers of ¢ are given by the set of pairs of points on a given projective line. So for a
H € G(2,3) the fiber is given by

Thus Hilb?P? has the structure of a P2-fibration over G(2,3). We want to describe
Hilb? P? as a projective bundle P(E) for a locally free sheaf £ on G(2,3) of rank 3.
Specifying a point of P(E) should be equivalent to specifying a projective line P(H) and
a pair of points on the line. So we can describe the points of P(£) as the set

Y = {(p1 +p2,H) € Sym?P? x G(2,3) : p; € P(H)}.

Now, Y has a projection to G(2,3), and the fiber of a point H is all pairs of points on
P(H), which are in bijection with the points of Sym? P(H). On G(2,3) the universal
subbundle S parameterizes the 2-dimensional linear subspaces, which are 1-dimensional
projective spaces. So the fibers S|y are exactly the projective lines. We see that

Sym? S|y = Sym? P! ~ P2,

so by setting £ = Sym? .S we obtain the desired projective bundle P(£), and one can
show that P(E) ~ Hilb? P? is in fact an isomorphism of schemes.

3.4 The Picard Group

Invertible sheaves will play a central role when finding decompositions of the derived
category of a variety. In this section we briefly describe the invertible sheaves of projective
bundles.

Definition 3.4.1. On a ringed space X we define the Picard group of X denoted Pic(X)
to be the abelian group of isomorphism classes of locally free shaves under the tensor
operation.

If f: X — Y is a morphism of ringed spaces then the pullback f*L£ of an invertible
sheaf £ on Y is again invertible and it defines a group homomorphism

f*: Pic(Y) — Pic(X).

Example 3.4.2. [Har77, p. 145] The invertible sheaves on P™ are, up to isomorphism, given
by Opn(m) for some m € Z. The assignment Opn(m) — m gives an isomorphism

Pic(P") = Z.

Proposition 3.4.3. [Har77, p. 170] LetY by a scheme and X = P(E) a projective bundle
over'Y. Then

Pic(X) ~ Z @ Pic(Y)
and the invertible sheaves on X are of the form Ox (i) @7*O(j), where 7 is the projection
morphism.

Example 3.4.4. (P™ x P") By Proposition 3.4.3 we have Pic(P" x P™) ~ Z & Z. All the
invertible sheaves on P™ x P™ are of the form p*Opn (i) ® ¢*Opm (j) for i,j € Z where p
and g are the two projections.

Example 3.4.5. By the identification of Hilb? P? with the projective bundle P(£) over
G(2,3) = P2, the Proposition 3.4.3 says that Pic(Hilb? P?) = Z @ Z, and the invertible
sheaves are of the form Op(g)(i) ® 7 Op2(7) for i, j € Z.
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3.5 Cohomology of Invertible Sheaves on Projective Bundles

3.5.1 A Kinneth Formula

In this section, we prove the Kiinneth formula for the fiber product of two projective
schemes over an algebraically closed field. Let X and Y be two such schemes, and
consider the diagram

Xxy —2 o x

qi lf
Y — Speck.

Given a pair of coherent sheaves F and G on X and Y respectively, we can form the
sheaf F X G = p*F ® ¢*G on X x Y. The Kiinneth formula gives a way to calculate the
cohomology groups H'(X x Y, F X G) by knowing the cohomology groups of X and Y’
with respect to this pair of sheaves.

Theorem 3.5.1. (Kiinneth Theorem) Let X andY be smooth projective schemes over a
field k, and let F and G be coherent sheaves on X and Y, respectively. Let p and q be as
in the diagram above. Then

H"X xY,FRG)~ P H'(X,F)o H(Y,G).
i+j=n

Proof. Since pushforward to a point defines the same functor as taking global sections,
we have that R(f op).«(—) = R['(X x Y, —). Since f and g are flat, separated morphisms
of finite type, we know by Corollary 2.6.7 that cohomology commutes with flat base
change. In other words, we have

J"Rg«(G) ~ Rp+(q°G).
By the symmetry of the diagram, we also have
g RI(F) ~ Rau(p™F).

Using this and the derived projection formula (Lemma 2.6.3), we have

RI(X x Y, FXG) =R(f o p)+(p*F ® ¢*G)
~Rf(F @ Rp«(q°G))
~Rf(F® f*(Rg«G))
~Rf.F ® Rg.G
=RI'(X,F) ® R['(Y,G).

Now, RI'(X x Y, F X G) is a complex of k-vector spaces, and since every complex of
vector spaces splits, we have a quasi-isomorphism

RI(X x YV, FRG) ~ @ H"(X x Y,FRG)[-n], (3.1)

where the complex on the right has trivial differentials. For A, B € D(Speck) we define
A ®% B as the total complex of the double complex
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, Codi el A di,®l . A
. Az—l ® Bz-l—l A Al ® Bz—f—l A Az+1 ® Bz—i—l .

(-1 tedy (—1)'@dy (-1 edy
. . di el . . dh®1 . .
5 AlgB A 5 Ai@B A5 Al B ——— ...

(-)"'edy ! (-D'®dy " (-1 edy
) ) il ) di, ®1 . )
. Az—l ® Bz—l A A ® Bz—l A AH—I ® Bz—l .

where (A ® B)' = @,,-; A" ® BI. Replacing A and B with @; H'(A)[—i] and
@, H'(B)[—1| respectively, the double complex will have trivial differentials and entries
H(A) ® H/(B). Hence, the total complex will have trivial differentials, and each term
will have the form

b H'(A)® H(B).
i+j=n
It follows that what sits in degree n of the complex @, H (X XY, F X G)[—1] is isomorphic
to

P H(X,F)o HI(Y,G).
i+j=n

Example 3.5.2. (Cohomology of invertible sheaves on P? x P2) Let X = P? x P?,
Y = P? and let p and ¢ denote the first and second projections, respectively. We
have seen that Pic(X) ~ Z @& Z and that the invertible sheaves on X are given by
Ox(1,7) = Oy (i) X Oy (j) for i,j € Z. From the Kiinneth formula, we have

H"(X,0x(i,j)) = €@ H'(Y,O0y(i) @ H*(Y, Oy (j)).
l+k=n

so we can recover the cohomology groups of X by knowing the cohomology groups of Y.
For projective space, we have the perfect pairing

HO(P", Opn (m)) x H"(P", Opn(—m — n — 1)) — C (3.2)

by the isomorphism (2.4) in (Example 2.6.5). Since all the intermediate cohomology of
projective space vanish, we only have to consider the cases where [ and k are equal to
either 0 or 2. Consequently, P2 x P? can have cohomology only in even degree. By the
perfect pairing (3.2), we know that if i > —2 then H?(P?, Op2(i)) = 0. We have

0 if either ¢ < 0 or j <0
HO(P? x P2, 0(i, §)) = ; . ’
( (8,3)) c(3?) ® c(?) otherwise .

In degree 2, we have
H?(P? x P?,0(i, 7)) =H°(P*,0(i)) © H*(P?,O(j)) (3:3)
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@ H*(P?, 0(i)) @ H'(P?, O(j)). (3.4)

We know that H* (P2, O(i)) vanishes for k = 0 when i < 0, while for k = 2 it vanishes for
i > —2. So in any case, either the first or second term in (3.3) will vanish. If 0 > ¢ > —2
then both terms vanish. We get

0 if0>i>—-2o0r0>j>-2,
H2(P? x P2,03i,5)) =4 C(3) o c(2")  ifi>0and j< -2
c(Decl?)  ifi<—2andj>o0.

Lastly, in degree 4 we get

0 ifi>—-2o0rj>-2
—i—1

H4 ]P)QX]P)Q’O-’- — i
( (Z ])) C( 2 ) ®(C( % 1) otherwise .

Example 3.5.3 (Cohomology of invertible sheaves on Sym?P?). We have seen that
X = Sym? P2 can be embedded in Y = P° as the image of an Ss-equivariant morphism
from P? x P2, and that the image of this morphism is cut out by a degree 3 homogenous
polynomial F. Let P5 = Proj(R) for the graded ring R = C[z,...,z5]. If I = (F) is the
ideal generated by F', then the sequence

0= R(-3) 5 R—R/I—0

is a short exact sequence of graded rings. Applying the graded tilde functor, we get a
short exact sequence

0—=0y(-3) >0y - 0x =0

where Ox denotes the pushforward by the inclusion of the structure sheaf on X. We can
tensor this sequence by an invertible sheaf Oy (k) to get the sequence

0— Oy(k—3) = Oy(k) - Ox(k) — 0.

This gives a long exact sequence on cohomology

o= HY(Y, Oy (k — 3)) —» H(Y, 0y (k) = H(X, Ox(k))
— HY(Y, 0y (k — 3) = HTY(Y, Oy (k) — - -

Since H (Y, Oy (1)) =0 for all 0 < i < 5 and all [, and H?(X,Ox(k)) = 0 since X has
dimension 4, we have just two short exact sequences to consider, namely

0 — HY(Y,Oy(k —3)) = H(Y, Oy (k)) - H*(X,0x(k)) = 0 (3.5)

and
0 — HY(X,0x(k)) = H(Y,Oy(k — 3)) = H?(Y, Oy (k)) — 0. (3.6)

Lets consider the global sections first. If k < 0, everything vanishes. If 0 < k < 3, the
first term vanishes and we get an isomorphism HY(X, Ox(k)) ~ H°(Y, Oy (k)). If k > 3
then (3.5) is isomorphic to

k<5F5)

0 c(3) = 5 & HOY(X, 0x (k) — 0.
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2—k —1—k
5

Hence, H°(X,0x(k)) =~ (505" since it is a short exact sequence of finite
dimensional vector spaces over C. As for (3.6), we can do a similar analysis. By
the perfect pairing (3.2), the sequence is isomorphic to

0 — HYX,0x(k)) = H'(Y, Oy (—k — 3))¥ — H(Y, Oy (—k — 6))¥ = 0.

