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Chapter 0

Introduction

The aim of this book is to present the theory of period numbers and their
structural properties. The second main theme is the theory of motives and
cohomology which is behind these structural properties.

The genesis of this book is involved. Some time ago we were fascinated by a
statement of Kontsevich [KI], stating that his algebra of formal periods is a
pro-algebraic torsor under the motivic Galois group of motives. He attributed
this theorem to Nori, but no proof was indicated.

We came to understand that it would indeed follow more or less directly from
Nori’s unpublished description of an abelian category of motives. After realizing
this, we started to work out many details in our preprint [HMS] from 2011.

Over the years we have also realized that periods themselves generate a lot
of interest, very often from non-specialists who are not familiar with all the
techniques going into the story. Hence we thought it would be worthwhile to
make this background accessible to a wider audience.

We started to write this monograph in a style suited also for non-expert readers
by adding several introductory chapters and many examples.

0.1 General introduction
So what are periods?

A naive point of view

Period numbers are complex numbers defined as values of integrals

/7“

11



12 CHAPTER 0. INTRODUCTION

of closed differential forms w over certain domains of integration v. One requires
restrictive conditions on w and v, i.e., that v is a region given by (semi)algebraic
equations with rational coefficients, and the differential form w is algebraic over
Q. The analogous definition can be made for other fields, but we restrict to the
main case k£ = Q in this introduction.

Many interesting numbers occuring in mathematics can be described in this
form.

2
1. log(2) is a period because [ ?”” log(2
1

2. 7 is a period because [ dady = .
z2+y2<1

3. The Cauchy integral yields a complex period

d
/ L o
lz]l=1 %

4. Values of the Riemann zeta function like

dzxdydz
poS o

<:c<y<z<1 (1—z)yz
are periods nubers as well.

5. More generally, all multiple zeta values (see Chapter are period num-
bers.

6. A basic observation is that all algebraic numbers are periods, e.g., v/5 can
obtained by integrating the differential form dx on the algebraic curve

Yy = x? over the real region where 0 <y <5 and x > 0.

Period numbers turn up in many parts of mathematics, sometimes in very sur-
prising situations. Of course, they are a traditional object of number theory
and have been studied from different points of view. They also generate a lot of
interest in mathematical physics because Feynman integrals for rational values
of kinematical invariants are period numbers.

It is easy to write down periods. It is much harder to write down numbers which
are non-periods. This is surprising, given that the set of all period numbers is
a countable algebra containing of Q. Indeed, we expect that 7—! and the Euler
number e are non-periods, but this is not known. We refer to Section for
an actual, not too explicit example of a non-period.

It is as hard to understand linear or algebraic relations between periods. This
aspect of the story starts with Lindemann’s 1882 proof of the transcendence of
7 and the transcendence of log(z) for z € Q \ {0,1}. Grothendieck formulated
a conjecture on the transcendence degree of the field generated by the periods
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of any smooth projective variety. Historical traces of his ideas seem to go back
at least to Leibniz, see Chapter The latest development is Kontsevich’s for-
mulation of a period conjecture for the algebra of all periods: the only relations
are the ones induced from the obvious ones, i.e., functoriality and long exact
sequences in cohomology (see Chapter . The conjecture is very deep. As a
very special case it implies the transcendence of {(n) for n odd. This is wide
open, the best available result being the irrationality of ¢(3)!

While this aspect is interesting and important, we really have almost nothing
to say about it. Instead, we aim at explaining a more conceptual interpretation
of period numbers and shed light on some structural properties of the algebra
of periods numbers.

As an aside: Periods of integrals are also used in the theory of moduli of algebraic
varieties. Given a family of projective varieties, Griffiths defined a map into a
period domain by studing the function given by varying period numbers. We
are not concerned with this point of view either.

A more conceptual point of view

The period integral fww actually only depends on the class of w in de Rham
cohomology and on the class of v in singular homology. Integration generalizes
to the period pairing between algebraic de Rham cohomology and singular ho-
mology. It has values in C, and the period numbers are precisely the image.
Alternatively, one can formulate the relation as a period isomorphism between
algebraic de Rham cohomology and singular cohomology — after extension of
scalars to C. The comparison morphism is then described by a matrix whose
entries are periods. The most general situation one can allow here is relative
cohomology of a possibly singular, possibly non-complete algebraic variety over
Q with respect to a closed subvariety also defined over Q.

In formulas: For a variety X over Q, a closed subvariety Y over Q, and every
t > 0, there is an isomorphism

per : Hip(X,Y)®q C — Hi  (X™, V™ Q) ®q C,

ing(
where X®" denotes the analytic space attached to X. If X is smooth, X?" is
simply the complex manifold defined by the same equations as X. The really
important thing to point out is the fact that this isomorphism does not respect
the Q-structures on both sides. Indeed, consider X = A\ {0} = SpecQ[T, T~!]
and Y = (). The first de Rham cohomology group is one-dimensional and
generated by %. The first singular cohomology is also one-dimensional, and
generated by the dual 05 the unit circle in X®" = C*. The comparison factor is
T

the period integral [g, & = 2mi.

Relative cohomology of pairs is a common standard in algebraic topology. The
analogue on the de Rham side is much less so, in particular if X and Y are
not anymore smooth. Experts have been familiar with very general versions of



14 CHAPTER 0. INTRODUCTION

algebraic de Rham cohomology as by-products of advanced Hodge theory, but
no elementary discussion seems to be in the literature. One of our intentions is
to provide this here in some detail.

An even more conceptual point of view

An even better language to use is the language of motives. The concept was
introduced by Grothendieck in his approach to Weil conjectures.

Motives are objects in a universal abelian category attached to the category
of algebraic varieties whose most important property is to have cohomology:
singular and de Rham cohomology in our case. Every variety has a motive h(X)
which should decompose into components h*(X) fori = 1,...,2dim X. Singular
cohomology of h'(X) is concentrated in degree i and equal to Hjing(X an Q)
there.

Unfortunately, the picture still is largely conjectural. Pure motives — the ones
attached to smooth projective varieties — have an unconditional definition due
to Grothendieck, but their expected properties depend on a choice of equiv-
alence relations and hence on standard conjectures. In the mixed case — all
varieties — there are (at least) three candidates for an abelian category of mixed
motives (absolute Hodge motives of Deligne and Jannsen; Nori’s category; Ay-
oub’s category). There are also a number of constructions of motivic triangu-
lated categories (due to Hanamuara, Levine and Voevodsky) which we think of
as derived categories of the true category of mixed motives. They turn out to
be equivalent.

All standard properties of cohomology are assumed to be induced by properties
of the category of motives: the Kiinneth formula for the product of two vari-
eties is induced by a tensor structure on motives; Poincaré duality is induced
by the existence of strong duals on motives. In fact, every abelian category
of motives (conjectural or candidate) is a rigid tensor category. Singular coho-
mology is (supposed to be) a faithful and exact tensor functor on this tensor
category. Hence, we have a Tannaka category. By the main theorem of Tan-
naka theory, the category has a Tannaka dual: an affine pro-algebraic group
scheme whose finite dimensional representations are precisely mixed motives.
This group scheme is the motivic Galois group Got-

This viewpoint allows a reinterpretation of the period algebra: singular and de
Rham cohomology are two fibre functors on the same Tannaka category, hence
there is a torsor of isomorphisms between them. The period isomorphism is
nothing but a C-valued point of this torsor.

While the foundations of the theory of motives are still open, the good news
is that at least the definition of the period algebra does not depend on the
particular definition chosen. This is in fact one of the main results in the
present book, see Chapter Indeed, all variants of the definition yield the
same set of numbers, as we show in Part III. Among those are versions via
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cohomology of arbitrary pairs of varieties, or only those of smooth varieties
relative to divisors with normal crossings, or via semialgebraic simplices in R",
and alternatively, with rational differential forms or only regular ones, and with
rational or algebraic coefficients.

Nevertheless, the point of view of Nori’s category of motives turns out to be
particularly well-suited in order to treat periods. Indeed, the most natural
proof of the comparison results mentioned above is done in the language of Nori
motives, see Chapter This approach also fits nicely with the formulation of
the period conjectures of Grothendieck and Kontsevich.

The period conjecture

Kontsevich in [K1] introduces a formal period algebra P where the Q-linear
generators are given by quadruples (X, Y, w, ) with X an algebraic variety over
Q, Y a closed subvariety, w a class in Hiz(X,Y) and v € HE8(X* Y™ Q).
There are three types of relations:

1. linearity in w and ~;
2. functoriality with respect to morphisms f: (X,Y) — (X',Y), i.e.,

(X,Y, ffw,y) ~ (X', Y w, fu);

3. compatibility with respect to connecting morphisms, i.e., for Z CY C X
and 0 : Hiz'(Y,Z) — Hiz(X,Y)

(Y. Z,w,87) ~ (X, Y, 00,7).

The set P becomes an algebra using the cup-product on cohomology. The
relations are defined in a way such that there is a natural evaluation map

Pt - C, (X,Y,w,'y)H/W.
v

(Actually this is a variant of the original definition, see Chapter ) In a second
step, we localize with respect to the class of (A'\ {0},{1},dT/T,S"), i.e., the
formal period giving rise to 27i. Basically by definition, the image of P is the
period algebra.

Conjecture 0.1.1 (Period Conjecture, Kontsevich [K1]). The evaluation map
18 1njective.
Again, we have nothing to say about this conjecture. However, it shows that

the elementary object P is quite natural in our context.

One of the main results in this book is the following result of Nori, which is
stated already in [KI|
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Theorem 0.1.2 (See Theorem [12.1.3). The formal period algebra P is a torsor
under the motivic Galois group in the sense of Nori, i.e., of the Tannaka dual
of Nori’s category of motives.

Under the period conjecture, this should be read as a deep structural result
about the period algebra.

Main aim of this book

We want to explain all the notions used above, give complete proofs, and discuss
a number of examples of particular interest.

e We explain singular cohomology and algebraic de Rham cohomology and
the period isomorphism between them.

e We introduce Nori’s abelian category of mixed motives and the necessary
generalization of Tannaka theory going into the definition.

e Various notions of period numbers are introduced and compared.

e The relation of the formal period algebra to period numbers and the mo-
tivic Galois group is explained.

e We work out examples like periods of curves, multiple zeta-values, Feyn-
man integrals and special values of L-functions.

We strive for a reasonably self-contained presentation aimed also at non-specialists
and graduate students.

Relation to the existing literature

Both periods and the theory of motives have a long and rich history. We prefer
not to attempt a historical survey, but rather mention the papers closest to the
present book.

The definition of the period algebra was folklore for quite some time. The
explicit versions we are treating are due to Kontsevich and Zagier in [K1] and
IKZ].

Nori’s theory of motives became known through a series of talks that he gave,
and notes of these talks that started to circulate, see [N], [N1]. Levine’s survey
article in [L.1] sketches the main points.

The relation between (Nori) motives and formal periods is formulated by Kont-
sevich [K1].

Finally, we would like to mention André’s monograph [A2]. Superficially, there is
a lot of overlap (motives, Tannaka theory, periods). However, as our perspective
is very different, we end up covering a lot of disjoint material as well.
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We recommend that anyone interested in a deeper understanding also study his
exposition.

0.2 Recent developments

The ideas of Nori have been taken up by other people in recent years, leading
to a rapid development of understanding. We have refrained from trying to
incorporate all these results. It is too early to know what the final version of
the theory will be. However, we would like to give at least some indication in
which direction things are going.

The construction of Nori motives has been generalized to categories over a base
S by Arapura in [Ara] and Ivorra [Iv]. Arapura’s approach is based on con-
structible sheaves. His categories allows pull-back and push-forward, the latter
being a deep result. Ivorra’s approach is based on perverse sheaves. Compati-
bility under the six functors formalism is open in his setting.

Harrer’s thesis [Hal gives full proofs (based on the sketch of Nori in [N2]) of the
construction of the realization functor from Voevodsky’s geometric motives to
Nori motives.

A comparison result of a different flavour was obtained by Choudhury and Gal-
lauer [CG]: they are able to show that Nori’s motivic Galois group agrees with
Ayoub’s. The latter is defined via the Betti realization functor on triangulated
motives over an arbitrary base. This yields formally a Hopf object in a derived
category of vector spaces. It is a deep result of Ayoub’s that the cohomology of
this Hopf object is only concentrated in non-negative degrees. Hence its H? is
a Hopf algebra, the algebra of functions on Ayoub’s motivic Galois group.

The relation between these two objects, whose construction is very different,
can be seen as a strong indication that Nori motives are really the true abelian
category of mixed motives. One can strengthen this to the conjecture that
Voevodsky motives are the derived category of Nori motives.

In the same way as for other questions about motives, the case of 1-motives can
be hoped to be more accessible and a very good testing ground for this type of
cenjecture. Ayoub and Barbieri-Viale have shown in [AB] that the subcategory
of 1-motives in Nori motives agrees with Deligne’s 1-motives, and hence also
with 1-motives in Voevodsky’s category.

There has also been progress on the period aspect of our book. Ayoub, in [Ay],
proved a version of the period conjecture in families. There is also independent
unpublished work of Nori on a similar question [N3].

We now turn to a more detailed description of the actual contents of our book.
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0.3 Nori motives and Tannaka duality

Motives are supposed to be the universal abelian category over which all coho-
mology theories factor. In this context, ”cohomology theory” means a (mixed)
Weil cohomology theory with properties modeled on singular cohomology. A
more refined example of a mixed Weil cohomology theories is the mixed Hodge
structure on singular cohomology as defined by Deligne. Another one is f-adic
cohomology of the base change of the variety to the algebraic closure of the
ground field. It carries a natural operation of the absolute Galois group of the
ground field. Key properties are for example a Kiinneth formula for the product
of algebraic varieties. There are other cohomology theories of algebraic varieties
which do not follow the same pattern. Examples are algebraic K-theory, Deligne
cohomology or étale cohomology over the ground field. In all these cases the
Kiinneth formula fails.