If £ > —2 everything vanishes. If —2 > k > —6 the last term vanishes so we have an
isomorphism H*(X, Ox(k)) ~ H°(Y,Oy(—k — 3))V. If k < —6, then (3.6) is isomorphic
to
2—k —1—k
5

0— HYX,0x(k)) » () 5 clC57) 5o

so HY(X, Ox(k)) ~ c(s)-C5"). 1o summarize, we have

0 if k<0,
HO(X,0x (k) = { c(*3") if0< k<3,
c(F)-(3%) ir3 <k
and
0 if k> —2,
HY(X,0x (k) = { c(5") if —2>Fk> -6,

cC:N-C5" k< —e6

Example 3.5.4. (Cohomology of invertible sheaves on P(Sym? S)) Let X = P(Sym?S5),
Y =G(2,3) and let 7 : X — Y be the projection morphism. The invertible sheaves on
X are of the form

Ox(k) ®7T*Oy(j)

for ¢,j € Z. From 3.1.6 we know that for £ > 0 we have isomorphisms
H'(X,0x (k) ® Oy (7)) ~ H'(Y,Sym*(Sym® $¥) ® Oy (5)).

If k£ = 0 then these are just the cohomology groups of the twists O(j) on P2. To treat
the cases k > 0, consider the exact sequence

0—=8—0P—-Q—0.

We dualize and get
0— QY — 0 =S¥ —0.

Since @ = Oy (1) has rank one, we can apply Proposition 3.1.1 to get an exact sequence
0— QY @0 — Sym? OF3 — Sym? 5V — 0.

We have Sym? 0% ~ OF% and Q¥ ® OF? ~ Oy (~1)%3. So If k = 1, then
H'(X,0x(1)) ~ H(Y,Sym? SV) ~ H'(Y, 0%°)

which are zero for i > 0 and k®° for i = 0. Now assume k£ > 2. Again by Proposition 3.1.1
we get a long exact sequence

0— (Q\/)®3 N /\Q(Q\/)EBfS ® Symk72(9$6 N (Q\/)EB3 ® Symkfl 0;126

— Sym"* OF% — Sym*(Sym? SV) — 0.
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For simplicity, rewrite the sequence as
0ALBh oS DL ES

The cohomology groups of A, B, C and D are not hard to compute. Since

@ (*+5
Symk (’);‘?6 ~ (’)Y( :)

we get
k:+5)

Hi(Y,D) = H(Y,0y)°(s

which only has cohomology in degree zero. We have H(Y, A) ~ H*(Y, Oy (—3)) which
has cohomology only in degree 2. Since

4+k)

C = ()% @ Sym" 1 OF ~ Oy (~1)®% © Oy (—1)2(5"),

we have
4+k>

H(Y,C) = H'(Y, 0y (-2))®* (5

which is zero for all i. By the identification A20y (—1)®3 ~ Oy (—2)%3 it is clear that
H! (Y, B) = 0 for all i also. The cohomology is summarized in table 3.1.

Table 3.1: Cohomology Groups

i 0 1 2
H{(Y, A) 0 0 C
H(Y, B) 0 0 0
Hi(Y,C) 0 0 0
Hi(Y, D) c(3”) 0

Now, we split the sequence into short exact sequences

0 A, B imh —— 0

0 —— kerg —— C —— img —— 0

0 —— ker f D

! E 0.

From the long exact sequences on cohomology, we get

H°(Y,ker f) = H(Y,img) ~ H'(Y,kerg) = H(Y,imh) ~ H*(Y,A) ~ C
and

HY(Y,ker f) = H(Y,im g) ~ H*(Y,ker g) = H*(Y,im h) ~ H3(Y, A) = 0.
So we get a short exact sequence of C-vector spaces

0 — H°(Y,ker f) — H°(Y,D) — H°(Y, E) — 0,
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thus
5+k)_1

HO(Y, E) ~ c®(s

Further, we have
HYY,E) ~ H*(Y,ker f) = H*(Y,im g) ~ H*(Y,kerg) = 0

and
H*(Y,E) ~ H3(Y ker f) = 0.

However, introducing twists Oy (j) in the long exact sequence quickly complicates things.
The isomorphisms above rely on C' having no cohomology in any degree and B and D
having no cohomology in degree 1 and 2, which will not be the case when tensoring with
Oy (j) for j # 0.
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Chapter 4

Decompositions of Derived Categories

Before we can study homological projective duality, we will need a certain type of
decomposition of the derived categories of the varieties involved, called a Lefschetz
decomposition. This chapter is devoted to studying decompositions, both in the general
case of triangulated categories as well as in the specific case of the derived category of a
smooth projective variety. From here on out we will not distinguish notation between a
functor and its derived functor. It should be clear from context whether it is derived or
not.

4.1 Semi-orthogonal Decompositions

Recall that a subcategory S of a category C is called full if Homs(A, B) = Hom¢ (A, B)
for all objects A, B € S.

Definition 4.1.1. [Kuz07, Definition 2.1](Semi-orthogonal decomposition) Let 7 be a
triangulated category, and let Ay, ..., A, be a collection of full triangulated subcategories
such that for any A; € A; and any A; € Aj, we have Hom7(A4;,A4;) = 0 for all
0<j<i<mn. Then (Ay,...,Ay,) is a semi-orthogonal collection of T. If for any T € T
there exist a chain of morphisms

0=T,—-T,1—---—>T1 —=>Ty=T
such that the cone of T}y — T} is contained in Ay then (A1, ..., A,) is a semi-orthogonal

decomposition of T.

If T = (A, B) is a two term semi-orthogonal decomposition, then for any 7" there is a
chain of morphisms
0—-Ty —T.

The cone of the morphism 0 — 77 which of course is quasi-isomorphic to T3 is an object
of B, and the cone of the morphism 77 — T is an object of A. In other words, any T € T
fits into a distinguished triangle

B—T— A— B[]

with A € Aand B € B.
Given a triangulated category 7 and a full triangulated subcategory A C 7T, we can
form the left orthogonal category

At ={FeT : Homy(A[n],F)=0forall A € A and n € Z}
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of A. Similarly, the right orthogonal category of A is given by
LA={FeT : Homy(F,An])=0forall A € A and n € Z}.

If A is admissible, i.e. if the inclusion functor has a left and right adjoint, then
T = (ALY A) and T = (A, A) are semi-orthogonal decompositions of 7. The
semi-orthogonal decompositions we will be concerned with when studying homological
projective duality are those given by an exceptional collection.

4.2 Exceptional Collections

Definition 4.2.1. [Huy06, Definition 1.57](Exceptional Collection) Let 7 be a k-linear
triangulated category. We say that E € T is an exceptional object if Homy(E, E[n]) = k
for n = 0 and 0 otherwise. A sequence Fj ..., E,, of exceptional objects is called an
exceptional collection if Homy(E;, E;[n]) = 0 for all j < ¢ and all n € Z.

Given a category 7 and a collection of exceptional objects Ei,...,F, we can
generate a full triangulated subcategory C C T by the exceptional objects. We write
C =(E,...,E,) for this category, and it is generated by the exceptional objects under
the following operations.

1 Sums: For any two objects A,B € Clet A® B €.
2 Shifts: For any object A € C let T(A) € C, where T denotes the shift functor.

3 Cones: For any two objects A, B € C and any f € Homy (A, B) let C(f) € C, where
C(f) denotes the cone of f.

We say that the exceptional collection generates all of 7 if the smallest full triangulated
subcategory containing the exceptional objects which is closed under the above operations
is equivalent to 7, in which case we write T = (Ey, ..., E,), c.f. [C&l05, p. 10].

Definition 4.2.2. Let 7 be a k-linear triangulated category, and let E = {E; ..., E,;,} be
an exceptional collection of objects of T. We say that E is full if (E)* = 0, in which
case T = (E).

Remark 4.2.3. Note that if T is the derived category of some abelian category A, T can
have a full exceptional collection of objects of A considered as objects of T by the fully
faithful inclusion functor. In fact, this will be the case for the varieties we will consider.

The simplest examples of full exceptional collections in the algebraic geometry setting
are those that decompose the derived category of projective space.

Example 4.2.4. (Beilinson’s collection on P™) Consider the derived category D(P"). As it
turns out, this category can be generated by n + 1 invertible sheaves on P", namely the
sheaves O, O(1),...,0O(n). In other words, the sheaves form a full exceptional collection
for D(P™), hence

D(P") ={(0,0(1),...,0(n)).

One easily checks that these are exceptional objects. For 0 <7 < j < nand all k € Z, we
have

Hom ppny (O(i), O(i)) 2 Ext®(O(i), O(i)) ~ Hom(0, 0) = T'(P", 0) = k.
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The exceptional objects also form an exceptional collection since

Hom ppn) (O(i), O(§)[K]) = Ext"(O(i), 0(j))
= Ext*(0,0(i) ® 0(;)")
= H*(P",0(i) ® 0(j)") =0
whenever 0 < i — j < —n — 1. What remains to show is that C = (O, O(1),...,0(n)) is
full, i.e. that Ct is trivial. We will later see that it suffices to show that the exceptional
collection generates all line bundles on X. So we solve the easier problem of showing that
the objects of C generates all line bundles of X. We confine to the case of P! and show

that any line bundle is generated as an object of D(P!) by the collection {O, O(1)}. Let
P! = Proj(R) with R = C[xz,y]. Then the sequence

0— R Y R(1) @ RO G, R(2) = R(2)/(z,y) — 0

is an exact sequence of graded rings. It is just the Koszul resolution from Example 3.1.3
on P!. Applying the graded tilde functor gives an exact sequence

0-0—-0(1)a0(1)— 0(2) —0. (4.1)
Since a short exact sequence gives a distinguished triangle
O—0(1)d0(1) = 02) = O[1]
in the derived category by the inclusion functor, it follows that
C(O—=0(1)e0(1)) ~0(2)

is a quasi-isomorphism, hence O(2) is the cone of a morphism of objects in the collection.
More generally we have C(O(n—1) = O(n)®O(n)) ~ O(n+1), so all the positive twists
are generated inductively by the collection. As for the negative twists, denote by A® the
exact complex (4.1) and tensor by O(—1). Then truncating gives a quasi-isomorphism

T<0(A®) : . —— 0 —— O(-1) 0 0
l N
0>0(A°%) : . —— 00— 000 — O0(1) — 0 —— ...

Inductively we obtain all the negative twists, hence Beilinson’s collection on P! generates
all the line bundles. The argument for P! generalizes to P" by the Koszul sequence from
Example 3.1.3 given by

n+1

0— 0 — 00 5 02)%("2) 5o 5 Om)E! 5 O(n+1) — 0.

Hence the twisting sheaf O(n+1) on P" fits into a resolution by sums of the first n twists.
If A® denotes the corresponding complex, then the morphism o<, (A®) = o>p41(A*)[—1]
pictured in the diagram

o<n(A®) : i 0 -1 O 0 —— ..
| | L]
o>nt+1(A®)[-1] : 0 On+1) —— 0 —— ...
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is a quasi-isomorphism. Thus O(n + 1) is generated by the sequence. Analogously to
the case of P! we obtain all the positive twists inductively. The line bundle O(—1) is
generated by the quasi-isomorphism 7<(A®* ® O(—1)) = 0>0(A®* ® O(—1)). Similarly,
all the negative twists are generated inductively by twisting down the Koszul sequence.
The same argument will show that

D(P™) = (O(d),0(d +1),...,0(d + n))

is a semi-orthogonal decomposition of D(P") for all d € Z.

Lemma 4.25. A fully faithful functor F : C — D takes exceptional collections to
exceptional collections.

Proof. Let (E1,...,Ey,) be a collection of exceptional objects E; of C. Then
Homp (F(E;), F(Ej)[k]) = Home (E;, Ej[k])
for all 4,j and all k € Z. Hence F(E,),...,F(E,) is an exceptional collection. [ |

Lemma 4.2.6. Let X = P(E) for a locally free sheaf £ on a base scheme Y and denote by
m: X = Y the projection. Then the functor

7™ : DY) — D(X)
s fully faithful.
Proof. Let G,F € D(Y). Then

Hom(7*G, 7*F) = Hom(G, " F)

(G, (7" F @ Ox))
(

(

= Hom
G, F@mOx)

= Hom(G, F ® Oy) = Hom(G, F).

= Hom

Here we have used adjunction of pushforward and pullback, the projection formula from
Lemma 2.6.3 and the fact that 7,Ox = Oy by Proposition 3.1.4. |

The question of whether an exceptional collection is full is difficult to answer in
general. We can however give criteria on the length of a full exceptional collection in the
cases where we know the Ky-theory of the variety.

4.3 K-theory

Definition 4.3.1. For a smooth projective variety X we define the Kg-theory of X denoted
Ky(X) as the quotient of the free abelian group generated by isomorphism classes of
coherent sheaves on X by the relation that [£] = [F] + [G] if there is an exact sequence

O0=+F—=EE—=G—=0

of coherent sheaves £, F and G. We define Ky(D(X)) analogously by taking quasi-
isomorphism classes of complexes with the relation that [£°] = [F®] + [G°®] if

F* =& —=G* — F*1]

is a distinguished triangle.
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An exact functor F' : C — D gives rise to a homomorphism KyF : Ky(C) — Ko(D) defined
by Ko([F]) = [F(F)]. If D(X) admits a two term semi-orthogonal decomposition (A, B),
then any object F € D(X) fits uniquely into a distinguished triangle Fg — F — F 4 for
objects F4 € A and Fg € B. Consider the exact functors

ix: A— D(X)

ip:B— D(X)

given by the inclusions and denote by Kyi4 and Kypig the homomorphisms on Ky-theory
arising from these functors. Since any F € D(X) fits into a distinguished triangle
Fp — F — F4 for unique F4 and Fp, we also get projection functors

pA:D(X)—>.A

pB:D(X)%B

defined by pa(F) = F4 and pg(F) = Fp. Similarly, denote by Kopa and Kopp the
homomorphisms induced by these projection functors.

Proposition 4.3.2. The homomorphism ¢ = Kyia B Koip given by
¢ : Ko(A) & Ko(B) —— Ko(D(X))
([Fal, [FB]) ——— [Fal + [F5]
is an tsomorphism.

Proof. We have
Kopao Koia=ida

Kopp o Koip = idp

and
Kopa o Koip = Kopp o Kogig = 0.

Let («a, 8) € Ko(A) @ Ko(B) and assume ¢(a, 5) = 0. Then
Kopa(o(e, B)) = (Kopa © Koia)(a) + (Kopa o Koig)(8) = a + 0
implies that o = 0 since Kop 4 is a group homomorphism. Similarly,
Kops(d(a, B)) = (Kopp o Koia)(e) + (Kops © Koig)(8) =0+ 3
implies that 5 = 0. Hence ¢ is injective. We have

(Koia o Kopa + Kois o Kopp)([F]) = Kopa([Fal) + Kois([Fs])
= [Fal + [Fs] = [F].

So composing with the projections is the identity on Ky(D(X)) and it follows that ¢ is
also surjective. Hence ¢ is an isomomorphism. |

Proposition 4.3.3. For a smooth projective variety X we have

Ko(D(X)) = Ko(X).
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Proof. Consider ¢ : Ko(X) — Ko(D(X)) defined by [£] — [£°] where
E 2028 =20— ...

and & sits in degree 0. Let ¢ : Ko(D(X)) — Ko(X) be defined by [F*] —
S (=1 H{(F*[—i])]. Then ¢ and ¢ are inverses and respect the respective group
operations of Ko(X) and Ko(D(X)) [Stacks, Tag OFCP)]. [

Theorem 4.3.4. Let X be a smooth projective variety and assume that E = (Ex, ..., Ey,)
is a full exceptional collection of D(X). Then

Ko(D(X)) = Ko((E1)) @ - & Ko((Ey)) ~ Z°™.

Proof. We know from Proposition 4.3.2 that if D(X) admits a two term semi-orthogonal
decomposition (A, B), then

Ko(D(X)) = Ko(A) & Ko(B).

Now, if (Ey,..., E,) is a full exceptional collection of D(X), then (Ey, (Es,..., E,)) is a
semi-orthogonal decomposition. If we let By = (E»,..., E,), then

Ko(D(X)) ~ Ko((E1)) © Ko(By).
So if B; = <EZ‘+1, e En>, then K()(BZ) ~ KQ((Ei_H)) D KO(Bi+1)- We then have

Ko(D(X)) ~ Ko((Ey)) ® Ko(By)
~ Ko((E1)) @ - @ Ko((E;)) & Ko(B;)

It remains to show that Ko((F;)) ~ Z. It is clear that K(Spec(k)) = Z since any two
k-vector spaces of the same rank are isomorphic, and

0=k - k™ —=Ek"—0
is exact only if m = [ + n. Moreover, the exact equivalence
®: (E) —— D(Spec(k))
F = @z Hom(E, Fn])[-n]

induces an isomorphism Ko® : Ko((E)) = Ko(D(Spec(k))), so

n n n

Ko(D(X)) ~ @ Ko((B)) ~ @ Ko(D(Spec(k))) ~ @) Ko(Spec(k)) ~ Z".

i=1 i=1 i=1
|

As an immediate consequence we have the following condition on full exceptional
collections.

Corollary 4.3.5. Any two full exceptional collections of D(X) have the same length.
Proof. If E1,...,E, and G1,...,G,, are full exceptional collections then
79" ~ Ko(D(X)) ~ 2™,

which implies that n = m. |
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In other words, if D(X) has a full exceptional collection, then Ky(X) = Z%" and n is
the length of the collection. So knowing the Ky-theory of X is sufficient to say what the
length of a full exceptional collection of D(X) should be. Since we are concerned with
projective bundles, the following result will be useful for our applications.

Proposition 4.3.6. [Qui75, Thm. 2.1] Let £ be a locally free sheaf on P™ of rank r. Then

Ko(P(E)) = Ko(P™)®r = z8n+r,

4.4 |efschetz Decompositions

To use the machinery of homological projective duality, we will need a decomposition
which has the form of a Lefschetz decomposition. This decomposition is defined specifically
for the derived category of a projective variety.

Definition 4.4.1 ([Kuzl4, p. 6]). Let X be a smooth projective variety and let £ be an
invertible sheaf on X. We call a semi-orthogonal decomposition of D¥(X) a right Lefschetz
decomposition with respect to £ if it has the form

D(X) = <A07A1®£7~--7An®£®n>a

where the A; are full subcategories of D®(X) such that A, C A,_1 C --- C Ap. If it has
the form
D(X)= (B, ® L, B_1 @ LETL L By),

with the B; full subcategories such that B,, C B,,_1 C -+ C By, we call it a left Lefschetz
decomposition with respect to L. If the subcategories A; (resp. B;) are all equal, the
Lefschetz decomposition is called rectangular.

Example 4.4.2. Beilinson’s collection for P from example 4.2.4 can be written as a
right Lefschetz decomposition with respect to the invertible sheaf Opn(1) by letting
Ag= A1 =--- = A, = (Opn). We see that this is also rectangular.