Coming back to theories similar to singular cohomology: they all take values in
rigid tensor categories, and this is how the Kiinneth formula makes sense. We
expect the conjectural abelian category of mixed motives also to be a Tannakian
category with singular cohomology as a fibre functor, i.e., a faithful exact tensor
functor to Q-vector spaces. Nori takes this as the starting point of his definition
of his candidate for the category of mixed motives. His category is universal for
all cohomology theories comparable to singular cohomology. This is not quite
what we hope for, but it does in fact cover all examples we have.

Tannaka duality is built into the very definition. The construction has two main
steps:

1. Nori first defines an abelian category which is universal for all cohomology
theories compatible with singular cohomology. By construction, it comes
with a functor on the category of pairs (X,Y) where X is a variety and
Y a closed subvariety. Moreover, it is compatible with the long exact
cohomology sequence for triples X C Y C Z.

2. He then introduces a tensor product and establishes rigidity.

The first step is completely formal and rests firmly on representation theory. The
same construction can be made for any oriented graph and any representation in
a category of modules over a noetherian ring. The abstract construction of this
”diagram category” is explained in Chapter [6] Note that neither the tensor
product nor rigidity is needed at this point. Nevertheless, Tannaka theory
is woven into proving that the diagram category has the necessary universal
property: it is initial among all abelian categories over which the representation
factors. Looking closely at the arguments in Chapter [6 in particular Section
m we find the same arguments that are used in [DMOS] in order to establish
the existence of a Tannaka dual. In the case of a rigid tensor category, by
Tannaka duality it is equal to the category of representations of an affine group
scheme or equivalently co-representations of a Hopf algebra A. If we do not
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have rigidity, we do not have the antipodal map. We are left with a bialgebra.
If we do not have a tensor product, we do not have a multiplication. We are
left with a coalgebra. Indeed, the diagram category can be described as the
co-representations of an explicit coalgebra, if the coefficent ring is a Dedekind
ring or a field.

Chapter [7] aims at introducing a rigid tensor structure on the diagram category,
or equivalently a Hopf algebra structure on the coalgebra. The product is in-
duced by a product structure on the diagram and multiplicative representations.
Rigidity is actually deduced as a property of the diagram category. Nori has a
strong criterion for rigidity. Instead of asking for a unit and a counit, we only
need one of the two such that it becomes a duality under the representation.
This rests on the fact that an algebraic submonoid of an algebraic group is an
algebraic group. The argument is analogous to showing that a submonoid of
a finite abstract group is a group. Multiplication by an element is injective in
these cases, because it is injective on the group. If the monoid is finite, it also
has to be surjective. Everything can also be applied to the diagram defined by
any Tannaka category. Hence the exposition actually contains a full proof of
Tannaka duality.

The second step is of completely different nature. It uses an insight on algebraic
varieties. This is the famous Basic Lemma of Nori, see Section[2.5] As it turned
out, Beilinson and also Vilonen had independently found the lemmma before.
However, it was Nori who recognized its significance in such motivic situations.
Let us explain the problem first. We would like to define the tensor product
of two motives of the form H"(X,Y) and H" (X’,Y"). The only formula that
comes to mind is

HYX,Y)@ H" (X', Y)=H¥(X x X', X xY'UY x X’)

with N = n + n/. This is, however, completely false in general. Cup-product
will give a map from the left to the right. By the Kiinneth formula, we get an
isomorphism when taking the sum over all n,n’ mit n+n’ = N on the left, but
not for a single summand.

Nori simply defines a pair (X,Y’) to be good, if its singular cohomology is con-
centrated in a single degree and, moreover, a free module. In the case of good
pairs, the Kiinneth formula is compatible with the naive tensor product of mo-
tives. The Basic Lemma implies that the category of motives is generated by
good pairs. The details are explained in Chapter [8] in particular Section [8.2

We would like to mention an issue that was particularly puzzling to us. How
is the graded commutativity of the Kiinneth formula dealt with in Nori’s con-
struction? This is one of the key problems in pure motives because it causes
singular cohomology not to be compatible with the tensor structure on Chow
motives. The signs can be fixed, but only after assuming the Kiinneth standard
conjecture. Nori’s construction does not need to do anything about the prob-
lem. So, how does it go away? The answer is the commutative diagram on p.
the outer diagrams have signs, but luckily they cancel.
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0.4 Cohomology theories

In Part I, we develop singular cohomology and algebraic de Rham cohomology
of algebraic varieties and the period isomorphism between them in some detail.

In Chapter [2| we recall as much of the properties of singular cohomology that is
needed in the sequel. We view it primarily as sheaf cohomology of the analytic
space associated to a variety over a fixed subfield & of C. In addition to standard
properties like Poincaré duality and the Kiinneth formula, we also discuss more
special properties.

One such is Nori’s Basic Lemma: for a given affine variety X there is a closed
subvariety Y C such that relative cohomology is concentrated in a single degree.
As discussed above, this is a crucial input for the construction of the tensor
product on Nori motives. We give three proofs, two of them due to Nori, and
an earlier one due to Beilinson.

In addition, in order to compare different possible definitions of the set of periods
numbers, we need to understand triangulations of algebraic varieties by semi-
algebraic simplices defined over Q.

Finally, we give a description of singular cohomology in terms of a Grothendieck
topology (the h’-topology) on analytic spaces which is used later in order to
define the period isomorphism.

Algebraic de Rham cohomology is much less documented in the literature.
Through Hodge theory, the specialists have understood for a long time what
the correct definition in the singular case are, but we are not aware of a co-
herent exposition of algebraic de Rham cohomology by itself. This is what
Chapter [3]is providing. We first treat systematically the more standard case of
a smooth variety where de Rham cohomology is given as hypercohomology of
the de Rham complex. In a second step, starting in Section we generalize
to the singular case. We choose the approach of the first author and Jorder in
[H]] via the h-cohomology on the category of k-varieties, but also explain the
relation to Deligne’s approach via hypercovers and Hartshorne’s approach via
formal completion at the ideal of definition inside a smooth variety.

The final aim is to constract a natural isomorphism between singular cohomol-
ogy and algebraic de Rham cohomology. This is established via the intermediate
step of holomorphic de Rham cohomology. The comparison between singular
and holomorphic de Rham cohomology comes from the Poincaré lemma: the de
Rham complex is a resolution of the constant sheaf. The comparison between
algebraic and holomorphic de Rham cohomology can be reduced to GAGA.
This story is fairly well-known for smooth varieties. In our description with the
h-topology, the singular case follows easily.
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0.5 Periods

We have already discussed periods at some length at the beginning of the intro-
duction. Roughly, a period number is the value of an integral of a differential
form over some algebraically defined domain. The definition can be made for
any subfield k of C. There are several versions of the definition in the literature
and even more folklore versions around. They fall into three classes:

1. ”Naive” definitions have as domains of integration semi-algebraic simplices
in RV, over which one integrates rational differential forms defined over k&
(or over k), as long as the integral converges, see Chapter

2. In more advanced versions, let X be an algebraic variety, and ¥ C X a
subvariety, both defined over k, w a closed algebraic differential form on X
defined over k (or a de relative Rham cohomology class), and consider the
period isomorphism between de Rham and singular cohomology. Periods
are the numbers coming up as entries of the period matrix. Variants
include the cases where X smooth, Y a divisor with normal crossings, or
perhaps where X is affine, and smooth outside Y, see Chapter [0

3. In the most sophisticated versions, take your favourite category of mixed
motives and consider the period isomorphism between their de Rham and
singular realization. Again, the entries of the period matrix are periods,

see Chapter

It is one of the main results of the present book that all these definitions agree. A
direct proof of the equivalence of the different versions of cohomological periods
is given in Chapter [0] A crucial ingredient of the proof is Nori’s description
of relative cohomology via the Basic Lemma. The comparison with periods
of geometric Voevodsky motives, absolute Hodge motives and Nori motives is
discussed in Chapter In Chapter we discuss periods as in 1. and show
that they agree with cohomological periods.

The concluding Chapter [12]explains the deeper relation between periods of Nori
motives and Kontsevich’s period conjecture, as already ementioned earlier in the
introduction. We also discuss the period conjecture itself.

0.6 Leitfaden

Part I, II, IIT and IV are supposed to be somewhat independent of each other,
whereas the chapters in a each part depend more or less linearly on each other.

Part I is mostly meant as a reference for facts on cohomology that we need in
the development of the theory. Most readers will skip this part and only come
back to it when needed.
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Part II is a self-contained introduction to the theory of Nori motives, where all
parts build up on each other. Chapter [8| gives the actual definition. It needs
the input from Chapter [2| on singular cohomology.

Part III develops the theory of period numbers. Chapter [9] on cohomological
periods needs the period isomorphism of Chapter and of course singular
cohomology (Chapter [2)) and algebraic de Rham cohomology (Chapter . It
also develops the linear algebra part of the theory of period numbers needed in
the rest of Part III. Chapter [10] has more of a survey character. It uses Nori
motives, but should be understandable based just on the survey in Section
Chapter [11] is mostly self-contained, with some input from Chapter [9} Finally,
Chapter [12| relies on the full force of the theory of Nori motives, in particular
on the abstract results on the comparison of fibre functors in Section 7.4

Part IV has a different flavour: Rather than developing theory, we go through
many examples of period numbers. Actually, it may be a good starting point
for reading the book or at least a good companion for the more general theory
developed in Part TII.

I: Background Material

Ch. 2,3,5
Ch. 2

|II: Nori Motives——{III: Period Numbers)|

Y

IV: Examples
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Chapter 1

General Set-up

In this chapter we collect some standard notation used throughout the book.

1.1 Varieties

Let k be field. It will almost always be of characteristic zero or even a subfield

of C.

By a scheme over k we mean a separated scheme of finite type over k. Let Sch
be the category of k-schemes. By a wvariety over k we mean a quasi-projective
reduced scheme of finite type over k. Let Var be the category of varieties over k.
Let Sm and Aff be the full subcategories of smooth varieties and affine varieties,
respectively.

1.1.1 Linearizing the category of varieties
We also need the additive categories generated by these categories of varieties.
More precisely:

Definition 1.1.1. Let Z[Var| be the category with objects the objects of Var.
IfX=X,U---UX,, Y =YU---UY,, are varieties with connected components
X5, Y;, we put

Morzpyan (X, Y) = Zaijfij|aij €Z, fij € Moryar(X;,Y;)

.3

with the addition of formal linear combinations. Composition of morphisms is
defined by extending composition of morphisms of varieties Z-linearly.

Analogously, we define Z[Sm], Z[Aff] from Sm and Aff. Moreover, let Q[Var],

27
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Q[Sm] and Q[Aff] be the analogous Q-linear additive categories where mor-
phisms are formal Q-linear combinations of morphisms of varieties.

Let F =Y a;f;: X = Y be a morphism in Z[Var]. The support of F is the set
of fz with Q; }é 0.

Z[Var] is an additive category with direct sum given by the disjoint union of
varieties. The zero object corresponds to the empty variety, or, if you prefer,
has to be added formally.

We are also going to need the category of smooth correspondences SmCor. It
has the same objects as Sm and as morphisms finite correspondences

Morgmcor(X,Y) = Cor(X,Y),

where Cor(X,Y) is the free Z-module with generators integral subschemes I' C
X x Y such that I' — X is finite and dominant over a component of X.

1.1.2 Divisors with normal crossings

Definition 1.1.2. Let X be a smooth variety of dimension n and D C X a
closed subvariety. D is called divisor with normal crossings if for every point
of D there is an affine neighbourhood U of z in X which is étale over A™ via
coordinates t1, ..., t, and such that D|y has the form

Dly = V(tits - t,)

for some 1 <r <n.

D is called a simple divisor with normal crossings if in addition the irreducible
components of D are smooth.

In other words, D looks étale locally like an intersection of coordinate hyper-
planes.

Example 1.1.3. Let D C A2 be the nodal curve, given by the equation y? =
x?(z — 1). It is smooth in all points different from (0, 0) and looks étale locally
like xy = 0 in the origin. Hence it is a divisor with normal crossings but not a
simple normal crossings divisor.

1.2 Complex analytic spaces

A classical reference for complex analytic spaces is the book of Grauert and
Remmert [GR].

Definition 1.2.1. A complex analytic space is a locally ringed space (X, (9?(01)
with X paracompact and Hausdorff, and such that (X, (’)g‘(‘)l) is locally isomor-
phic to the vanishing locus Z of a set S of holomorphic functions in some open
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U C C" and O = OBl/(S), where OF°! is the sheaf of holomorphic functions
onU.

A morphism of complex analytic spaces is a morphism f : (X, O%!) — (Y, Ohl)
of locally ringed spaces, which is given by a morphism of sheaves f : Obel —
fO%! that sends a germ h € (’)%‘/O; of a holomorphic function h near y to the
germs ho f, which are holomorphic near x for all z with f(x) = y. A morphism
will sometimes simply be called a holomorphic map, and will be denoted in
short form as f: X — Y.

Let An be the category of complex analytic spaces.

Example 1.2.2. Let X be a complex manifold. Then it can be viewed as a
complex analytic space. The structure sheaf is defined via the charts.

Definition 1.2.3. A morphism X — Y between complex analytic spaces is
called proper if the preimage of any compact subset in Y is compact.

1.2.1 Analytification

Polynomials over C can be viewed as holomorphic functions. Hence an affine
variety immediately defines a complex analytic space. If X is smooth, it is even
a complex submanifold. This assignment is well-behaved under gluing and hence
it globalizes. A general reference for this is [SGAI|, exposé XII by M. Raynaud.

Proposition 1.2.4. There is a functor
A% Sche — An

which assigns to a scheme of finite type over C its analytification. There is a
natural morphism of locally ringed spaces

a: (X 0% = (X, 0x)

and -*" is universal with this property. Moreover, o s the identity on points.