4.4.1 Spanning Classes

In this section we introduce two classes of objects which are so called spanning classes.
They are useful for proving fullness of exceptional collections.

Definition 4.4.3. (Spanning Class) [Huy06, p. 20] A class of objects C C D(X) form a
spanning class of D(X) if Hom(A, B[i]) = Hom(BJi], A) = 0 for all A € C, B € D(X)
and all ¢ € Z implies that B ~ 0.

Remark 4.4.4. ITmportantly, if an exceptional collection of D(X) generates all objects of
a spanning class of D(X), then it is full. By definition of a spanning class, the objects
with no morphisms to or from the shifted objects in the spanning class are trivial. So if
the exceptional collection generates all objects in the spanning class, any object in the
orthogonal must be trivial and the collection is therefore full.

For the derived category of a smooth projective variety, we will make use of two
spanning classes to show fullness of exceptional collections. These are line bundles and
the skyscraper sheaves.

Proposition 4.4.5. Let X be a smooth projective variety with an exceptional collection
€ = (Fy,...,E,) that generates all the line bundles of X. Then €+ = 0, i.e. the
collection is full.
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Proof. We prove that for any £ there is a line bundle £ and some integer n € Z such
that Hom(L[n],€) # 0. This will show that the line bundles is a spanning class, and
in particular that the orthogonal €+ is zero. For any & € D(X) there is a minimal
| € Z such that H'(E) # 0. Now, replace & with £[l], i.e. shift £ by [I] to get a complex
with no cohomology in negative degree. Then H%(&) = ker dg and we get a morphism
f:7<0(€) = &€ given by the morphism of complexes

7<0(&) : co.. — 0 —— HO(E) 0
J [
E: 0 £o &l

This gives a distinguished triangle
T<0(€) = € = O(f) = 7<0(E)[1] (4.2)
where C'(f) denotes the cone of f. It induces a long exact sequence on cohomology
= Hi(1<0(€)) — H'(E) = H'(C(f)) = H ™ (1<0(€)) — ...

and since the complex 7<¢(£) has no cohomology in degrees i # 0, the long exact sequence
gives an exact sequence

0—H Y& S HYC)) LN HO(1<o(£)) - H(&) 5 HY(C(f)) — O.

By construction of 7<o(€), 7 is an isomorphism which implies that § = § = 0. Since we
have shifted £ to have no cohomology in negative degree, H~'(£) = 0, implying that
a=10. We get

HY(C(f)) =0 for i <0,
HY(C(f)) = H'(E) for i > 1.

We will need the following lemma to complete the proof:

Lemma 4.4.6. For any nonzero coherent sheaf F on a smooth projective scheme X, there
exists a line bundle L € Pic(X) such that Hom(L, F) # 0.

Proof. Since X is projective, it has an ample line bundle £. Then by definition, for any
coherent sheaf F there is an integer ng so that F ® L™ is globally generated for n > ny.
Then Hom(Ox, L& @ F) # 0, so Hom((L%™)Y, F) # 0. |

Assume £ is a line bundle such that g : £ — H%(€) is a nonzero morphism. Such an
L exists by Lemma 4.4.6. Then applying Hom(L, —) to the triangle (4.2) gives a long
exact sequence

- = Ext (L, C(f)) = Hom(L, 7<0(£)) — Hom(L, E)
— Hom(L,C(f)) — Ext' (L, 7<0(E)) — BExt' (L, &) — ...

We claim that Ext’(£,C(f)) = Hom(L,C(f)[i]) = 0 for i < 0. This follows from
the general fact that for any abelian category C and any two complexes A, B € D(C)
such that H(A) = 0 for i > N and H(B) = 0 for N < 0 for some N € Z, we
have Homp (4, B) = 0 [Huy06, p. 70]. In other words, if A has only cohomology
up to a certain degree and B has only cohomology in higher degree, then there are
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no morphism between them. In our case, we know that H'(C(f)) = 0 for i < 0
and H'(C(f)[-1]) = HYC(f)) = 0 for i < 1. Hence, Hom(L,C(f)) = 0 and
Ext!(L,C(f)) = Hom(L,C(f)[i]) = 0 for i < 0. So the long exact sequence induces
isomorphisms

Ext’(L£, 7<o(€)) ~ Ext'(L, )
for 4 < 0. In particular, Hom (L, 7<¢(€)) ~ Hom(L, £) # 0. Replacing £ with £[—(], i.e.
shifting back £ to the complex we started with, we get
Hom(L[l],€) # 0
which proves the proposition. |

We showed earlier that Beilinson’s collection generates all line bundles on P". The
proposition above completes the proof that the collection is indeed full. Another usefull
spanning class that we will make use of later is the class of skyscraper sheaves.

Proposition 4.4.7. [Huy06, p. 69] Let X be a smooth projective variety over Spec(k).
Then the skyscraper sheaves k(x) form a spanning class of D(X).
4.4.2 Calabi-Yau Varieties have no Semi-orthogonal Decomposition

An interesting example of smooth projective varieteies with no semi-orthogonal
decomposition of their derived categories are the Calabi-Yau varieties. Recall that
a variety X is Calabi-Yau if the canonical sheaf wx is isomorphic to the structure sheaf.

Example 4.4.8. A non-singular degree 3 curve C < P? is Calabi-Yau. We saw in
Example 2.6.5 that wp2 = Op2(—3), and it follows from the adjunction formula that

we = 'wp2 ® Oc(3) ~ O¢.

More generally, if Z =V (f1,..., fr) < Pris a complete intersection with d; = deg f;,
then Z is Calabi-Yau if > d; = n + 1. By the projection formula we have

wyz =1i"wpn @ Oc(dy + -+ dy) 2~ Oc(—n—1+4+dy -+ d;)

which is isomorphic to O¢ when > d; =n + 1.

The fact that the derived category of a Calabi-Yau variety has no semi-orthogonal
decomposition is a consequence of Serre duality. Assume for contradiction that X is
Calabi-Yau and that D(X) = (A, B) is a semi-orthogonal decomposition. Let F € A and
G € B. Then semi-orthogonality implies that

Hom(G, F[i]) =0
for all 7 € Z. By Serre duality there are isomorphisms
Hom(F,G[i])" ~ Hom(G, F[dim X — i)

for all ¢ € Z since the canonical sheaf wx is trivial. But since the right hand side is zero,
we have

Hom(F,G[i]) =0

for all ¢+ € Z. This implies that the derived category actually splits as D(X) =A@ B. In
other words, Calabi-Yau implies that semi-orthogonality is actual orthogonality. This is
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a contradiction whenever X is connected. Assume for contradiction that D(X) = A& B.
Then for z € X the complex k(x) splits as k(z) = A® B with A € A and B € B. Since
Hi(k(x)) = k() for i = 0 and zero otherwise we have H'(A) = H(B) = 0 for i # 0
so k(z) = HY(A) @ H°(B) but k(x) does not split as a k-vector space. Since x was
chosen arbitrarily we have for all z € X that k(x) € A or k(x) € B. Now, consider the
structure sheaf Ox as a complex in D(X). Assuming Ox = A’ ® B’ for A’ € A and
B’ € B also implies that Ox = H(A") ® H°(B’) and if X is connected, then H°(A") = 0
or H%(B') = 0 which in turn implies that Ox € A or Ox € B. Since Hom(Ox, k(z)) # 0
for all x € X, the skyscraper sheaves k(x) all belong to the same subcategory as Ox, say
A. Since the skyscraper sheaves form a spanning class of D(X), we have A = D(X) and
B=0.

4.5 Decompositions for Projective Bundles

We start this section by considering an exceptional collection for P? x P? which generalizes
to P x P™. We move on to giving exceptional collections of projective bundles over
P™ before discussing the more general setting of a projective bundle over a general base
scheme Y.

Example 4.5.1. (P? x P?) Consider the diagram

P2xp2 P, p2

P2 ——————— Spec(C)

and define O(i,7) = O(i) K O(j). We know that all the line bundles on P? x P? are of
this form. From Proposition 2.3.2 we have

Hom(O(i), O(j)[n]) = Ext™(0,0(j — i)) = H"(B*,0(j — i)).
It follows from our cohomology computations of P? x P? in Example 3.5.2 that
HomD(P2XP2)(O(i7j)7 O(kv l)[n]) = Hn(P2 X ]P27 O(k - Zal - ])) =0

foralln € Z and all 4, j,k,l € Zsuchthat 0 >k —i>—-30or0>1—j > —3. So we get
an exceptional collection

(0,0(0,1),0(1,0),0(2,0),0(0,2),0(1,1),0(1,2),0(2,1),0(2, 2)) (4.3)

Note that Ko(P? x P?) ~ Z®9 so the collection is of expected length. To show that it it
is full, we exploit the fact that Beilinson’s collection on P? generates all line bundles.
The exact sequence on P? given by

00 =01 =02 =03 -0
pulls back by p to the exact sequence
0= 0 — 0(1,00% = 02,00 = O(3,0) = 0,

which gives a resolution of O(3,0) by the exceptional objects. Tensoring by O(0, j) for
J = 1,2 gives a resolution of O(3, 1) and O(3,2) by objects in the sequence. Symmetrically,
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we obtain O(3,0), O(3,1) and O(3,2) by pulling back by ¢ and tensor with O(i,0) for
1 =0,1,2. An induction argument shows that all line bundles can be generated from
pullbacks of the Koszul resolution on P?. Since the line bundles on a variety span the
entire derived category of X, (4.3) gives a semi-orthogonal decomposition of P? x P2,
The decomposition can be made Lefschetz with respect to the line bundle £ = O(1,1).
Firstly, let

Ay = (0,0(0,1),0(1,0),0(0,2),0(2,0)),
A =(0,0(0,1),0(1,0)),

Then Ay C A; C A is satisfied, A1 ® £ = (O(1,1),0(1,2),0(2,1)) and Ay @ LZ? =
(O(2,2)) Hence
D(P2 X IP’Q) = (A, A1 @ L, A ® £®2>.

is a Lefschetz decomposition of D(IP? x P?) with respect to L.