If X is smooth, then X" is a compler manifold. If f : X — Y is proper, the
so ist fam.

Proof. By the universal property it suffices to consider the affine case where the
obvious construction works. Note that X" is Hausdorff because X is separated,
and it is paracompact because it has a finite cover by closed subsets of some
C™. If X is smooth then X?" is smooth by [SGAI], Prop. 2.1 in exposé XII,
or simply by the Jacobi criterion. The fact that f*" is proper if f is proper is
shown in [SGAT], Prop. 3.2 in exposé XII. O
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1.3 Complexes

1.3.1 Basic definitions

Let A be an additive category. If not specified otherwise, a complex will always
mean a cohomological complex, i.e., a sequence A°* for i € Z of objects of A
with ascending differential d* : A* — A**! such that d"*'d’* = 0 for all i € Z.
The category of complexes is denoted by C(A). We denote C*(A), C~(A) and
C®(A) the full subcategories of complexes bounded below, bounded above and
bounded, respectively.

If K* € C(A) is a complex, we define the shifted complex K*[1] with
(K*[1)' = K™Y, djeeyy = —didd
If f: K*— L*® is a morphism of complexes, its cone is the complex Cone(f)*
Cone(f) = K @ LY, diope gy = (—dit, [+ d7)
By construction there are morphisms

L* — Cone(f) — K°*[1],

Let K(A), K*(A), K~ (A) and K°(A) be the corresponding homotopy cate-
gories where the objects are the same and morphisms are homotopy classes of
morphisms of complexes. Note that these categories are always triangulated
with the above shift functor and the class of distinguished triangles are those
homotopy equivalent to

K* L L* — Cone(f) — K*[1]
for some morphism of complexes f.
Recall:
Definition 1.3.1. Let A be an abelian category. A morphism f®: K®* — L°®
of complexes in A is called quasi-isomorphism if
H(f): H(K*) — H(L®)
is an isomorphism for all ¢ € Z.

We will always assume that an abelian category has enough injectives, or is
essentially small, in order to avoid set-theoretic problems. If A is abelian, let
D(A), D*(A), D~(A) and D°(A) the induced derived categories where the ob-
jects are the same as in K’ (.A) and morphisms are obtained by localizing K (A)
with respect to the class of quasi-isomorphisms. A triangle is distinguished if it
is isomorphic in D’(A) to a distinguished triangle in K*(A).

Remark 1.3.2. Let A be abelian. If f : K* — L*® is a morphism of complexes,
then
0 — L* — Cone(f) - K°*[1] = 0

is an exact sequence of complexes. Indeed, it is degreewise split-exact.



1.3. COMPLEXES 31

1.3.2 Filtrations

Filtrations on complexes are used in order to construct spectral sequences. We
mostly need two standard cases.

Definition 1.3.3. 1. Let A be an additive category, K*® a complex in A.
The stupid filtration FZPK*® on K*® is given by

FZpKo _ Ki { Z b,
0 1< p.
The quotient K*/FZPK?® is given by
F<pK. — O ‘ 7’ Z pa
K i<np.

2. Let A be an abelian category, K* a complex in A. The canonical filtration
T<pK*® on K* is given by

K’ i < p,
FSPK® = { Ker(d?) i=rp,
0 > p.

The quotient K*/F<PK* is given by

0 < p,
TspK® = ¢ KP/Ker(dP) i=p,
K? 1> Dp.

The associated graded pieces of the stupid filtration are given by
FZPK®/FZPHIK® — KP
The associated graded pieces of the canonical filtration are given by

Tng./Tgp—lK. = HP(K.) .

1.3.3 Total complexes and signs

We return to the more general case of an additive category A. We consider
complexes in K** € C(A), i.e., double complexes consisting of a set of objects
K% € A for i,j € Z with differentials

dy? KW — KT gyt K KT



32 CHAPTER 1. GENERAL SET-UP

such that (K%, d5*) and (K*7,d}7) are complexes and the diagrams

i1
Kl %2 Kt Lt

di‘jT Td7i+1,j

)]

Kid o %2 gt

commute for all 7,57 € Z. The associated simple complex or total complex

Tot(K**) is defined as
Tot(K**)" = @@ K, diggeey= Y (&’ +(=1)dy?) .
i+j=n 7+]=7l

In order to take the direct sum, either the category has to allow infinite direct
sums or we have to assume boundedness conditions to make sure that only finite
direct sums occur. This is the case if K*J = 0 unless ¢,j > 0.

Examples 1.3.4. 1. Our definition of the cone is a special case: for f :
K*— L*

Cone(f) _ TOt(k.’.) , K.,—l — K.,R.’O —I° .

2. Another example is given by the tensor product. Given two complexes
(F*,dp) and (G*,dq), the tensor product

(F‘@G.)n — @ F1®G]
i+j=n

has a natural structure of a double complex with K%/ = F'® G7, and the
differential is given by d = idr ® dg + (—1)'dr ® idp.

Remark 1.3.5. There is a choice of signs in the definition of the total complex.
See for example [Hul] §2.2 for a discussion. We use the convention opposite to
the one of loc. cit. For most formulae it does matter which choice is used,
as long as it is used consistently. However, it does have an asymmetric effect
on the formula for the compatibility of cup-products with boundary maps. We
spell out the source of this assymmetry.

Lemma 1.3.6. Let F'*, G* be complexes in an additive tensor category. Then:
1. F*® (G*[1]) = (F* @ G*)[1].

2. ¢: (F1]®G*) - (F*®G*)[1] with e = (—1)7 on F' ® G7 (in degree
i+ j — 1) is an isomorphism of complezes.

Proof. We compute the differential on F*® G? in all three complexes. Note that

FieGi=(F[1) @G = F' g (G[1))7 .
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For better readability, we drop ®id and id® and
have

riggs everywhere. Hence we

itj—1 i+j
d(FJ°®G')[1] = _dF°j®G'

= — (e + (1) d})

= _dj(;o + (_1)‘7_1d;“0

iti—1 i—1 1
dpdoaen)) = daopy + (1) dp.
= —dle + (1) 'd.

i+j7—1 j j gi—1
dipappecs = dge + (1) diay
= dje + (1) dips
We see that the first two complexes agree, whereas the differential of the third

is different. Multiplication by (—1)7 on the summand F?® G’ is a morphism of
complexes. O

1.4 Hypercohomology

Let X be a topological space and Sh(X) the abelian category of sheaves of
abelian groups on X.

We want to extend the definition of sheaf cohomology on X, as explained in
[Ha2|, Chap. III, to complexes of sheaves.

1.4.1 Definition

Definition 1.4.1. Let F*® be a bounded below complex of sheaves of abelian
groups on X. An injective resolution of F* is a quasi-isomorphism

F*—1I°
where Z* is a bounded below complex with Z" injective for all n, i.e., Hom(—,Z"™)
is exact.

Sheaf cohomology of X with coefficients in F* is defined as
HY (X, F*)=H' (I'(X,I%) i€Z
where F* — Z° is an injective resolution.

Remark 1.4.2. In the older literature, it is customary to write H*(X, F*)
instead of H'(X,F*®) and call it hypercohomology. We do not see any need to
distinguish. Note that in the special case F* = F[0] a sheaf viewed as a complex
concentrated in degree 0, the notion of an injective resolution in the above sense
agrees with the ordinary one in homological algebra.



34 CHAPTER 1. GENERAL SET-UP

Remark 1.4.3. In the language of derived categories, we have
H' (X, F*) = Homp+sn(x)) (Z, F°[i])

because I'(X, ) = Homgy,(x)(Z, -).

Lemma 1.4.4. H (X, F*) is well-defined and functorial in F*.

Proof. We first need existence of injective resolutions. Recall that the category
Sh(X) has enough injectives. Hence every sheaf has an injective resolution. This
extends to bounded below complexes in A by [We] Lemma 5.7.2 (or rather, its
analogue for injective rather than projective objects).

Let F* — Z°® and G* — J°* be injective resolutions. By loc.cit. Theorem 10.4.8
Hom p+ (gh(xy) (F*,G°) = Homp+ (sh(x)) (Z°, T°).

This means in particular that every morphism of complexes lifts to a morphism
of injective resolutions and that the lift is unique up to homotopy of complexes.
Hence the induced maps

H'(T(X,I%) — H'(D(X,J*))
agree. This implies that H'(X, F*) is well-defined and a functor. O

Remark 1.4.5. Injective sheaves are abundant (by our general assumption
that there are enough injectives), but not suitable for computations. Every
injective sheaf F is flasque [Hall III. Lemma 2.4], i.e., the restriction maps
F(U) — F(V) between non-empty open sets V' C U are always surjective.
Below we will introduce the canonical flasque Godemont resolution for any sheaf
F. More generally, every flasque sheaf F is acyclic, i.e., H'(X,F) = 0 for i > 0.
One may compute sheaf cohomology of F using any acyclic resolution F'®. This
follows from the hypercohomology spectral sequence

EY? = HP(HY(F*)) = H"T(X,F)
which is supported entirely on the ¢ = 0-line.

Special acylic resolutions on X are the so-called fine resolutions. See [Wal,
pg. 170] for a definition of fine sheaves involving partitions of unity. Their
importance comes from the fact that sheaves of C*°-functions and sheaves of
C*°-differential forms on X are fine sheaves.

1.4.2 Godement resolutions

For many purposes, it is useful to have functorial resolutions of sheaves. One
such is given by the Godement resolution introduced in [God] chapter IT §3.

Let X be a topological space. Recall that a sheaf on X vanishes if and only the
stalks at all x € X vanish. For all x € X we denote i, : x — X the natural
inclusion.
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Definition 1.4.6. Let F € Sh(X). Put

I(F)= ] iweFu -

zeX

Inductively, we define the Godement resolution Gd®(F) of F by

Gd'(F) = I(F) ,
Gd'(F) = I(Coker(F — Gd°(F))) ,
Gd" " (F) = I(Coker(Gd" ' (F) — Gd™(F))) n>0.

Lemma 1.4.7. 1. Gd is an exact functor with values in CT(Sh(X)).

2. The natural map F — Gd*(F) is a flasque resolution.

Proof. Functoriality is obvious. The sheaf I(F) is given by

U~ Hif*]:f .

xzelU

All the sheaves involved are flasque, hence acyclic. In particular, taking the
direct products is exact (it is not in general), turning I(F) into an exact functor.
F — I(F) is injective, and hence by construction, Gd®*(F) is then a flasque
resolution. O

Definition 1.4.8. Let F* € C*(Sh(X)) be a complex of sheaves. We call
Gd(F*®) := Tot(Gd* (F*))
the Godement resolution of F*.
Corollary 1.4.9. The natural map
F — Gd(F*)
18 a quasi-isomorphism and
HY(X,F*) = H" (I(X,Gd(F*))) .

Proof. By Lemmall.4.7] the first assertion holds if F* is concentrated in a single
degree. The general case follows by the hypercohomology spectral sequence or
by induction on the length of the complex using the stupid filtration.

All terms in Gd(F*®) are flasque, hence acyclic for T'( X, -). O

We now study functoriality of the Godement resolution. For a continuous map
f: X — Y be denote f~! the pull-back functor on sheaves of abelian groups.
Recall that it is exact.
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Lemma 1.4.10. Let f : X — Y be a continuous map between topological spaces,
F* € CT(Sh(Y)). Then there is a natural quasi-isomorphism

f'Gdy (F*) = Gdx(f'F°) .
Proof. Consider a sheaf 7 on Y. We want to construct

FHE) S 1F) = [] i e = I T -

zeX reX

By the universal property of the direct product and adjunction for =1, this is
equivalent to specifying for all z € X

11 iveFy = I(F) = feivaFr) = ip@Fria) -
yey

We use the natural projection map. By construction, we have a natural com-
mutative diagram

[YF —— fU(F) —— Coker (f'F — f71I(F))

- !

fYF —— I(f~'F) —— Coker (f’lfﬁf(fflf))

It induces a map between the cokernels. Proceeding inductively, we obtain a
morphism of complexes

G (F) — Gd% (fF) .

It is a quasi-isomorphism because both are resolutions of f~!'F. This transfor-
mation of functors extends to double complexes and hence defines a transfor-
mation of functors on C*(Sh(Y)). O

Remark 1.4.11. We are going to apply the theory of Godement resolutions in
the case where X is a variety over a field k, a complex manifold or more generally
a complex analytic space. The continuous maps that we need to consider are
those in these categories, but also the maps of schemes X — X}, for the change
of base field K/k and a variety over k; and the continuous map X*" — X for
an algebraic variety over C and its analytification.

1.4.3 Cech cohomology

Neither the definition of sheaf cohomology via injective resolutions nor Gode-
ment resolutions are convenient for concrete computations. We introduce Cech
cohomology for this task. We follow [Ha2], Chap. IIT §4, but extend to hyper-
cohomology.
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Let k be a field. We work in the category of varieties over k. Let I = {1,...,n}
as ordered set and ${ = {U;|¢ € I} an affine open cover of X. For any subset

J C{1,...,n} we denote
Uy=(U;.
jeJ
As X is separated, they are all affine.

Definition 1.4.12. Let X and 4 be as above. Let F € Sh(X). We define the
Cech complex of F as

crwF) = [ Fw,) p=z0
JCI,|J|=p+1

with differential 67 : CP (4, F) — CPT1(8 F)

p+1

(6pa)i0<i1<-'-<ip = Z(_l)paio---<2j<--~<ip+1 ‘Ui(]"'ip+1 ’
j=0

where, as usual, i - -+ < i; < --- < i, means the tuple with ; removed.

We define the p-th Cech cohomology of X with coefficients in F as
HP(4, F) = H?(C*(4, F),0) .

Proposition 1.4.13 ([Ha2], chap. IIT Theorem 4.5). Let X be a variety, L an
affine open cover as before. Let F be a coherent sheaf of Ox-modules on X.
Then there is a natural isomorphism

HP(X,F)=HP(U,F) .
We now extend to complexes. We can apply the functor C*(LL, -) to all terms in
a complex F* and obtain a double complex C*® (L, F*).