Proposition 4.5.2. Let X = P" x P™ and denote by p and q the projection to the first and
second factor. Define Ox(i,7) = p*O(i) ® ¢*O(j). Let L1 = O(1,0) and L2 = O(0,1).
Define the full triangulated subcategories A = (O(3,0))o<i<n and B = (O(0,7))o<j<m-
Then D(X) has semi-orthogonal decompositions of the form

D(X) = <<O(i,j)0§j§m>0§i§n> = <B &® El, B® ,C(%Q, e, B® ﬁ?n>,
D(X) = ((O(i, jloci<n)o<jcm) = (A® L2, AR L5, ..., AR LT™).

If m =n and L = O(1,1) then there is a semi-orthogonal decomposition
D(X) = (Co,C1 ®L,...,Cp @ L)
where Cr, = (O(k.k),O(k+ 1,k),...O(n, k), O(k,k+1),...0(k,n)).

Proof. The proof is analogous to showing that the exceptional collection for P? x P? is
full. For any O(i, j) we have

Hom((’)(i,j), O(%])[ﬂ) = HT(Xv O) =C

for r = 0 and 0 otherwise, so the objects are exceptional. For any O(k, ) appearing later
in the sequence, we have

Hom(O(i, ), O(k,)[r]) = H" (X, Ok —i,l — §) = 0

since either 0 < k—i < —n—1or0<!l—j < —m—1. So the objects form an exceptional
collection. To show that it is full, we show that all line bundles on X are generated by
the collection and argue that it is full Proposition 4.4.5.

All the line bundles on X are of the form O(i,7), so we can think of a line bundle on
X as a point in the Z x Z-plane. If we denote by [0, N| x [0, M] the N x M rectangle in
the first quadrant of the Z x Z-plane with a vertex at the origin, then the collections
above can be represented by the rectangle [0,n] x [0, m]. We show that we can expand
the rectangle with one row in all directions. The Koszul resolution on P™ pulls back by p
to an exact sequence

n+1

0= 0 — 01,02 5 02,0°("2) 5 ... 5 O(n,0)*" ™ = O(n+1,0) — 0. (4.4)
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Tensoring by O(0, ) for j =0,1,...,m we obtain all the line bundles that extends the
rectangle to [0,n + 1] x [0,m]. Symmetrically, by pulling back the Koszul resolution
from P™ by ¢ and tensoring with O(7,0) for i = 1,2,...,n extends the original rectangle
to the rectangle [0,n] x [0,m + 1]. Now that we have obtained O(0, m + 1) we obtain
O(n +1,m + 1) by the resolution

0= O0,m+1) = O1,m+ 1)+ 5 02,m+1)°20) -
= On,m+ 1) 5 O(n4+1,m+1) = 0.

which is just (4.4) tensored by O(0,m + 1). Then the original rectangle extendeds to
[0,n + 1] x [0,m + 1]. The extension in the negative directions is analogous. Simply
twist the Koszul resolution by O(—1) and take the pullback by p and ¢. This proves the
base case in an induction argument that the rectangle extends to the entire Z x Z-plane.
The inductive step is similar. Assume the collection generates all line bundles O(i, ) for
i < N and j < M for arbitrary N and M, i.e. it extends to the rectangle [0, N] x [0, M].
Now resolve O(N + 1, j) and O(i, M + 1) by the previous n and m twists, respectively.
The line bundle O(N + 1, M + 1) has a resolution

n+1

0= ON —n,M+1) = ON —n+1, M + 1) 5 O(N —n+2,M+1)2(2) -
< O(N,M +1)®" 5 O(M +1,N +1) = 0.

This proves by induction that the rectangle can be extended to [0, N + 1] x [0, M + 1] and

it follows by induction that it extends to the entire first quadrant. In other words, the

collection generates all the positive twists. To show that it extends to all combinations
of negative and positive twists follows the same method by twisting accordingly. |

The variety P™ x P™ is the trivial projective bundle over P™. It is the projective
bundle P(Ogn ). We wish to consider a more general case. So let £ be a locally free
sheaf of rank r + 1 on P, and consider its projectivization X = P(€). We know that the
Picard group of X is Z%2, and if we let 7 : X — P™ be the projection morphism then the
sheaves Ox (1) and 7*Opn (1) generate Pic(X). So let

H(i,j) = Ox (i) © 7" Opn(j)-
We seek an exceptional collection of D(P(£)) given by the line bundles H (7, j). Since

(Ox (i) @ 7 Opn (j))" = Ox(—i) @ 7*Opn(—j), we have

Hom pp(gy) (K (7, 5), H(k, 1) [m]) = Ext"(Op(gy, H(k — i,1 — 7))

which is zero for 0 < k —¢ < —r — 1. From Corollary 3.1.6 we know that if k —¢ > 0 then
H™ (P(E), Ox(k —i) @ 7 Opn(l — j)) =~ H"(P", Sym* () @ Opn (I — 7))
If kK = then the right hand side is just the cohomology of a line bundle on P”, which of

course is zero whenever 0 <l —j < —n—1. If —r — 1 < k —14 < 0 then the left hand side
vanishes. We have

Homp(p(e)) (H(i, j), H(i, j)[m]) = H"(P", Sym’(€) © Opn) = H"(P", Opn)
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which is C for n = 0 and zero otherwise. So the sheaves H(i, ) are indeed exceptional
objects. If we assume &k =4 > —r — 1 then

Hom pp(e)) (H (i, ), H(k, [)[m]) = H"(P", Opn (I = j))
which is zero whenever 0 <! — j < —n — 1. Hence the sequence of sheaves
(H(i,0),H(3,1),...,H(i,n))

satisfies the conditions for being a collection of exceptional objects. If we assume j =1
then |
HomD(IP(S)) (H(la j)v H(ka l) [TL]) = Hn(]P)nv Symkiz(é‘))

which is zero whenever 0 < kK — ¢ < —r — 1. Hence the sequence of sheaves
(H(0,0),H(1,0),...,H(r,0))

satisfies the same condition. Combining the two, we get a collection

A = (1(0,0),1(0,1),...,H(0,n),
H(1,0),H(1,1),...,H(1,n),

H(r,0),H(r,1),...,H(r,n))

which is an exceptional collection for D(P(E)). It is also of expected length by
Proposition 4.3.6. Our base scheme is P” and the bundle £ has rank r + 1, so a
full exceptional collection for D(P(E)) must have length (n+1)-(r+1). Showing that the
collection is full is more difficult. We will make use of the spanning class of skyscraper
sheaves.

Proposition 4.5.3. Let £ be locally free on P™ of rank r + 1, let X = P(E) and denote by
m: X — P" the projection morphism. Then J is a full exceptional collection of D(X)
and it gives a rectangular Lefschetz decomposition

D(X) = (* D(P") © Ox, 7" D(P") @ Ox (1), ... " D(P") @ Ox(r))  (4.5)
where D(P™) = (Opn, Opn (1), ... Opn (n).
Proof. Tt is clear that (4.5) is just a rearrangement of the collection #. We have
T*D(P") @ Op(g)(i) = (1" Opn @ Op(ey (i), ..., 7 Opn(n) @ Opg)(i))
= (H(i,0),...,H(i,n))

and by letting ¢ range from 0 to r we obtain the collection J#. To prove that J# is full,
we show that the collection generates all the skyscraper sheaves k(x) for x € X and use
the fact that these form a spanning class of D(X). On the base scheme Y, the Koszul
resolution gives an exact sequence

0= Oy(—n) = - — Oy (=2)2() & Oy (—1)®" 5 Oy — k(y) — 0. (4.6)

For instance, if R = C[zo,...,z,) and y = (1 : 0: --- : 0), then the Koszul resolution
with respect to the regular sequence I = (z1,...,x,) reads

0— R(—n) — - — R(~2)2(2) = R(—1)® - R — Clzo] — 0 (4.7)
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and (4.6) is obtained by applying the graded tilde functor to (4.7). Since k(y) ® Oy (n) =
k(y), we can twist (4.6) to get the sequence

05 Oy = — Oy(n—2°2CG) 5 Oy (n—1)%" = Oy(n) = k(y) - 0. (4.8)

The projection morphism = is flat, so this resolution pulls back to an exact sequence on
X. For every x € X we can choose a fiber P(€|y) containing z. Let i : P(&|,) — P(£) be
the inclusion. Since P(&],) ~ Py there is a resolution

0— Op(5|y) —> s = O[p(g‘y)(T — 2)69(;) — Op(g|y)(7‘ — 1)@T — Op(g‘y)(’f') — k(:L‘) —() 0)
4.9

Further i.k(z) = k(z) and i is a closed immersion, so pushing forward (4.9) by ¢ gives
a resolution of k(x) by the sheaves i,Opg,)(j) for 0 < j <r. The sheaves i.Opg|,)(J)
we obtain inductively by pulling back the sequence (4.8) by 7 and then twist by Ox(j).
So for each x € X we get a resolution of k(x) by sheaves in the collection by choosing
a fiber containing x. So every k(z) is isomorphic in D(X) to its resolution, hence the
collection generates all skyscraper sheaves k(x) and is therefore full. |

We have shown that any projective bundle over P" has a semi-orthogonal
decomposition given by the exceptional collection 7. We can actually stretch the
result a bit further and consider any projective bundle over a general base scheme Y
with a full exceptional collection. The result is by D. Orlov [Or]l92, Cor. 2.7].