Definition 1.4.14. Let X and U as before. Let F* € CT(Sh(X)). We define
the Cech complex of 4 with coefficients in F* as

C* (U, F*) = Tot (C*(LU, F*))
and Cech cohomology as
HP (U, F) = HP(C* (8L, F*)) .

Proposition 1.4.15. Let X be a variety, 3 as before an open affine cover of
X. Let F* € CT(Sh(X)) be complex such that all F™ are coherent sheaves of
Ox -modules. Then there is a natural isomorphism

HP(X,F) — HP(U, F*) .
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Proof. The essential step is to define the map. We first consider a single sheaf
G. Let C*(4,G) be a sheafified version of the Cech complex for a sheaf G. By
[Ha2|, chap. IIT Lemma 4.2, it is a resolution of G. We apply the Godement
resolution and obtain a flasque resolution of G by

Gg—C*(U,G) = Gd(C*(U,9)) .
By Proposition the induced map
C*(U,G) = I'(X,Gd(C* (8, G))

is a quasi-isomorphism as both compute H!(X,G).

The construction is functorial in G, hence we can apply it to all components of
a complex F* and obtain double complexes. We use the previous results for all
F™ and take total complexes. Hence

F* — TotC* (U, F*) — Gd (C* (44, F*))
are quasi-isomorphisms. Taking global sections we get a quasi-isomorphism
TotC* (U, F*) — TotI'(X, Gd (C* (U, F*))) .

By definition, the complex on the left computes Cech cohomology of F* and
the complex on right computes hypercohomology of F*. O

Corollary 1.4.16. Let X be an affine variety and F* € CT(Sh(X)) such that
all F™ are coherent sheaves of Ox-modules. Then

H(T(X,F*) = H(X,F*) .

Proof. We use the affine covering { = {X} and apply Proposition |1.4.15 O

1.5 Simplicial objects

We introduce simplicial varieties in order to carry out some of the constructions

in [D5]. Good general references on the topic are [May|] or [We] Ch. 8.

Definition 1.5.1. Let A be the category whose objects are finite ordered sets
[n] ={0,1,...,n} neNy

with morphisms nondecreasing monotone maps. Let Ay be the full subcategory

with objects the [n] with n < N.

If C is a category, we denote by C* the category of simplicial objects in C defined
as contravariant functors

Xe: A—=C
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with transformation of functors as morphisms. We denote by C2° the category
of cosimplicial objects in C defined as covariant functors

X*:A=C.

Similarly, we defined the categories CAN and CAN of N-truncated simplicial and
cosimplicial objects.

Example 1.5.2. Let X be an object of C. The constant functor
A° = C

which maps all objects to X and all morphism to the identity morphism is a
simplicial object. It is called the constant simplicial object associated to X.

In A, we have in particular the face maps
€:[n—1—1[n] i=0,...,n,

the unique injective map leaving out the index ¢, and the degeneracy maps
n:n+1—[n] i=0,...,n,

the unique surjective map with two elements mapping to i. More generally, a
map in A is called face or degeneracy if it is a composition of ¢; or 7;, respectively.
Any morphism in A can be decomposed into a degeneracy followed by a face
([We] Lemma 8.12).

For all m > n, we denote S, ,, the set of all degeneracy maps [m| — [n].

A simplicial object X, is determined by a sequence of objects
Xo, X1, ...
and face and degeneracy morphisms between them. In particular, we write
0;: X, — X1

for the image of ¢; and
S; ¢ Xn — Xn+1

for the image of ;.

Example 1.5.3. For every n, there is a simplicial set A[n] with
Aln]m = Mora([m], [n])

and the natural face and degeneracy maps. It is called the simplicial n-simplez.
For n = 0, this is the simplicial point, and for n = 1 the simplicial interval.
Functoriality in the first argument induces maps of simplicial sets. In particular,
there are

do = €,01 = €] : A[l] = A[0] .
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Definition 1.5.4. Let C be a category with finite products and coproducts.
Let x be the final object. Let X,, Y, simplicial objects in C and S, a simplicial
set

1. X, x Y, is the simplicial object with
(Xe xYe)n =X, xY,
with face and degeneracy maps induced from X, and Y,.
2. Xo X S, is the simplicial object with
(Xe x So)n =[] Xn
sES,
with face and degeneracy maps induced from X, and S,.

3. Let f,g: Xe — Y, be morphisms of simplicial objects. Then f is called
homotopic to g if there is a morphism

h:XexAll] > Y,
such that hodg = f and hod; = g.

The inclusion Ay — A induces a natural restriction functor
sqy 1 C2 — CAY

For a simplicial object X,, we call sq X, its V-skeleton. If Y, is a fixed simpli-
cial objects, we also denote sq, the restriction functor from simplicial objects
over Y, to simplicial objects over sqy Y.

Remark 1.5.5. The skeleta sq;, X, define the skeleton filtration, i.e., a chain of
maps

sqgXe — 5Q; Xe = -+ —+ SqyXe = Xo.
Later, in section we will define the topological realization | X,| of a simpli-
cial set X,. The skeleton filtration then defines a filtration of |X,| by closed
subspaces.

An important example in this book is the case when the simplicial set X, is a
finite set, i.e., all X, are finite sets, and empty for n > N sufficiently large. See

section 2.3

Lemma 1.5.6. Let C be a category with finite limits. Then the functor sqy has
a right adjoint
cosqy : CAN — CA

If Y, is a fized simplicial object, then
cosq}(; (Xo) = cosqnXx XcosqysqyYe Yo

is the right adjoint of the relative version of sqy .
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Proof. The existence of cosq, is an instance of a Kan extension. We refer to
[ML chap. X] or [AM] chap. 2] for its existence. The relative case follows from
the universal properties of fibre products. O

If X, is an N-truncated simplicial object, we call cosq X, its coskeleton.

Remark 1.5.7. We apply this in particular to the case where C is one of the
categories Var, Sm or Aff over a fixed field k. The disjoint union of varieties is
a coproduct in these categories and the direct product a product.

Definition 1.5.8. Let S be a class of covering maps of varieties containing
all identity morphisms. A morphism f : X, — Y, of simplicial varieties (or
the simplicial variety X, itself) is called an S-hypercovering if the adjunction
morphisms

X, — (cosqz’_lsqn,lX.)n

are in S.

If S is the class of proper, surjective morphisms, we call X, a proper hypercover
of Y,.

Definition 1.5.9. Let X, be a simplical variety. It is called split if for all
n € Ny

n—1
N(Xp) = Xn~ | si(Xan)
i=0
is an open and closed subvariety of X,,.

We call N(X,,) the non-degenerate part of X,,. If X, is a split simplicial variety,
we have a decomposition as varieties

X, =N(X,)1I H H SN(Xom)

m<n SGSm,n
where Sy, », is the set of degeneracy maps from X, to X,.

Theorem 1.5.10 (Deligne). Let k be a field and Y a variety over k. Then
there is a split simplicial variety Xo with all X,, smooth and a proper hypercover
Xe > Y.

Proof. The construction is given in [D5] Section (6.2.5). It depends on the
existence of resolutions of singularities. In positive characteristic, we may use
de Jong’s result on alterations instead. O

The other case we are going to need is the case of additive categories.

Definition 1.5.11. Let A be an additive category. We define a functor

C:A» = C(A)
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by mapping a simplicial object X4 to the cohomological complex

-

Xy — X oy 2> Xo =0

with differential

We define a functor
C:A» = CT(A)

by mapping a cosimplicial object X*® to the cohomological complex

0—>X0—>...X"£>Xn+1—>...

with differential

n

dr =Y (-1)'0; .

i=0
Let A be an abelian category. We define a functor

N: AY = CtH(A)
by mapping a cosimplicial object X® to the normalized complex N(X*®) with

n—1

N(X*)n = [) Ker(s; : X" — X"7)
=0

and differential d"|n(xe).

Proposition 1.5.12 (Dold-Kan correspondence). Let A be an abelian category,
X* e A% a cosimplicial object. Then the natural map

N(X*) - C(X*)
18 a quasi-isomorphism.

Proof. This is the dual result of [We], Theorem 8.3.8. O

Remark 1.5.13. We are going to apply this in the case of cosimplicial com-
plexes, i.e., to C(A)2", where A is abelian, e.g., a category of vector spaces.

1.6 Grothendieck topologies

Grothendieck topologies generalize the notion of open subsets in topological
spaces. Using them one can define cohomology theories in more abstract set-
tings. To define a Grothendieck topology, we need the notion of a site, or situs.
Let C be a category. A basis for a Grothendieck topology on C is given by
covering families in the category C satisfying the following definition.
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Definition 1.6.1. A site/situs is a category C together with a collection of
morphism in C
(i Vi—U)er s

the covering families.

The covering families satisfy the following axioms:

e An isomorphism ¢ : V' — U is a covering family with an index set con-
taining only one element.

o If (p; : V; — U)jer is a covering family, and f : V — U a morphism in
C, then for each ¢ € I there exists the pullback diagram

VxpV, —2s v

v | |#

v v

in C, and (®;: V xy V; = V),.; is a covering family of V.

o If (p;: Vi — U),; is a covering family of U, and for each V; there is
given a covering family (gpé : VJ’ — Vi)jeJ(i)’ then

(piows:Vi— U)iel,jeJ(i)

is a covering family of U.

Example 1.6.2. Let X be a topological space. Then the category of open
sets in X together with inclusions as morphisms form a site, where the covering
maps are the families (U;);cs of open subsets of U such that U;e;U; = U. Thus
each topological space defines a canonical site. For the Zariski open subsets of
a scheme X this is called the (small) Zariski site of X.

Definition 1.6.3. A presheaf F of abelian groups on a situs C is a contravariant
functor

F:C— Ab,U — F(U).

A presheaf F is a sheaf, if for each covering family (p; : V; — U) the dif-

ference kernel sequence

el

0= FU) = [[Fv)= [ FVixeVy)

iel (3,5)€IXI

is exact. This means that a section s € F(U) is determined by its restrictions
to each V;, and a tuple (s;);er of sections comes from a section on U, if one has
s; = s; on pullbacks to the fiber product V; xy V;.
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Once we have a notion of sheaves in a certain Grothendieck topology, then we
may define cohomology groups H*(X,F) by using injective resolutions as in
section as the right derived functor of the left-exact global section functor
X — F(X) = H°(X,F) in the presence of enough injectives.

Example 1.6.4. The (small) étale site over a smooth variety X consists of the
category of all étale morphisms ¢ : U — X from a smooth variety U to X. See
[Ha2, Chap. III] for the notion of étale maps. We just note here that étale maps
are quasi-finite, i.e., have finite fibers, are unramified, and the image o(U) C X
is a Zariski open subset.

A morphism in this site is given by a commutative diagram

v L U

Lo

x 4 X
Let U be étale over X. A family (p; : V; — U),.; of étale maps over X is
called a covering family of U, if ( J;.; v:(V;) = U, i.e., the images form a Zariski
open covering of U.

This category has enough injectives by Grothendieck [SGA4.2], and thus we can
define étale cohomology Hg (X, F) for étale sheaves F.

Example 1.6.5. In Section [2.7] we are going to introduce the h’-topology on
the category of analytic spaces.

Definition 1.6.6. Let C and C’ be sites. A morphism of sites f : C — C'
consists of a functor F' : C’ — C (sic) which preserves fibre products and such
that the F' applied to a covering family of C’ yields a covering family of C.

A morphism of sites induces an adjoint pair of functors (f*, f.) between sheaves

of sets on C and C'.

Example 1.6.7. 1. Let f : X — Y be continuous map of topological spaces.
As in Example we view them as sites. Then the functor F' mapping
an open subset of Y to its preimage f~1(U).

2. Let X be a scheme. Then there is morphism of sites from the small étale
site of X to the Zariki-site of X. The functor views an open subscheme
U C X as an étale X-scheme. Open covers are in particular étale covers.

Definition 1.6.8. Let C be a site. A C-hypercover is an S-hypercover in the
sense of Definition with S the class of morphism

[vi—v

i€l

for all covering families {¢; : U; — U}ier in the site.
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If X, is a simplical object and F is a presheaf of abelian groups, then F(X,)
is a cosimplicial abelian group. By applying the total complex functor C of
Definition [1.5.11] we get a complex of abelian groups.

Proposition 1.6.9. Let C be a site closed under finite products and fibre prod-
ucts, F a sheaf of abelian groups on C, X € C. Then

HY(X,F)= lim_H'(C(F(X.)))
Xe—X
where the direct limit runs through the system of all C-hypercovers of X.

Proof. This is [SGA4V], Théoréme 7.4.1] O

1.7 Torsors

Informally, a torsor is a group without a unit. The standard notion in algebraic
geometry is sheaf theoretic: a torsor under a sheaf of groups G is a sheaf of
sets X with an operation G x X — X such that there is a cover over which
X becomes isomorphic to G and the action becomes the group operation. This
makes sense in any site.

In this section, we are going to discuss a variant of this idea which does not
involve sites or topologies but rather schemes. This approach fits well with the
Tannaka formalism that will be discussed in Chapters and

It is used by Kontsevich in [KI]. This notion at least goes back to a paper of
R. Baer [Ba) from 1929, see the footnote on page 202 of loc. cit. where Baer
explains how the notion of a torsor comes up in the context of earlier work of H.
Priifer [Pr]. In yet another context, ternary operations satisfying these axioms
are called associative Malcev operations, see [Joh| for a short account.