Proposition 4.5.4 ([Orl92, Cor. 2.7]). Let X = P(€) be the projectivization of a locally
free sheaf € of rank r + 1 on a smooth projective variety Y and let p : X — Y be the
projection morphism. If D(Y') has a full exceptional collection (Ey, ..., E,) then

D(X) = (p*D(Y),p"D(Y) ® Ox(1),...,p"D(Y) ® Ox(r))
is a semi-orthogonal decomposition of D(X).

Proof. We first show that the objects indeed form an exceptional collection. From
Lemma 4.2.6 we know that m, is fully faithful, so

Hom(m*E; ® Ox (i), 7" E ® Ox(i)[m]) = Hom(Ej, Ex[m]) =0
if 5 > k. Also by adjunction and projection we have

Hom(m*E; ® Ox (i), 7" Ey @ Ox(1)[m]) = Hom(E;, m. (7" Ex[m] ® Ox (I —i)))
= Hom(Ej, Ex[m] ® m.Ox (1 —14)) =0
if 0 <l—i < —r—1since m,Ox(I—i) = 0 in that case. So the objects form an exceptional

collection. It remains to show that the collection is full. We will make use of the following
lemma.

Lemma 4.5.5. Let C = (n*Ey,...n*Ey,). If F € D(Y), then n*F € C.

Proof. Any F € (Ey,...,E,) is an iteration of sums, shifts and cones of morphisms
E; — E;. But n* distributes over sums and shifts. Moreover 7* is an exact functor of
triangulated categories, so for any A, B € D(Y') and an exact triangle
f
A= B— C(f)
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we get an exact triangle
A — B — 7 C(f).

If we take A = E; and B = E; then this implies that 7*C(f) € C. It follows that
any iteration of cones of morphisms E; — E; pulls back by m to an object in C. Thus
m*F eC. |

Now for any x € X choose a point y € Y so that € P(£],) ~ Pl(y)- Then there is a
resolution of k(x) given by

0— O]p(gly) rd e O]p(g‘y)(’l“ — 2)@(;) — Op(g|y)(?" — 1)€BT — O]p(g\y)(?“) — k(l‘) — 0.

Pushing forward by the inclusion i : P(€],) < X gives a resolution of k(x) by the sheaves
ixOp(g),)(k) for 0 < k < r. By Lemma 4.5.5 the object 7"k(y) is generated by the
exceptional collection, and 7*k(y) ® Ox (k) = i.Op(g|,) (k). So the sheaves i.Opg|, (k)
are generated by the collection and gives a resolution of k(x), i.e. the collection generates
k(z). So for any x € X we can choose a fiber containing it and find a resolution of locally
free sheaves generated by the collection. Thus the collection generates all skyscraper
sheaves k(x) and is therefore full by Proposition 4.4.7. [

Example 4.5.6. (Hilb?>P?) From the identification of Hilb? P? with the projectivization
of the rank three locally free sheaf Sym?S on G(2,3), an exceptional collection
for Hilb?P? becomes a special case of the general case discussed above. So let
X = P(Sym?S) ~ Hilb?P? and P? = G(2,3) and define H(i,j) = Ox (i) ® Op2(j).
Then we have a full exceptional collection

Consider the morphism

f:P(Sym®S) — P(Sym® OFf, 5) ~ P° x G(2,3) — P°

given by the inclusion Sym? S < Sym? 02?2 3) and the projection P5 x G(2,3) — P5. By

this composition it is clear that the sheaf O(1) pulls back to Ox (1) via f. If we let
A= (H(0,0),(0,1),H(0,2))

then
D(X) = (A, A® Ox(1), A® Ox(1)%?)

is a rectangular Lefschetz decomposition with respect to Ox (1) and of the form of
Proposition 4.5.4.
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Chapter 5

Homological Projective Duality

In this chapter we finally state the definition of homological projective duality. Throughout
the chapter, the schemes in question will always be smooth projective varieties over
Spec(C), and for such a scheme X we denote by D(X) the bounded derived category of
coherent sheaves on X. We follow the two articles [Kuzl4] and [Kuz07] by Alexander
Kuznetsov, the latter of which is the original article stating the homological projective
duality relation, as well as the notes on homological projective duality by Richard Thomas
[Thol8].

5.1 The Universal Hyperplane Section

For a scheme X with a globally generated line bundle Ox (1), let V = H°(X,0x(1))Y
and assume given a morphism f : X — P(V'). Denote by Q C P(V) xP(V") the incidence
quadric defined by

Q={(x,H) e P(V) xP(VY) : z € H}.

Here we think of the points H in the dual space P(VV) as their corresponding
hyperplanes in P(V'). Equivalently, we can think of a point of P(VV) as the section
s € H'(P(V),Op((1)) up to scaling whose zero locus defines a hyperplane of P(V').
Then we can describe the points of @ as pairs (z, s) such that s(x) = 0. The universal
hyperplane section . C X x P(VY) of X is defined as the fiber product X xp(y) Q:

H — Q

I

x L p).

The points of 7 can also be described by an incidence relation as

H ={(x,8) € X xP(VY) : s(z) =0}.

Remark 5.1.1. If f is an embedding, which will be the case when Ox(1) is very ample,
A carries the information of the usual projective dual XV of X. Under the projection
down to P(VV), the discriminant locus of J#, which is the set of points (z, H) € % such
that H is tangent to x (i.e. H C T, X), is the projective dual X" of X.
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5.2 The Homological Projective Dual

For a variety X with a morphism f : X — P(V) with dimV = N, let
Ox(1) = f*Op(y)(1). Assume given a Lefschetz decomposition

where A;(i) == A; ® Ox(i). Consider the base change diagram

XxPVY) —— X

P(VY) S Spec(C).

Proposition 5.2.1. [Kuz14] The flat base change morphism P(VY) — Spec(C) gives a
semi-orthogonal decomposition

DX xP(VY)) = (A4g X DP(VV)), A1 (1) X DP(VY)),..., Au(n) X DP(VY))) (5.2)

from the pullback by the two projections.
Notice that

Ar(k) R DP(VY)) = (A (k) B Opyvy, Ax(k) B Opyvy (1), . . ., Ak (k) B Opevy (N)),

so in the case where X = P" we recognize this as the decomposition of P x PN—1
from Proposition 4.5.2. Let 5 denote the universal hyperplane section of X, and let
a: — X x P(VV) be the embedding,.

Proposition 5.2.2. [Kuz07, Lemma 5.3] For any 1 < k <n, the functor
As(k) B D(P(VY)) € DX x P(VY)) 25 D(#)
s fully faithful and gives a semi-orthogonal collection
(A1) R DMP(VY), ..., Au(n) R D(P(VY)) C D(57). (5.3)

Define C to be the left orthogonal of (5.3). Then D(S) admits a semi-orthogonal
decomposition

D) = (Cop, AL (1) I D(P(VY), ..., Ay(n) X D(P(VY)). (5.4)

Definition 5.2.3. For a smooth projective variety X with morphism f: X — P(V) and a
given Lefschetz decomposition (5.1), we define the homological projective dual category
of D(X) to be the category C. If moreover the category C, is geometric, that is
equivalent to the derived category D(Y') of some smooth projective variety Y with a
morphism g : Y — P(VV), we call (Y, g) the homological projective dual of (X, f).

Let us make precise what we mean by C,» being geometric. Since any equivalence
of derived categories is given by a Fourier-Mukai functor, there should exist an object
& € D(H xppyvyY) so that the Fourier-Mukai functor ¢¢ : D(Y) — D() is fully
faithful and defines an equivalence of categories onto C,r [Kuz07, Def. 6.1].
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Example 5.2.4. Let X =P", V = H°(X,Ox(1))" and let f : X — P(V) be the identity.
We seek the homological projective dual of (X, f) with Beilinson’s collection

D(X) = (Ao, A(1), ..., A(n)).

So A(i) = A® O(i) and A = (O). Let 2 C P(V) x P(V"Y) be the universal hyperplane
section. Over every point z € P(V), 5 parametrizes all hyperplanes in P(V") incident
to . So ¢ is a projective bundle with P*~!-fibers over P", i.e. the projectivization of
a rank n locally free sheaf on P™. One can show that ¢ is in fact the projectivization
P(Qp()) of the cotangent bundle. Now, the flat base-change P(V") — Speck gives a
semi-orthogonal decomposition

DX xP(VY) = (A K DP(VY)), A (1) X D(P(VY)),..., An(n) X D(P(VV))).

Here
Ap(k)R D(P(VY)) = (0(k)RO,0(k) KO(1),...,0(k) X O(n)). (5.5)

Pulling back to % by the inclusion gives a decomposition
D(A) = (Cor, Au(1) I D(P(VY), ..., An(n) B D(P(VY)) (5.6)

which is fully faithful onto the last n — 1 terms. The subcategory C_y is the orthogonal
of (A1(1) X D(P(VY),..., A,(n) X D(P(VV)). Now, the A; are all exceptional objects
and they pull back to exceptional objects on D(.#). But since J# is a projective bundle,
we know from Kp-theory (Proposition 4.3.6) that a full exceptional collection of D(.7)
must have length n(n + 1). Writing (5.6) out in terms of exceptional objects, that is
writing each of the last n — 1 terms of (5.6) as in (5.5), it is clear that

LCw = (A1) RDEPWVY),..., Ay(n) X DP(VV))

can be written as a collection of length n(n + 1). Since the pullback of each term by
the inclusion is fully faithful (Proposition 5.2.2), the objects are all exceptional. Thus
C,r = 0, and the homological projective dual of (X, f) is the empty variety.

From the above example, the duality relation can seem somewhat odd. The interesting
part of the duality is what happens on linear sections. The following section is dedicated
to studying the duality relation on linear sections.