1.7.1 Sheaf theoretic definition

Definition 1.7.1. Let C be a category equipped with a Grothendieck topology
t. Assume S is a final object of C. Let G be a group object in C. A (left)
G-torsor is an object X with a (left) operation

p:GxX—X

such that there is a t-covering U — S such that restriction of G and X to U is
the trivial torsor, i.e., X(U) is non-empty, and the choice z € X (U) induces a
natural isomorphism

x: GU') — X(U")
g g, ).
foral U' = U.
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The condition can also be formulated as an isomorphism

GxU—XxU
(9,u) = g(u),u)

Remark 1.7.2. 1. As p is an operation, the isomorphism of the definition
is compatible with the operation as well, i.e., the diagram

GU") x X(U") L— XU

(idyw)T Tz

GU") x GU') —= G(U")
comiutes.

2. If, moreover, X — S is a t-cover, then X (X) is always non-empty and
we recover a version of the definition that often appears in the literature,
namely that

GxX—=>XxX

has to be an isomorphism.

We are interested in the topology that is in use in Tannaka theory. It is basically
the flat topology, but we have to be careful what we mean by this because the
schemes involved are not of finite type over the base.

Definition 1.7.3. Let S be an affine scheme and C the category of affine S-
schemes. The fpgc-topology on C is generated by covers of the form X — Y
with O(X) faithfully flat over O(Y).

The letters fpgc stand for fidelement plat quasi-compact. Recall that SpecA is
quasi-compact for all rings A.

We do not discuss the non-affine case at all, but see the survey [Vis] by Vistoli
for the general case. The topology is discussed in loc. cit. Section 2.3.2. The
above formulation follows from loc. cit. Lemma 2.60.

Remark 1.7.4. If, moreover, S = Spec(k) is the spectrum of a field, then any
non-trivial SpecA — Spec(k) is an fpge-cover. Hence, we are in the situation of
Remark Note that X still has to be non-empty!

The importance of the fpgc-topology is that all representable presheaves are
fpge-sheaves, see [Vis, Theorem 2.55].
1.7.2 Torsors in the category of sets

Definition 1.7.5 ([Ba] p. 202, [K1] p. 61, [Ex] Definition 7.2.1). A torsoris a
set X together with a map

() XxXxX—oX
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satisfying:

L (z,y,y) = (y,y,7) = x forall z,y € X

2. ((z,y,2),u,v) = (z, (u, 2,y),v) = (x,y, (z,u,v)) for all z,y,z,u,v € X.
Morphisms are defined in the obvious way, i.e., maps X — X’ of sets commuting
with the torsor structure.
Lemma 1.7.6. Let G be a group. Then (g,h,k) = gh™'k defines a torsor

structure on G.

Proof. This is a direct computation:
e = (y,y,2),

(z,yy) =2y 'ly=a=yy~
1 —1

(x, (u, 2,9),v) = (z,uz""y,v) = 2(uz"y) " o) =2y~ 2u" v,
O

Lemma 1.7.7 ([Ba] page 202). Let X be a torsor, e € X an element. Then
G, := X carries a group structure via

gh = (g7€ah>7 g_l = (eagae)-

Moreover, the torsor structure on X is given by the formula (g,h,k) = gh~'k
mn Ge.

Proof. First we show associativity:
(gh)k = (g,e,h)k = ((g,e,h),e, k) = (g,e, (h,e, k) = g(h,e, k) = g(hk).
e becomes the neutral element:

eg = (e,e,9) = g;9¢ = (g,e,e) = g.

1

We also have to show that g~ is indeed the inverse element:

997" = gle,9,¢) = (9,¢,(e.9,¢)) = ((g,¢,¢),9,¢€) = (9,9,¢) = e.
Similarly one shows that g~ 'g = e. One gets the torsor structure back, since

gh 'k = g(e,h,e)k = (g,¢, (e, h,e))k = ((g, ¢, (e, h,e)), e, k)
= (g, (e, (e, h,e),e), k) = (g, ((e,e, h),e,e), k)
= (g, (h,e,e),k) = (g,h,k).
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Proposition 1.7.8. Let p; : X% x X2 — X2 be given by

w ((a,b), (¢,d)) = ((a, b, ¢),d).

Then py; is associative and has (z,x) for x € X as left-neutral elements. Let
G' = X2/ ~; where (a,b) ~; (a,b)(z, ) for all x € X is an equivalence relation.
Then yy is well-defined on G* and turns G* into a group. Moreover, the torsor
structure map factors via a simply transitive left G'-operation on X which is

defined by
(a,b)z := (a,b, ).

Let e € X. Then
ie: Ge — G, z— (z,e)

is group isomorphism inverse to (a,b) — (a,b,e).

In a similar way, using pr ((a,b), (c,d)) = (a, (b,c,d)) we obtain a group G"
with analogous properties acting transitively on the right on X and such that p,
factors through the action X x G" — X.

Proof. First we check associativity of p;:

(a,b)[(c, d) (e, f)]
[(a,b)(c, d)](e, f)

I
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(z,z) is a left neutral element for every z € X:

(z,2)(a,b) = ((z,z,a),b) = (a,b)

We also need to check that ~; is an equivalence relation: ~; is reflexive, since one
has (a,b) = ((a,b,b),b) = (a,b)(b,b) by the first torsor axiom and the definition
of p. For symmetry, assume (¢,d) = (a,b)(z,x). Then

(a,b) = ((a,b,b),b) = ((a,b, (z,z,b)),b) = (((a, b, z),z,b),b)
= ((a,b,z),2)(b,b) = (a,b)(z,z)(b,b) = (c,d)(b,b)

again by the torsor axioms and the definition of y;. For transitivity observe
that

(a,0)(z,z)(y,y) = (a,0)((z,2,y),y) = (a,b)(y,y).

Now we show that s is well-defined on G*:

[(a,b)(x, 2)][(c, d)(y, y)] = (a, b)[(z, x)(c, )] (y, y) = (a,b)(c,d)(y, y)-

The inverse element to (a,b) in G' is given by (b, a), since

(a,b)(b,a) = ((a,b,b),a) = (a,a).
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Define the left G'-operation on X by (a,b)x := (a,b,z). This is compatible with
W1, since

[(aa b)(C, d)]ﬂ? = ((a7 b, C)a d).T = ((av b, C)? d, 37)7
(a,b)[(c, d)z] = (a,b)(c,d,x) = ((a,b, (c,d, z))

are equal by the second torsor axiom. The left G'-operation is well-defined with
respect to ~:

[(a,5) (@, )]y = ((a,b,2), )y = ((a,b,2),2,9) = (a, (,,8),) = (a,b,) = (a,b)y.
Now we show that i, is a group homomorphism:
ab = (a,e,b) — ((a,e,b),e) = (a,e)(b,e)
The inverse group homomorphism is given by
(a,b)(c,d) = ((a,b,c),d) — ((a,b,c),d,e).
On the other hand in G, one has:
(a,b,e)(c,d,e) = ((a,b,e),e,(c,d,e)) = (a,b, (e, e, (c,d,e))) = (a,b,(c,d,e)).

This shows that . is an isomorphism. The fact that G, is a group implies that
the operation of G! on X is simply transitive. Indeed the group structure on
G, = X is the one induced by the operation of G!. The analogous group G is
constructed using u, and an equivalence relation ~, with opposite order, i.e.,
(a,b) ~p (z,z)(a,b) for all z € X. The properties of G" can be verified in the
same way as for G! and are left to the reader. O

1.7.3 Torsors in the category of schemes (without groups)

Definition 1.7.9. Let S be a scheme. A torsor in the category of S-schemes
is a non-empty scheme X and a morphism

X xXxX—->X

which on T-valued points is a torsor in the sense of Definition for all T'
over S.

This simply means that the diagrams of the previous definition commute as mor-
phisms of schemes. The following is the scheme theoretic version of Lemma/|l.7.8

Recall the fpgc-topology of Definition [1.7.3

Proposition 1.7.10. Let S be affine. Let X be a torsor in the category of
affine schemes. Assume that X/S is faithfully flat. Then there are affine group
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schemes G' and G operating from the left and right on X, respectively, such
that the natural maps

G'xX = XxX (g9,2) — (gz,2)
XxG - XxX (x,g) (z,29")

are isomorphisms.

Moreover, X is a left G'- and right G -torsor with respect to the fpgc-topology
on the category of affine schemes.

Proof. We consider G'. The arguments for G” are the same. We define G! as
the fpgc-sheafification of the presheaf

T — X*(T)/ ~

We are going to see below that it is representable by an affine scheme. The
map of presheaves y; defines a multiplication on G!. It is associative as it is
associative on the presheaf level.

We construct the neutral element. Recall that X — S is an fpgc-cover. The
diagonal A : X — X2/ ~; induces a section e € G(X). It satisfies descent
for the cover X/S by the definition of the equivalence relation ~;. Hence it
defines an element e € G(S). We claim that it is the neutral element of G.
This can be tested fpgc-locally, e.g., after base change to X. For T/X the set
X (T) is non-empty, hence X?/ ~; (T) is a group with neutral element e by
Proposition [I.7.8]

The inversion map ¢ exists on X?(T)/ ~; for T/X, hence it also exists and is
the inverse on G(T) for T/X. By the sheaf condition this gives a well-defined
map with the correct properties on G.

By the same arguments, the action homomorphism X2(T)/ ~; xX(T) — X (T)
defines a left action G* x X — X. The induced map G x X — X x X is an
isomorphism because it as an isomorphism on the presheaf level for T/X. In
particular, X is a left G!-torsor.

We now turn to representability.
We are going to construct G! by flat descent with respect to the faithfully flat
cover X — S following [BLR], Section 6.1]. In order to avoid confusion, put
T=XandY = X x X viewed as T-scheme over the second factor. A descent
datum on Y — T consists of the choice of an isomorphism
¢:p1Y — poY

subject to the coycle condition

Pi3® = P33P o piad

with the obvious notation. We have piY =Y xT = X?x X and p3Y = TxY =
X x X? and use
¢(z1, 2, 3) = (w2, p(T1, 2, 3), 3)
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where p : X? — X is the structural morphism of X. We have pi,piY =
X2 x X x X etc. and

pT2¢($1,fE2,x3,x4) - (xZ,P(xla-T%xS)ny,lA)
p33d(@1, 2, 73, x4) = (21,23, p(T2, T3, Ta), T4)

Pisp(x1, T2, k3, Ta) = (X2, x3p(T1, T3, T4), T4)

and the cocyle condition is equivalent to

p(p(l‘lvléa .'I?g),,rg,le) = P(Ila IQ,I4),

which is an immediate consequence of the properties of a torsor. In the affine
case (that we are in) any descent datum is effective, i.e., induced from a uniquely
determined S-scheme G'. In other words, it represents the fpge-sheaf defined as
the coequalizer of

X?x X = X*?

with respect to the projection p; mapping (1, z2,23) to (z1,22) and py o ¢ :
X?x X = X x X? - X? mapping

(z1, 72, 3) = (22, p(T1, T2, T3), 23) > (p(w1, T2, T3), 3)
This is precisely the equivalence relation ~;. Hence
G = X/~
as fpqc-sheaves. O

Remark 1.7.11. If S is the spectrum of a field, then the flatness assumption is
always satisfied. In general, some kind of assumption is needed, as the following
example shows. Let S be the spectrum of a discrete valuation ring with closed
point s. Let G be an algebraic group over s and X = G the trivial torsor defined
by G. In particular, we have the structure map

X X X xs X = X.
We now view X as an S-scheme. Note that
XXxgXxg X=X x; X x3 X

hence X is also a torsor over S in the sense of Definition [[.7.9] However, it
is not a torsor with respect to the fpge (or any other reasonable Grothendieck
topology) as X (T') is empty for all ' — S surjective.
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Chapter 2

Singular Cohomology

In this chapter we give a short introduction to singular cohomology. Many
properties are only sketched, as this theory is considerably easier than de Rham
cohomology for example.

2.1 Sheaf cohomology

Let X be a topological space. Sometimes, if indicated, X will be the underlying
topological space of an analytic or algebraic variety also denoted by X. To avoid
technicalities, X will always be assumed to be a paracompact space, i.e., locally
compact, Hausdorff, and satisfying the second countability axiom.

From now on, let F be a sheaf of abelian groups on X and consider sheaf
cohomology H*(X,F) from Section Mostly, we will consider the case of the
constant sheaf F = Z. Later we will also consider other constant coefficients
R D Z, but this will not change the following topological statements.

Definition 2.1.1 (Relative Cohomology). Let A C X be a closed subset, U =
X \ A the open complement, i : A — X and j : U < X be the inclusion maps.
We define relative cohomology as

H' (X, A;Z) = H'(X, jiZ),

where 7 is the extension by zero, i.e., the sheafification of the presheaf V +— Z
for V.C U and V — 0 else.

Remark 2.1.2 (Functoriality and homotopy invariance). The association
(X,A) — H (X, A;7)

is a contravariant functor from pairs of topological spaces to abelian groups. In
particular, for every continuous map f : (X, A) — (X', A") of pairs, i.e., satis-
fying f(A) C A’, one has a homomorphism f* : HY(X' A, Z) — H (X, A;Z).

53
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Given two homotopic maps f and g, then the homomorphisms f*, g* are equal.
As a consequence, if two pairs (X, A) and (X', A’) are homotopy equivalent,
then the cohomology groups H(X’, A’;Z) and H'(X, A;Z) are isomorphic.

Proposition 2.1.3. There is a long exact sequence
e HY(X, A Z) — HY(X,Z) — HY(A,Z)SHY (X, A Z) — -
Proof. This follows from the exact sequence of sheaves

0= N2 —7 — i 7 — 0.

O

Note that by our definition of cones, see section[I.3] one has a quasi-isomorphism
§1Z = Cone(Z — i,Z)[—1]. For Nori motives we need a version for triples, which
can be proved using iterated cones by the same method:

Corollary 2.1.4. Let X D A D B be a triple of relative closed subsets. Then
there is a long exact sequence

oo HY(X, A7) — HY(X,B;Z) — H'(A, B;Z)SH (X, A, Z) — -+
Here, § is the connecting homomorphism, which in the cone picture is explained
in Section [[.3

Proposition 2.1.5 (Mayer-Vietoris). Let {U,V} be an open cover of X. Let
A C X be closed. Then there is a natural long exact sequence

o= HY(X,A;Z) - Hig(U,UNA;Z)® H(V,V N A; Z)
S HUNV,UNVNAZ) — HTY X, A, Z) — -
Proof. Pairs (U, V) of open subsets form an excisive couple in the sense of [Spal,

pg. 188], and therefore the Mayer-Vietoris property holds by [Spal, pg. 189-
190]. O

Theorem 2.1.6 (Proper base change). Let m : X — Y be proper (i.e., the
preimage of a compact subset is compact). Let F be a sheaf on X. Then the
stalk in y € Y is computed as

(RimF), = H(X,,F

Xy)'
Proof. See [KS] Proposition 2.6.7. As m is proper, we have R, = Rm. O

Now we list some properties of the sheaf cohomology of algebraic varieties over
a field kK — C. As usual, we will not distinguish in notation between a variety
X and the topological space X (C). The first property is:
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Proposition 2.1.7 (Excision, or abstract blow-up). Let f : (X', D') — (X, D)
be a proper, surjective morphism of algebraic varieties over C, which induces an
isomorphism F : X'\ D' — X \ D. Then

f*HY(X,D;Z)~ H*(X',D; 7).
Proof. This fact goes back to A. Aeppli [Ae]. It is a special case of proper-base

change: Let j : U — X be the complement of D and j' : U — X’ its inclusion
into X’. For all z € X, we have

Rmj|Z = H(X4, jiZ|x,).

For x € U, the fibre is one point. It has no higher cohomology. For x € D, the
restriction of j{Z to X/ is zero. Together this means

Rr jiZ = j\Z.

The statement follows from the Leray spectral sequence. O

We will later prove a slightly more general proper base change theorem for
singular cohomology, see Theorem [2.5.12

The second property is:
Proposition 2.1.8 (Gysin isomorphism, localization, weak purity). Let X be

an irreducible variety of dimension n over k, and Z a closed subvariety of pure
codimension r. Then there is an exact sequence

o= Hy(X,Z) — H(X,Z) - H(X\ Z,Z) — H;} (X, Z) — - -

where Hy, (X, 7Z) is cohomology with supports in Z, defined as the hypercohomol-
ogy of Cone(Zx — Zx\v)[—1].

If, moreover, X and Z are both smooth, then one has the Gysin isomorphism
HY(X,Z)= H'"?(Z,7).

In particular, one has weak purity:
HY(X,Z) =0 fori < 2r,

and HZ' (X,Z) = H°(Z,Z) is free of rank the number of components of Z.

Proof. See [Pal, Sect. 2] for this statement and an axiomatic treatment with
more general properties and examples of cohomology theories. O
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2.2 Singular (co)homology

Let X be a topological space (same general assumptions as in section [2.1)). The
definition of singular homology and cohomology uses topological simplexes.

Definition 2.2.1. The topological n-simplex A, is defined as
Ap = {(to,rtn) | D _ti=1, t; > 0} .
i=0

A, has natural codimension one faces defined by t; = 0.

Singular (co)homology is defined by looking at all possible continuous maps
from simplices to X.

Definition 2.2.2. A singular n-simplez o is a continuous map
f: A, > X.

In the case where X is a differentiable manifold, a singular simplex o is called
differentiable, if the map f can be extended to a C*°-map from a neighbourhood
of A, C R"! to X. The group of singular n-chains is the free abelian group

Sn(X) :=Z[f: A, = X | f singular chain ].

In a similar way, we denote by S3°(X) the free abelian group of differentiable
chains. The boundary map 9, : S, (X) — Sp_1(X) is defined as

n

On(f) = Z(—l)iﬂti:o-

=0

The group of singular n-cochains is the free abelian group
S™(X) := Homgz(S,(X),Z).
The group of differentiable singular n-cochains is the free abelian group
S™(X) := Homz(S;°(X),Z).
The adjoint of 9,11 defines the boundary map
dy : S™(X) = S"THX).

Lemma 2.2.3. One has 0,—10, = 0 and d,+1d, = 0, i.e., the groups Se(X)
and S*(X) define complexes of abelian groups.

The proof is left to the reader as an exercise.
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Definition 2.2.4. Singular homology and cohomology with values in Z is de-
fined as
Hi

sing

(X,Z) :== H (S5%(X),do), H™(X,7Z) := H;(S4(X),0s) .

7

In a similar way, we define (for X a manifold) the differentiable singular (co)homology
as
Hi

sing,oo(

X,Z) == H'(S%(X),ds), HI™®>(X,Z) := Hi(52(X),d.) .

Theorem 2.2.5. Assume that X is a locally contractible topological space, i.e.,
every point has an open contractible neighborhood. In this case, singular coho-
mology H;fing(X, 7) agrees with sheaf cohomology H'(X,7Z) with coefficients in
Z. If'Y is a differentiable manifold, differentiable singular (co)homology agrees
with singular (co)homology.

Proof. Let 8™ be the sheaf associated to the presheaf U — S™(U). One shows
that Z — S°® is a fine resolution of the constant sheaf Z [Wa, pg. 196]. In
the proof it is used that X is locally contractible, see [Wal, pg. 194]. If X is
a manifold, differentiable cochains also define a fine resolution [Wal, pg. 196].
Therefore, the inclusion of complexes Sg°(X) < Se¢(X) induces isomorphisms
Hi

sing,c0

(X,Z) =~ H}

fng(X,Z) and HI"S™ (X, 2) = HI"(X,Z).

Of course, topological manifolds satisfy the assumption of the theorem.

2.3 Simplicial cohomology

In this section we want to introduce simplicial (co)homology and its relation to
singular (co)homology. Simplicial (co)homology can be defined for topological
spaces with an underlying combinatorial structure.

In the literature there are various notions of such spaces. In increasing order of
generality, these are: (geometric) simplicial complexes and topological realiza-
tions of abstract simplicial complexes, of A-complexes (sometimes also called
semi-simplicial complexes), and of simplicial sets. A good reference with a dis-
cussion of various definitions is the book by Hatcher [Hat], or the introductory
paper [Eri] by Friedman.

By construction, such spaces are built from topological simplices A,, in various
dimensions n, and the faces of each simplex are of the same type. Particularly
nice examples are polyhedra, for example a tetrahedron, where the simplicial
structure is obvious.

Geometric simplicial complexes come up more generally in geometric situations
in the triangulations of manifolds with certain conditions. An example is the
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case of an analytic space X®" where X is an algebraic variety defined over
R. There one can always find a semi-algebraic triangulation by a result of
Lojasiewicz, cf. Hironaka [Hi2, p. 170] and Prop.

In this section, we will think of a simplicial space as the topological realization
of a finite simplicial set:

Definition 2.3.1. Let X, be a finite simplicial set in the sense of Remark
One has the face maps

&-:Xn%Xn_l i:O,...,n,
and the degeneracy maps
SiZXn—>Xn+1 1=0,...,n.

The topological realization | X,| of X, is defined as
oo

[ Xo| =] Xn x An/ ~,
n=0

where each X,, carries the discrete topology, A, is the topological n-simplex,
and the equivalence relation is given by the two relations

(x’al(y)) ~ (az(x)ay)’ (Jf'vsz(y)) ~ (Si(m),y)’ T e anlv Y€ An

(Note that we denote the face and degeneracy maps for the n-simplex by the
same letters 0;, s;.)

In this way, every finite simplicial set gives rise to a topological space |X,|.
It is known that |X,e| is a compactly generated CW-complex [Hatl Appendix].
In fact, every finite CW-complex is homotopy equivalent to a finite simplical
complex of the same dimension by [Hat, Thm. 2C.5]. Thus, our restriction to
realizations of finite simplicial sets is not a severe restriction.

The skeleton filtration from Remark defines a filtration of | X,
[sagXe| C [scy Xe| © -+ € [sanXe| = | X,

by closed subspaces, if X, is empty for n > N.

There is finite number of simplices in each degree n. Associated to each of them
is a continuous map o : A,, — |X.|. We denote the free abelian group of all
such o of degree n by C2(X,)

On : CA(X,) = C2 [(X,)

are given by alternating restriction maps to faces, as in the case of singular
homology. Note that the vertices of each simplex are ordered, so that this is
well-defined.
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Definition 2.3.2. Simplicial homology of the topological space X = |X,| is
defined as _
H"P (X, Z) = Hp(C2(Xa), 0),

and simplicial cohomology as

mpl (X5 Z) := H"(CA(X,), d.),

simpl
where C% (X,) = Hom(C2(X,),Z) and d,, is adjoint to 0,,.

Example 2.3.3. A tetrahedron arises from a simplicial set with four vertices (0-
simplices), six edges (1-simplices), and four faces (2-simplices). A computation
shows that H,, = Z for i = 0,2 and zero otherwise (this was a priori clear, since
it is topologically a sphere).

A torus T2 can be obtained from a square by identifying opposite sides, called a
and b. If we look at the diagonal of the square, we see that there is a simplicial
complex with one vertex (!), three edges, and two faces. A computation shows
that Hy(T?,Z) = Z & Z as expected, and Ho(T?,Z) = Ho(T?,Z) = Z.

This definition does not depend on the representation of a topological space
X as the topological realization of a simplicial set, since one can prove that
simplicial (co)homology coincides with singular (co)homology:

Theorem 2.3.4. Singular and simplicial (co)homology of X are equal.

Proof. (For homology only.) The chain of closed subsets
lsdoXe| S [sq Xo| € -+ C |sqn Xe| = | X
gives rise to long exact sequences of simplicial homology groups
s HYPP([sdyy Xl Z) = Hy™PH(Jsq, X, Z) = Hy™P(|sq, 1 Xal, [50, Xel; Z) = -+

A similar sequence holds for singular homology, and there is a canonical map
C2(X) — Cn(X) from simplicial to singular chains. The result is then proved
by induction on n. We use that the relative complex Cy,(|sq,,_1Xel, s, Xe|)
has zero differential and is a free abelian group of rank equal to the cardinality
of X,,. Therefore, one concludes by observing a computation of the singular
(co)homology of A,,, i.e., H(A,,Z) = Z for i = 0 and zero otherwise. O

In a similar way, one can define the simplicial (co)homology of a pair (X, D) =
(| Xel,|De|), where Dy C X, is a simplicial subobject. The associated chain
complex is given by the quotient complex C,(X,)/C«(D,). The same proof will
then show that the singular and simplicial (co)homology of pairs coincide.

From the definition of the topological realization, we see that X is a CW-
complex. In the special case, when X is the topological space underlying an
affine algebraic variety X over C, or more generally a Stein manifold, then one
can show:
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Theorem 2.3.5 (Artin vanishing). Let X be an affine variety over C of dimen-
sion n. Then H1(X* Z) =0 for ¢ > n. In fact, X" is homotopy equivalent
to a finite simplicial complex where all cells are of dimension < n.

Proof. The proof was first given by Andreotti and Fraenkel [AF] for Stein man-
ifolds. For Stein spaces, i.e., allowing singularities, this is a theorem of Kaup,
Narasimhan and Hamm, see [Hamll, Satz 1] and the correction in [Ham2]. An
algebraic proof was given by M. Artin [Al Cor. 3.5, tome 3]. O

Corollary 2.3.6 (Good topological filtration). Let X be an affine variety over
C of dimension n. Then the skeleton filtration of X?" is given by

XM"=X,D>X,.1D---DXg
where the pairs (X;, X;_1) have only cohomology in degree i.

Remark 2.3.7. The Basic Lemma of Nori and Beilinson, see Thm. shows
that there is even an algebraic variant of this topological skeleton filtration.

Corollary 2.3.8 (Artin vanishing for relative cohomology). Let X be an affine
variety of dimension n and Z C X a closed subvariety. Then

HY(X™ Z° 7)) =0 fori>n.

Proof. Consider the long exact sequence for relative cohomology and use Artin
vanishing for X and Z from Thm O

The following theorem is strongly related to the Artin vanishing theorem.

Theorem 2.3.9 (Lefschetz hyperplane theorem). Let X C PY be an integral
projective variety of dimension n, and H C IP’(]CV a hyperplane section such that
HNX contains the singularity set Xgng of X. Then the inclusion HNX C X is
(n — 1)-connected. In particular, one has HY(X,Z) = HY(X N H,Z) for ¢ < n.

Proof. See for example [AF]. O

2.4 Kinneth formula and Poincaré duality

Assume that we have given two topological spaces X and Y, and two closed
subsets 7 : A — X, and j' : C — Y. By the above, we have
H*(X,A;Z) = H (X, JiZ)

and
H*(Y,C;Z) = H*(Y,j{Z) .

The relative cohomology group

H'(XxY,XxCUAXY;Z)
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can be computed as H*(X x Y, JiZ), where
J:XXCUAXY =X xY

is the inclusion map. One has j; = ji X Jji. Hence, we have a natural exterior
product map

HY(X,A;7Z) @ H(Y,C; Z)-SH (X x Y, X x CUAXY;Z).
This is related to the so-called Kinneth formula:

Theorem 2.4.1 (Kiinneth formula for pairs). Let A C X and C CY be closed
subsets. The exterior product map induces a natural isomorphism

P HI(X 4;,Q) @ HI(Y,C;Q)-——H"(X x Y, X x CUAXY;Q).
i+j=n

The same result holds with Z-coefficients, provided all cohomology groups of
(X, A) and (Y,C) in all degrees are free.

Proof. Using the sheaves of singular cochains, see the proof of Theorem [2.2.5
one has fine resolutions jiZ — F*® on X, and j{Z — G*® on Y. The tensor
product F* X G* thus is a fine resolution of jiZ = jiZ X j{Z. Here one uses that
the tensor product of fine sheaves is fine [Wal pg. 193]. The cohomology of the
tensor product complex F'* ® G*® induces a short exact sequence

0= @ H'(X,A4Z)@ H (Y,C;Z) - H*(X x Y, X x CUAXY;Z)

i+j=n
- P Tof(H(X,A;Z), H (Y,C;Z)) =0
i+j=n+1
by [God| thm. 5.5.1] or [We, thm. 3.6.3]. If all cohomology groups are free, the
last term vanishes. O

Proposition 2.4.2. The Kinneth isomorphism of Theorem[2.4.1] is associative
and graded commutative.