5.3 The Main Theorem of Homological Projective Duality

The setting of the main theorem of HP duality is the following. We let X — P(V') and
Y — P(VV) be smooth projective, V denotes the dual of the vector space H*(X,0, X (1))
of global sections of a globally generated line bundle Ox (1) on X. We assume given a
right Lefschetz decomposition

D(X) = (Ag, A1 (1), ..., An(n)) (5.7)

of D(X) with respect to f*Op(y/y(1). Here A;(i) = A; @ f*Op(y)(1). For a linear subspace
L c VV consider the fiber products X; and Y7, given by the diagrams

X, — X Y, ———— Y
l I | I
P(LY) —— P(V) P(L) —— P(VY),
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where Lt is the orthogonal of L defined as the kernel ker(V — LV).

Definition 5.3.1. (Expected dimension) Assume L has dimension r and V' has dimension
N. Then L+ has dimension N —r and we say that X and Y7 have expected dimension if

dimX; =dimX —r and dimYy, =dimY — (N —r).

The duality statement of X and Y is summarized in the following theorem.

Theorem 5.3.2. [Kuz14, Thm. 2.5] Let (Y,g) be the HP dual of (X, f) with respect to the
Lefschetz decomposition (5.7). If V' has dimension N and L C VV is an r-dimensional
linear subspace such that Xy and Yy have expected dimension, then

. D(Y') has an admissible subcategory By equivalent to Ay extending to a left Lefschetz
decomposition
D(Y) = (Bu(=n), Bo-1(1 =n),...,Bo) (5.8)

. (X, f) is HP dual to (Y, g) with respect to the Lefschetz decomposition (5.8)
. There are semi-orthogonal decompositions

D(Xp) = (Cr, A (r),..., Ap(n)),
D(Yr) = (Bp(—n),...,Bn—r(r — N),Cr),

where

Cr = (A(r),..., An(n))F =L (Bu(=n),...,By_r(r — N)).

If L has dimension 1, then P(L) defines a point in P(V"Y) and P(L*) defines a
hyperplane in P(V). Denote by H = P(L"') the hyperplane in P(V) and assume L is
such that X and Y7, have expected dimension. Then Xy = f~1(H) and Y = g~ ' (H),
which is the fiber of g over the point H € P(VV).

|

f_l(H) — X g_l(H)

Iy

— P(V)

By Theorem 5.3.2 we have semiorthogonal decompositions

D(X1) = (Cp, A1 (1), ... An(n))
D(Y) = Cy.

So intersecting X with a hyperplane corresponds to taking a fiber Yy on the other side
of the duality, and D(Y7) consist of only the category Cy.

Remark 5.3.3. As mentioned, the usual projective dual XV is the discriminant locus of the
morphism 5 — P(V"). But this discrimant locus consist of exactly those hyperplanes
H € P(VV) for which the fiber g7!(H) is singular. In other words XV is also the
discriminant locus of the morphism Y — P(VV), c.f. [Thol8, p. 3].

Theorem 5.3.4. [Kuz07, Thm. 7.9] If g : Y — P(VV) is homologically projectively dual to
f: X = P(V), then the discriminant locus of g is the projective dual of X .
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Example 5.3.5. Let X = P! and consider the morphism v : X — P? given by the veronese
embedding (v : z1) — (28 : zor1 : 23). Then v*Op2(1) = Ox(2), and we seek a
decomposition of D(X) which is Lefscehtz with respect to Ox(2). Since no nontrivial
Lefschetz decomposition of D(P') with respect to Ox(2) exists, we take the trivial
decomposition D(X) = (A). Then

D(X xP(VY)) = (AR D(P(V))),

and we see that

D(A) = (Cor)-

So the homological projective dual is the universal hyperplane section 2 of X itself with
the projection morphism 2 — P(VV).

The example above illustrates what happens in general if we take a trivial
decomposition of D(X) for some X — P(V). Then the homological projective dual
is just the universal hyperplane section with the projection # — P(V"Y). We end this
section by stating a theorem of A. Kuznetsov which will set the stage for the next chapter.
We have broken the theorem into two parts. The first is the statement of Proposition 4.5.4
which gives a way to obtain a Lefschetz decomposition of a projective bundle over a
basescheme with a full exceptional collection. The second part gives a description of the
homological projective dual of the projective bundle.

Theorem 5.3.6 ([Kuz07, Cor. 8.4]). Let X = P(E) be the projectivization of a locally free
sheaf E of rank v+ 1 on a smooth projective variety Y with a full exceptional collection
and let p: X — Y be the projection morphism. If V = H°(X,0x(1))V and E is globally
generated, then the homological projective dual of X with the morphism X — P(V) and
the decomposition from Proposition 4.5.4 is given by Y = }P’(EJ-), where

Et = Ker(VY @c Oy — EY).

Note: HY(X,0x(1))Y = H*(Y, EV)Y by Corollary 3.1.6.

A few things need to be specified in the above theorem. First of all by the slightly
abusive notation VV ®@c Oy we mean the sheaf obtained by letting the vector space V'
be the constant sheaf of global sections of EV. So for any U C X the sections of V'V on
U are the elements of the vector space VV. The morphism

vV QR Oy — EY
is defined over an open U C X as the I'(U, Og)-module homomorphism
I(G,Sym* S) ® T'(U, Oy) — (U, Sym* 9)

given by s ® p — s|y - p. Secondly, HP dual varieties X and Y come with a pair of
morphisms f: X — P(V) and g : Y — P(V") which need to be specified. The surjection
VYV ® Oy — EY dualize to an inclusion E < H°(Y, EV) ® Oy. Taking projectivizations
gives an inclusion

P(E) — P(H’(Y,EY) ® Oy) ~P(V) x Y.

Finally, composing with the projection to the first factor describes the morphism
f:P(E)—=P(V).
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P(E) — P(V®Oy) = P(V)xY

f

Similarly, projectivization of the inclusion E+ < VV ® Oy gives a morphism
P(EL) < P(VY ® Oy) ~P(VY) x Y,

and by composing with the projection to the first factor we obtain the morphism
g:P(E+) = P(VY).

P(Et) ——— P(VV®0Oy) = PVY)xY
g
P(VY).

It is clear that f.Op()(1) = Ox (1) and the Lefschetz decomposition of D(X) is the one
given in Corollary 3.1.6.
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Applications

6.1 The Homological Projective Dual of a Family of Projetive Bundles

Now that we have the machinery of HP duality at hand, we can calculate the HP dual of
Hilb? P2. We have identified Hilb? P? with the projective bundle P(E) where E = Sym? S
and S is the universal subbundle on G(2,3). This identification and Kuznetsovs result
on the HP dual of projective bundles (Theorem 5.3.6) gives us enough information to
calculate the HP dual of Hilb? P2 with the morphism

£ Hilb*P? — P(HO(P(E), Op(s)(1))").

It turns out that the method for this calculation generalizes to a whole family of projective
bundles. So we give the proof of the more general case, and the HP dual of Hilb? P? will
follow.

Consider the Grassmanian G = G(n,n+ 1) and let S denote the universal subbundle
of rank n. Let
V = H'(P(Sym* S,0(1))Y) = H°(G, Sym* SV)V.

We aim to prove the following theorem.

Theorem 6.1.1. Let X = P(Sym* S). The homological projective dual (Y — P(VV)) of
(X — P(V)) is the variety
Y =P" x PML
n+k—
where M = ( —]:_1 h.

Proof. Let E = Sym” S. We wish to apply ¢5.3.6 stating that the homological projective
dual of X is given by P(E1) where E* is the kernel of the map

f:Vv®OG—>EV.

To determine E we aim to obtain a different description of f. So consider the exact
sequence
08 —0& Q-0

where S is the universal subbundle of rank n and @ is the universal quotien tbundle of
rank one. More specifically, on G = P", the universal quotient bundle @ is the invertible
sheaf Og(—1). We dualize the sequence to get

0— QY — o0& - 5Y —o.
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Applying Proposition 3.1.1 we get the exact sequence
0— Q" ®Sym" 1 OF"! — Sym* OF" ! — (Sym* )Y — 0. (6.1)

Again, by Proposition 3.1.1 we have have an isomorphism Sym*(SV) ~ (Sym* S)V. Set

F = Q\/ ® Symk—l Og}n+l ~ OG(_l)EBM

and write the sequence (6.1) as

0= F 05N - FEY =0 (6.2)
where N = (nzk) This gives a long exact sequence on cohomology, and since
H(G(2,3),F) = 0 for all 4, there are isomorphisms

H(G,08") = H(G,Sym" V)

for all 7. Thus
VY = HYG,Sym" V) ~ C®N

and so there is a natural identification
VV®Oq~ 0N,

We see that EV is globally generated and f is surjective. Thus Theorem 5.3.6 applies,
and We wish to identify F with the kernel E+. If we can find an isomorphism £ so that
the diagram

Bt s VV80s —T s SymFsY

! ! :

Fe—— SymP O — 2 Symk SV

with exact rows commutes, then there is a morphism « of the kernels. The Five Lemma
[Wei94, p. 13] ensures that « too is an isomorphism. On global sections there is a diagram

HYG, VY ®0g) ——— H(G, Sym* $V)

F l:

HO(G, Sym* 0g" 1) — = HY(G,Sym" sV)

where the isomophism H°(G, VY ® Og) = H(G, Sym* OF"*1) is just the composition
of the other three. We ask the question whether this isomorphism on global sections
induces a unique isomorphism ( of sheaves fitting into the diagram above. To answer
the question, we will prove two lemmas from which the result will follow.