Proof. This is a standard consequence of the definition of the Kiinneth isomor-
phism from complexes of groups. O

In later constructions, we will need a certain compatibility of the exterior prod-
uct with coboundary maps. Assume that X D A D B and Y D C are closed
subsets.

Proposition 2.4.3. The diagram involving coboundary maps
HY(A B;Z)® H(Y,C;Z) —— HM(AxY,AxCUBXY;Z)

o Js

HH(X, A Z) @ HI(Y,C;Z) —— HT (X xY,X x CUAXY;Z)
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commutes up to a sign (—1)7. The diagram

Hi(Y,C;Z)® HI(A,B;Z) ——— HM(Y x AY x BUC x A;7Z)

- s

H(Y,C:Z) @ H Y (X, A;Z) — HH (Y x X,Y x AUC x X;Z)
commutes (without a sign,).

Proof. We indicate the argument, without going into full details. Let F'® be
a complex computing H*(Y,C;Z) Let G} and G§ be complexes computing
H*(A,B;Z) and H*(X,A;Z). Let K} and K3 be the complexes computing
cohomology of the corresponding product varieties. Cup product is induced
from maps of complexes F? ® G®* — K. In order to get compatibility with the
boundary map, we have to consider the diagram of the form

Fy G — Kj
(Fo1]) ® G —— K3[l]

However, by Lemma the complexes (F3[1]) ® G and (F» ® G)[1] are not
equal. We need to introduce the sign (—1)7 in bidegree (i,j) to make the
identification and get a commutative diagram.

The argument for the second type of boundary map is the same, but does not
need the introduction of signs by Lemma O

Assume now that X =Y and A = C. Then, 57Z has an algebra structure, and
we obtain the cup product maps:

HY (X, A7) @ H (X, A7) — H™ (X, A;7)
via the multiplication maps
HZ+](X X Xaj'Z) — Hi+j(X7j!Z)a

induced by R
J=nKjp—=j.

In the case where A = (), the cup product induces Poincaré duality:

Proposition 2.4.4 (Poincaré Duality). Let X be a compact, orientable topo-
logical manifold of dimension m. Then the cup product pairing

HY(X,Q) x H"(X,Q) — H™(X,Q) = Q

s non-degenerate in both factors. With Z-coefficients, the same result holds for
the two left groups modulo torsion.
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Proof. We will give a proof of a slightly more general statement in the algebraic
situation below. A proof of the stated theorem can be found in [GH] pg. 53].
There it is shown that H?"(X) is torsion-free of rank one, and the cup-product
pairing is unimodular modulo torsion, using simplicial cohomology, and the
relation between Poincaré duality and the dual cell decomposition. O

We will now prove a relative version in the algebraic case. It implies the version
above in the case where A = B = (). By abuse of notation, we again do not
distinguish between an algebraic variety over C and its underlying topological
space.

Theorem 2.4.5 (Poincaré duality for algebraic pairs). Let X be a smooth and
proper complex variety of dimension n over C and A, B C X two normal cross-
ing divisors, such that AU B is also a normal crossing divisor. Then there is a
non-degenerate duality pairing

H(X\A, B\(ANB); Q) x H*"~*(X\B, A\(ANB); Q) — H*"(X,Q) = Q(-n).

Again, with Z-coefficients this is true modulo torsion by unimodularity of the
cup-product pairing.

Proof. We give a sheaf theoretic proof using Verdier duality and some formulas
and ideas of Beilinson (see [Bell). Look at the commutative diagram:

U=X\(AUB) —2 5 X\ 4

ﬁul lﬁ

X\ B —t ., X

Assuming A U B is a normal crossing divisor, we want to show first that the
natural map

O Ry« Qu — R LnQu,

extending id : Qu — Qu, is an isomorphism. This is a local computation.
We look without loss of generality at a neighborhood of an intersection point
xr € AN B, since the computation at other points is even easier. If we work in
the analytic topology, we may choose a polydisk neighborhood D in X around
x such that D decomposes as

D =Dy xDp

and such that
AﬂD:AQXDB, BQDZDAXBO
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for some suitable topological spaces Ag, Bg. Using the same symbols for the
maps as in the above diagram, the situation looks locally like

(Da\ Ag) x (D \ Bo) —Y— (D4 \ Ay) x Dg

“| I
Dax (Dp\By) ———> D=DsxDg.

Using the Kiinneth formula, one concludes that both sides ¢ Rky.Qu and
Rk, L1Qu are isomorphic to

Rey«Qp\a, @ 6Qpy\ B,
near the point x, and the natural map provides an isomorphism.
Now, one has
HY(X\ A B\ (AN B));Q) = H(X, ik, Qu),
(using that the maps involved are affine), and
H* X\ B,A\ (AN B));Q) = H*" X, kily.Qu).
We have to show that there is a perfect pairing
HY X\ A,B\(ANB)):Q) x H**"*(X \ B,A\ (4N B));Q) = Q(-n).
However, by Verdier duality, we have a perfect pairing
H?"" X\ B,A\ (AN B));Q)" = H*"~ (X, sl.Qu)"
= H 4X, kily.DQy)
= H X, D(klnQu
= HY(X, k. ltnQu)(
= HY(X, 6iku.Qu)(
— HY(X\ 4, B\ (AN B));Q).

_n)

(
N(=n)
)
)

—-n
-n

O

Remark 2.4.6. The normal crossing condition is necessary, as one can see in
the example of X = P2, where A consists of two distinct lines meeting in a
point, and B a line going through the same point.

2.5 Basic Lemma

In this section we prove the basic lemma of Nori [N, N1, [N2], a topological
result, which was also known to Beilinson [Bel] and Vilonen (unpublished). Let
k C C be a subfield. The proof of Beilinson works more generally in positive
characteristics as we will see below.
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Convention 2.5.1. We fix an embedding k <— C. All sheaves and all cohomol-

ogy groups in the following section are to be understood in the analytic topology
on X(C).

Theorem 2.5.2 (Basic Lemma I). Let k C C. Let X be an affine variety over k
of dimension n and W C X be a Zariski closed subset with dim(W) < n. Then
there exists a Zariski closed subset Z D> W defined over k with dim(Z) < n and

HYX,Z;Z) =0, forq#n
and, moreover, the cohomology group H™ (X, Z;Z) is a free Z-module.

We formulate the Lemma for coefficients in Z, but by the universal coefficient
theorem [Wel thm. 3.6.4] it will hold with other coefficients as well.

Example 2.5.3. There is an example where there is an easy way to obtain Z.
Assume that X is of the form X \ H for some smooth projective X and a hyper-
plane H. Let W = (). Then take another hyperplane section H' meeting X and
H transversally. Then Z := H'NX will have the property that H4(X, Z;Z) = 0
for ¢ # n by the Lefschetz hyperplane theorem, see Thm. [2.3.9] This argument
will be generalized in two of the proofs below.

An inductive application of this Basic Lemma in the case Z = () yields a filtration
of X by closed subsets

X=X,2X,_.1D--D>2XgD>X_1=0

with dim(X;) = i such that the complex of free Z-modules

Oi— ; i ; 04
IS (X X)) S H N (X, X2
where the maps d, arise from the coboundary in the long exact sequence asso-
ciated to the triples X;11 D X; D X;_1, computes the cohomology of X.

Remark 2.5.4. This means that we can understand this filtration as algebraic
analogue of the skeletal filtraton of simplicial complexes, see Corollary
Note that the filtration is not only algebraic, but even defined over the base
field k.

The Basic Lemma is deduced from the following variant, which was also known
to Beilinson [Bel]. To state it, we need the notion of a (weakly) constructible
sheaf.

Definition 2.5.5. A sheaf of abelian groups on a variety X over k is weakly
constructible, if there is a stratification of X into a disjoint union of finitely many
Zariski locally closed subsets Y; defined over k, and such that the restriction of
F to Y] is locally constant. It is called constructible if, in addition, the stalks of
F are finitely generated abelian groups.
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Remark 2.5.6. This combination of sheaves in the analytic topology and strata
algebraic and defined over k, is not very much discussed in the literature. In fact,
the formalism works in the same way as with algebraic strata over k. What we
need are enough Whitney stratifications algebraic over k. That this is possible
can be deduced from [Tei, Théoréme 1.2 p. 455] (characterization of Whitney
stratifications) and [Tel, Proposition 2.1] (Whitney stratifications are generic).

We will also need some basic facts about sheaf cohomology. If j : U — X is
a Zariski open subset with closed complement ¢ : W < X and F a sheaf of
abelian groups on X, then there is an exact sequence of sheaves

0—=jj*F - F —i,i*F — 0.

In addition, for F' the constant sheaf Z, one has HY(X, jj*F) = H1(X,W;Z)
and HY(X,i,i*F) = H1(W,Z), see section [2.1]

Theorem 2.5.7 (Basic Lemma IT). Let X be an affine variety over k of dimen-
ston n and F' be a weakly constructible sheaf on X. Then there exists a Zariski
open subset j : U — X such the following three properties hold:

1. dim(X \U) <n.
2. HY(X,F') =0 for q # n, where F' := jjj*F C F.
3. If F is constructible, then H™(X, F') is finitely generated.

4. If the stalks of F are torsion free, then H™(X, F') is torsion free.

Version II of the Lemma implies version I. Let V = X \ W with open immer-
sion h : V — X, and the sheaf F' = hih*Z on X. Version II for F' gives an open
subset ¢ : U < X such that the sheaf F/ = £,¢*F has non-vanishing cohomology
only in degree n. Let W/ = X \ U. Since F was zero on W, we have that F” is
zero on Z = W UW’' and it is the constant sheaf on X \ Z, i.e., F/ = jij*F for
Jj: X\ Z — X. In particular, F’ computes the relative cohomology H%(X, Z;Z)
and it vanishes for ¢ # n. Freeness follows from property (3). O

We will give two proofs of the Basic Lemma II below.

2.5.1 Direct proof of Basic Lemma 1

We start by giving a direct proof of Basic Lemma I. It was given by Nori in the
unpublished notes [N1]. Close inspection shows that it is actually a variant of
Beilinson’s argument in this very special case.

Lemma 2.5.8. Let X be affine, W C X closed. Then there exist

1. X smooth projective;
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2. Do, Do C X closed such that DoUD is a simple normal crossings divisor
and X \ Dy is affine;

3w X \ Doo — X proper surjective, an isomorphism outside of Dy such
that Y := m(Dg \ Do, N Dy) contains W and 7= 1(Y) = Dgy \ Do N Dy.

Proof. We may assume without loss of generality that X \ W is smooth. Let
X be a projective closure of X and W the closure of W in X. By resolution
of singularities, there is X o5 X proper surjective and an isomorphism above
X\ W such that X is smooth. Let Do, C X be the complement of the preimage
of X. Let W be the closure of the preimage of X. By resolution of singularities,
we can also assume that W U Dy is a divisor with normal crossings.

Note that X and hence also X are projective. We choose a generic hyperplane
H such that W U Dy, U H is a divisor with normal crossings. This is possible
as the ground field k is infinite and the condition is satisfied in a Zariski open
subset of the space of hyperplane sections. We put Dy = HUW. As H is
a hyperplane section, it is an ample divisor. Therefore, Dy = H U W is the
support of the ample divisor H + mW for m sufficiently large [Ha2l Exer. II
7.5(b)]. Hence X \ Dy is affine, as the complement of an ample divisor in a

projective variety is affine. O

Proof of Basic Lemma I. We use the varieties constructed in the last lemma.
We claim that Y has the right properties if the coefficients form an arbitrary
field K. We have Y D W. From Artin vanishing, see Corollary we
immediately have vanishing of H*(X,Y; K) for i > n.

By excision (see Proposition
HY(X,Y;K)=H(X\ Do, Do\ Dy N Ds; K).
By Poincaré duality for pairs (see Theorem , it is dual to
H?*" /(X \ Dy, Ds \ Do N Do K).

The variety X \ Dy is affine. Hence by Artin vanishing, the cohomology group
vanishes for all ¢ # n and any coefficient field K.

It remains to treat the case of integral coefficients. Let ¢ be the smallest index
such that H*(X,Y;Z) is non-zero. By Artin vanishing for Z-coefficients m
we have 1 < n.

If i < n, then the group H*(X,Y;Z) has to be torsion because the cohomology
vanishes with Q-coefficients. By the universal coefficient theorem [Wel thm.
3.6.4]

H™YX,Y;F,) = Tol (H(X,Y;Z),F,) ,

which implies that H*~!(X,Y;F,) is non-trivial for the occuring torsion primes.
This is a contradiction to the vanishing for K = [F,. Hence i = n. The same
argument shows that H™(X,Y;Z) is torsion-free. O
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2.5.2 Nori’s proof of Basic Lemma II

We now present the proof of the stronger Basic Lemma II published by Nori in
IN2].

We start with a couple of lemmas on weakly constructible sheaves.

Lemma 2.5.9. Let0 — Fy — Fy — F3 — 0 be a short exact sequence of sheaves
on X with Fy, F3 (weakly) constructible. Then Fy is (weakly) constructible.

Proof. By assumption, there are stratifications of X such that F; and F3 become
locally constant, respectively. We take a common refinement. We replace X by
one of the strata and are now in the situation that F; and Fj are locally constant.
Then Fj3 is also locally constant. Indeed, by passing to a suitable open cover
(in the analytic topology), F1 and F3 become even constant. If V' C U is an
inclusion of open connected subsets, then the restrictions Fy(U) — F; (V) and
F5(U) — F3(U) are isomorphisms. This implies the same statement for Fb,
because HY(U, F}) = HY(V,F;) = 0, as constant sheaves do not have higher
cohomology. O

Lemma 2.5.10. The notion of (weak) constructibility is stable under j, for j
an open immersion and 7, for m finite.