Lemma 6.1.2. Let X be a smooth projective variety over Spec(C) and let £ be a sheaf on
X. Then

H° : Hom(0%, &) — Homc(H(X,08), HY(X, €))

is an isomorphism.
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Proof. We have
Hom(O¥, &) = Hom(Ox, £)® = HY(X, £)®Y = Homc (C, H(X, £))*N
= Home (C*Y, H(X, €)) = Home (H*(X, 0F), H'(X, €)).
|

Lemma 6.1.3. Let X be as above and assume given two surjections f, g : OE?N — & toa
locally free sheaf £. Assume further that f and g induce isomorphisms on global sections.
Then there exists a unique isomorphism h : O?@N — O?@N making the following diagram
commute:

O?@N%£

o

o
Proof. Let
H(f), H%(g) : HY(X,0%") = H°(X,¢€)
denote the two isomorphisms on global sections induced by f and g. Define H°(h) =
(H%(g))~t o Hf. We wish to show that HY(h) is induced by a unique isomorphism

h: O — O%N. By Lemma 6.1.2 the inverse H'(h)~! is the image of a unique
morphism A’ : (’)??N — O?@N , and by functoriality of H°, we have

id = H(h) o HO(h)™' = H°(h) o H(1) = H (h o ).

Hence hoh/ = h' o h = id and we conclude that h is an isomorphism. Uniqueness of h
follows from Lemma 6.1.2. Again, by functoriality of H° we have

H°(f) = H"(9) o H’(h) = H(g o h)
so f = goh and the diagram commutes. |

Now let ¢ : Sym” Og”“ — OgN and ¥ : VY ®@ Og — Og be the two isomorphisms and
define the two surjections by the compositions

foyytgogt: OgN — Sym* SV,

Then by Lemma 6.1.3 the isomorphism H%(G, (’)gN ) = HO(G, (’)gN ) induces a unique
isomorphism OgN — OgN making the diagram in Figure 6.1 commute.

Thus « gives an isomorphism E+ ~ F = Og(—1)®M. Then
P(EL) = B(Oa(~1)%M) = P(Oa(~1)*M @ O(1)) = P(OZM) ~ M1 x G
since P(E+) ~ P(E+ ® L) for a line bundle £. So
Y =P(EL) ~ PM-1 « p?

is the homological projective dual of X.
[

By the identification of Hilb? P? with the projective bundle P(Sym? S) over G(2,3), we
also obtain the homological projective dual of Hilb? P2,

Corollary 6.1.4. Let X = Hilb?P? and let f : X — P(V) where V is the vector space
HO(P(Sym? S),0(1))Y = H°(G(2,3),Sym?SY)V and S is the universal subbundle on
G(2,3). Then the homological projective dual Y of X is

Y =P2 xP? - P(VY).
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Ve Oqg
i " f
E+ ot OgN foy™! Sym* SV
e e[S id
r $oj OgN gop~! Sym* 5V
j . g

Symk OSn+1
Figure 6.1: Commutative Diagram

6.2 Duality of Hilb> P? and P? x P?

Let X = Hilb?P?2 and Y = P2 x P2, and denote by f: X - P(V) and g:Y — P(VVY)
the two morphism so that (X, f) and (Y, g) are homologically projectively dual by
Corollary 6.1.4. So X = P(E) for E = Sym?S and V = H°(G, EV)". Denote by G
the Grassmanian G(2,3) over the vector space W ~ C3, so G = P(WV). Since we
are interested in the HP-dual of X with the morphism to P° factoring through the
Hilbert-Chow morphism, we need to show that this morphism actually agrees with the
morphism f. Recall that f is given by the composition

[:P(E) >P(Ve0Og) ~P(V)xG—P(V).
From the proof of Theorem 6.1.1 we can identify the exact sequence
0 Et > VV®0s— EY >0
with the exact sequence
0= QWY = Sym?*(W ® 0g)" — EV =0

inducing an isomorphism VV ~ H(G, Sym?*(W ® Og)Y). By identifying the morphisms
VY ® Og — EY and Sym?*(W ® Og)Y — EV, dualizing and taking projectivizations we
get the morphisms P(E) <« P(V ® Og) and P(E) < P(Sym? W ® Og). By composing
the latter with the projection to P(Sym? W) gives a description of f as the composition

f:P(E) = P(Sym*>W ® Og) — P(Sym? W).
We now wish to show that there is a commutative diagram

P(Sym? S) ———— P(Sym? W @ Og)

Sym?P(W) —-—— P(Sym? W)
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where f = poi and the composition ¢ o ¢ is the morphism factoring through the Hilbert-
Chow morphisms. Since we are dealing with varieties, it suffices to show that f and ¢ o ¢
agree on every closed point. A point of P(E) can be specified by the data

{(H,[w]) € G(2,3) x P(Sym* H) : w € Sym® H}

where [w] denotes the class of the element w € Sym? H when projectivizing and H C W
is a two-dimensional linear subspace. Write w = [v1 ® v2 + v2 ® v1] for elements v; € H
and denote by [v1], [v2] € P(H) C P(W) the classes of v; and v2. Then the morphism
Lo ¢ is given by

Lo¢g:P(E) —— Sym? P(W) ———— P(Sym? W)

(H, [w]) —— {[v1] + [va]} —— [v1 ® va +v2 @ v1].

Since ¢ is the inclusion and p the projection to P(Sym? W), we have ¢ : (H, [w])
(H,[w]) and p: (H, [w]) — [w]. Hence the diagram commutes, so f factors through the
Hilbert-Chow morphism. Now the morphism g is given by the composition

g:P(EY) = P(OgaVY)~P(WY) x P(VY) = P(VV).
We have
P(E+) =P(Og(-1) @ WY) ~P(WY) x P(W")
and identify P(E+) < P(Og ® VV) with P(E+) < P(Sym?> WY @ Og). Let

Tot): PWY) x P(WY) —— Sym?(WV) ——— P(Sym? W)
([1]; [v2]) ——— {[v1] + [v2]} —— [v1 @ v2 +v2 ® v1]

be the composition of the quotient map and the inclusion from Example 3.3.3. In order
to show that g factors through Sym?P(WV), it remains the check that the following
diagram commutes

PQ¥ o WY) — L P(Sym> WY ® Og))

P(WY) x PWY) —— Y, P(Sym? W)

A point of P(QV ®@WV) is specified by the data p = (H, [w® p]) where H € G(2,3), w is in
the fiber QV|y and p € WY|p. Then the point p is included via j by (H, [w® p+ p @ w])
and projecting down to IP’(Sym2 WVY) just forgets the point H in the base. The fiber
QV |y is one-dimensional so [w] = H. The isomorphism in the diagram maps p to
(H,[p]) = ([w],[p]), and ¢ o 7([w], [p]) = [w ® p+ p ® w]. So the diagram commutes
showing that g factors through Sym? P(WV).

Now that we know that f factors through Sym?P(W) and ¢ factors through
Sym? P(W"V) we can study the duality closer on linear sections. Recall that the image
of the morphism Sym?P? < P® is cut out by the zero locus of a homogeneous degree
3 polynomial with a two dimensional singular locus. The Hilbert-Chow morphism
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Hilb? P2 — Sym? P2 is one-to-one away from the singular locus of Sym?P(W). On the
other hand ¢ factors through Sym?P(W") and is two-to-one away from the singular
locus. For a linear subspace [L] € G(3,6) of VV let P(L) denote its projectivization.
Consider the subset U C G(3,6) defined by

U={[L] € G(3,6) : Y xprv)P(L) is smooth}.
Denote by L+ the orthogonal of L and let U’ C G(3,6) be the subset defined by

U ={[L] € G(3,6) : X xpv) P(LY) is smooth}.
One can show that U and U’ are both Zariski-open subsets of the variety G(3,6), hence
they are dense and have non-empty intersection. Choose an [L] € U NU’. Let

Xp =X xpyP(LY) and Y7 =Y xpv) P(L).

Since the Hilbert-Chow morphism Hilb? P(W) — Sym? P(W) is one-to-one away from
the singular locus of Sym?P(W) and f(X) avoids this singular locus, we see that
X = f~YP(L)) embeds into P(L*) via f as a smooth one-dimensional subvariety
defined by a homogeneous degree 3 polynomial. That is X7, is an elliptic curve.

On the other hand, g is two-to-one away from the singular locus, so Y7, does not
embed into P(VVY) via g. However, we can try to understand Y, = g }(P(L)) as
a closed subvariety of P? x P2. Take three hyperplanes Hi, Hy, H3 C P® so that
P(L) = Hy N Hy N Hs. Denote by s1,s92,s3 € H°(P5, Ops(1)) the sections defining
Hy, Hy, and Hs. Then

Y=g '(HiNHyNHy) =g '(Hi)Ng '(H2) Ng~ ' (Hs).
Since ¢*Ops (1) = Op2yp2(1, 1), the s; pull back to sections
t; = g*s; € HO(P? x P?, Opayp2(1,1)).

Let D; = V(t;) denote the corresponding effective divisors of P? x P2. Then O(D;) =
O(1,1) and by the adjunction formula we have

wp, == O(=3,-3)[p, ® O(1,1) = O(-2,-2).
Then
WDiNDy = O(_2’ _2)‘D1ND2 ® O(la 1) = O(_1> _1)’
and finally we find that
wy; =~ O(—l, —1)|YL (%9 O(l, 1) = OYL.

In other words, the closed subscheme Y7, of P? x P? is Calabi-Yau. It is smooth of
dimension one, so it is also an elliptic curve.

Since both X and Y} have expected dimension, the main theorem of homological
projective duality applies.

X; — Hilb? P2 Y, — P2 x P?
| s | s
P2 P> P2 P>

By the 3rd property of Theorem 5.3.2 and the fact that the derived category of smooth
Calabi-Yau varieties does not decompose, we deduce that there is an equivalence

D(Xp)~ D(Yr)

of derived categories of the elliptic curves X, and Y7,.
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