Proof. The assertion of j, is obvious, same as for i, for closed immersions.

Now assume 7 : X — Y is finite and in addition étale. Let F be (weakly)
constructible on X. Let Xy, ..., X,, C X be the stratification such that F|x, is
locally constant. Let Y; be the image of X;. These are locally closed subvarieties
of Y because 7 is closed and open. We refine them into a stratification of Y.
As 7 is finite étale, it is locally in the analytic topology of the form I x B with
I finite and B C Y(C) an open in the analytic topology. Obviously 7. F|p is
locally constant on the strata we have defined.

Now let 7 be finite. As we have already discussed closed immersion, it suffices
to assume 7 surjective. There is an open dense subscheme U C Y such 7 is
étale above U. Let U' = 7= Y(U), Z =Y \U and Z’ = X \ U’. We consider the
exact sequence on X

0= junjinF — F = igniy F— 0.
As 7 is finite, the functor m, is exact and hence
0 = mjunjin B — mF — maigiy F — 0.
By Lemma [2.5.9] it suffices to consider the outer terms. We have
T Jundi B = ju«mludin F,

and this is (weakly) constructible by the étale case and the assertion on open
immersions. We also have

W*izl*izzF = iz*7T|Z/*i*Z/F,
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and this is (weakly) constructible by noetherian induction and the case of closed
immersions. O

Nori’s proof of Basic Lemma II. The argument will show a more precise version
of property (3): There exists a finite subset £ C U(C) such that H4™(X) (X, F)
is isomorphic to a direct sum &, F, of stalks of F' at points of E.

Let n := dim(X). In the first step, we reduce to X = A™. We use Noether
normalization to obtain a finite morphism 7 : X — A™. By Lemma [2.5.10] the
sheaf 7, F' is (weakly) constructible.

Let then v : V < A" be a Zariski open set with the property that F’ := vyv*m, F

satisfies the Basic Lemma II on A". Let U := W’l(V)fi>X be the preimage in
X. One has an equality of sheaves:

w1y F = v, F.

Therefore, H1(X, jij*F) = H1(A", vw*n,F) and the latter vanishes for ¢ < n.
The formula for the n-cohomology on A™ implies the one on X.

So let us now assume that F' is weakly constructible on X = A™. We argue by
induction on n and all F'. The case n = 0 is trivial.

By replacing F' by jij*F for an appropriate open j : U — A", we may assume
that F' is locally constant on U and that A™ \ U = V(f). By Noether normal-

ization or its proof, there is a surjective projection map = : A — A”~! such
that 7|y s : V(f) = A"~ is surjective and finite.

We will see in Lemma [2.5.11| that RI7,F = 0 for ¢ # 1 and R'w,F is weakly
constructible. The Leray spectral sequence now gives that

HYA™ F) = H" (A" Rz, F).

In the induction procedure, we apply the Basic Lemma II to R'm, F on A" 1.
By induction, there exists a Zariski open h : V — A"~ ! such that hh*R'7, F
has cohomology only in degree n — 1. Let U := 7~%(V) and j : U < A" be the
inclusion. Then j5*F has cohomology only in degree n. The explicit description
of cohomology in degree n follows from the description of the stalks of R'm,F

in the proof of Lemma [2.5.11 O

Lemma 2.5.11. Let 7 be as in the above proof. Then Rim,F = 0 for q # 1
and R'7w.F is weakly constructible.

Proof. This is a standard fact, but Nori gives a direct proof.

The stalk of RIm,F at y € A" ' is given by HI({y} x A', Fy,3.a1) by the
variation of proper base change in Theorem [2.5.12] below.

Let, more generally, G be a sheaf on A! which is locally constant outside a finite,

non-empty set S. Let T be a tree in A'(C) with vertex set S. Then the restric-
tion map to the tree defines a retraction isomorphism HY(A',G) =2 HY(T,Gr)
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for all ¢ > 0. Using Cech cohomology, we can compute that H 9T,Gr): For
each vertex v € S, let Uy be the star of half edges of length more than half the
length of all outgoing edges at the vertex s. Then U, and U, only intersect if
the vertices a and b have a common edge e = e(a, b). The intersection U, N U,
is contractible and contains the center ¢(e) of the edge e. There are no triple
intersections. Hence HY(T,Gr) = 0 for ¢ > 2. Since G is zero on S, Us is
simply connected, and G is locally constant, G(U,) = 0 for all s. Therefore also
H(T,Gr) = 0 and H'(T,Gr) is isomorphic to @, Gy(e)-

This implies already that Rim,.F = 0 for q # 1.

To show that R'm,F is weakly constructible, means to show that it is locally
constant on some stratification. We see that the stalks (R'm.F'), depend only
on the set of points in {y} x A = 77! (y) where Fi, 3,41 vanishes. But the sets
of points where the vanishing set has the same degree (cardinality) defines a
suitable stratification. Note that the stratification only depends on the branch-
ing behaviour of V(f) — A"~ hence the stratification is algebraic and defined
over k. O

Theorem 2.5.12 (Variation of Proper Base Change). Let 7 : X — Y be a
continuous map between locally compact, locally contractible topological spaces
which is a fiber bundle and let G be a sheaf on X. Assume W C X is closed
and such that G is locally constant on X \ W and 7 restricted to W is proper.
Then (Rim,G), = H1(7m 1 (y), Gr-1(y)) for all g and ally € Y.

Proof. The statement is local on Y, so we may assume that X = T xY is a prod-
uct with 7 the projection. Since Y is locally compact and locally contractible,
we may assume that Y is compact by passing to a compact neighbourhood of y.
As W — Y is proper, this implies that W is compact. By enlarging W, we may
assume that W = K x Y is a product of compact sets for some compact subset
K C X. Since Y is locally contractible, we replace Y be a contractible neigh-
bourhood. (We may loose compactness, but this does not matter anymore.) Let
i: K xY — X be the inclusion and and j : (T'\ K) x Y — X the complement.

Look at the exact sequence

0— le(T\K)xY — G = 1,.Grxy — 0.

The result holds for Gxxy by the usual proper base change.

Since Y is contractible, we may assume that G(p\ x)xy is the pull-back of con-
stant sheaf on 7"\ K. Now the result for jiG 7\ x)xy follows from the Kiinneth
formula. O

2.5.3 Beilinson’s proof of Basic Lemma 11

We follow Beilinson [Bel] Proof 3.3.1. His proof is even more general, as he
does not assume X to be affine. Note that Beilinson’s proof is in the setting
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of étale sheaves, independent of the characteristic of the ground field. We have
translated it to weakly constructible sheaves. The argument is intrinsically
about perverse sheaves, even though we have downplayed their use as far as
possible. For a complete development of the theory of perverse sheaves in the
(weakly) constructible setting see Schiirmann’s monograph [Schii].

Let X be affine reduced of dimension n over a field k C C. Let F' be a (weakly)
constructible sheaf on X. We choose a projective compactification & : X — X
such that  is an affine morphism. Let W be a divisor on X such that F' is a
locally constant sheaf on h: X \ W — X and X \ W is smooth. Then define

M := hh*F.

Let H C X be a generic hyperplane. (We will see in the proof of Lemma |2.5.13
below what the conditions on H are.) Let H = X N H be the hyperplane in X.

We denote by V' = X\ H the complement and by £ : V <+ X the open inclusion.
Furthermore, let ky : VN X — V and £x : VN X — X be the open inclusion
maps, and i : H — X and ix : H < X the closed immersions. We set
U := X\ (WUBH) and consider the open inclusion j : U < X with complement
Z =WU(HNX). Let Mynx be the restriction of M to V N X. Summarizing,
we have a commutative diagram

G

«—
<.

ix

VNnXx 2%, x H

| [~ |
‘ > i =

174 X a.

Lemma 2.5.13. For generic H in the above set-up, there is an isomorphism
00 R, M =5 Rrlx . Mynx

extending naturally id : My~x — Mynx-

Proof. We consider the map of distinguished triangles
W*RkeM — Rk.M — i i*Rx.M
| | l
RetlxiMynx —— Re,M —— . RE.IxM

(the existence of the arrows follows from standard adjunctions together with
proper base change in the simple form x*f, = £x 1k}, and K*i, = ix.K", respec-
tively).

Hence it is sufficient to prove that

i* Riy M —> RFi% M. (2.1)
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To prove this, we make a base change to the universal hyperplane section. In
detail: Let P be the space of hyperplanes in X. Let

Hp — P
be the universal family. It comes with a natural map
i H— X.
Let H be the preimage of X. By [Gro2, pg. 9] and [Jo, Thm. 6.10] there is a
dense Zariski open subset 7' C P such that the induced map
ir:Hp - X xT —X

is smooth.

We apply smooth base change in the square

Hr —)iX’T X

RTJ/ lm
Hr — X
and obtain a quasi-isomorphism
ip Rsu M — Riqai 2 M

of complexes of sheaves on Hr.

We specialize to some ¢t € T'(k) and get a hyperplane t : H C Hr to which we
restrict. The left hand side turns into i* Rk, M

The right hand side turns into
t*RErix M = RE.ty iy oM = RRix M
by applying the generic base change theorem 2.:5.16] to &7 over the base T and
G = iy oM. This requires to shrink T further.
Putting these equations together, we have verified equation O

Proof of Basic Lemma II. We keep the notation fixed in this section. By Artin
vanishing for constructible sheaves (see Theorem|2.5.14)), the group H* (X, jij* F)
vanishes for 4 > n. It remains to show that H*(X,j*F) vanishes for i < n.
We obviously have jij*F = {xyMynx. Therefore,
H'(X,jij*F) = H'(X,{x\Mynx)

= Hl(X RKJ*EXIMVQX)

= Hl(X 00" R M) by[2.5.13
H(V, (Rk M )v)-

C
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The last group vanishes for ¢ < n by Artin’s vanishing theorem for com-
pact supports once we have checked that Rk.My [n] is perverse. Recall that
M = hh*F|x\w with F|x\w locally constant sheaf on a smooth variety. Hence
F|x\w(n] is perverse. Both h and r are affine, hence the same is true for
Rk F|x\w by Theorem 3.

If, in addition, F' is constructible, then by the same theorem, Rn*th\X\W is
perverse for the second t-structure mentionend in Remark [2.5.15 Hence our
cohomology with compact support is also finitely generated.

If the stalks of F' are torsion free, then Rrk.hF|x\w is perverse for the third
t-structure mentionend in Remark [2.5.15] Hence our cohomology with compact
support is also torsion free. O

We now formulate the version of Artin vanishing used in the above proof. If
X is a topological space, and j : X < X an arbitrary compactification, then
cohomology with supports with coefficients in a weakly constructible sheaf G is
defined by

H!(X.G) = H'(X,},0).

It follows from proper base change that this is independent of the choice of
compactification.

Theorem 2.5.14 (Artin vanishing for constructible sheaves). Let X be affine
of dimension n.

1. Let G be weakly constructible on X. Then H1(X,G) =0 for ¢ > n;

2. Let Fo be a perverse sheaf on X for the middle perversity. Then
H1(X,F,) =0 for g < 0. More precisely, the complex R.(X,Fo) comput-
ing cohomology with compact support is in D=0,

3. Let g : U — X be an open immersion and Fe a perverse sheaf on U. Then
both g1 Fe and Rg.Fe are perverse on X.

Proof. The first two statements are [Schil, Corollary 6.0.4, p. 391]. Note that a
weakly constructible sheaf lies in ™ D<"(X) in the notation of loc.cit.

The last statement combines the vanishing results for affine morphisms [Schiil
Theorem 6.0.4, p. 409] with the standard vanishing for all compactifiable mor-
phisms [Schil, Corollary 6.0.5, p. 397] for a morphism of relative dimension
0. O

Remark 2.5.15. For the notion of a t-structure on a triangulated category
and perverse sheaves, see the original reference [BBD]. Actually, as explained
in [Schil, Example 6.0.2, p. 377], there are different possible choices for the
triangulated category and inital t-structure DZ9. In each case there is corre-
sponding middle perverse t-structure by [Schil, Definition 6.0.3, p. 379]. The
theorem applies in all of them.
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1. The category of complexes of sheaves with weakly constructible cohomol-
ogy. It is denoted D(Z) in [Schil, Chapter 6]. The prototype of a perverse
sheaf is a complex of the form F[n] with F a local system on a smooth
variety of dimension n.

2. The category of bounded complexes of sheaves with constructible coho-
mology. It is denoted D(Z)pers in loc.cit. The prototype of a perverse
sheaf is F[n], with F' a local system with finitely generated stalks.

3. In both cases, we can also use the ¢-structure based on * D=C, the subcate-
gory of complexes in positive degrees with HY torsion free. The prototype
of a perverse sheaf in this case is F[n], with F' a local system with torsion
free stalks.

Theorem 2.5.16 (Generic base change). Let S be of finite type over k, f :
X =Y a morphism of S-varieties. Let F be a (weakly) constructible sheaf on
X. Then there is a dense open subset U C S such that:

1. over U, the sheaves R'f.F are (weakly) constructible and almost all van-
ish;

2. the formation of R'f.F is compatible with any base change S' — U C S.

This is the analogue of [SGA 4 1/2, Théoreme 1.9 in sect. Thm. finitude],
which is for constructible étale sheaves in the étale setting.

Proof. The case S =Y was treated by Arapura, see [Aral, Theorem 3.1.10]. We
explain the reduction to this case, using the same arguments as in the étale case.

All schemes can be assumed reduced.

Using Nagata, we can factor f as a composition of an open immersion and
a proper map. The assertion holds for the latter by the proper base change
theorem, hence it suffices to consider open immersions.

As the question is local on Y, we may assume that it is affine over S. We can
then cover X by affines. Using the hypercohomology spectral sequence for the
covering, we may reduce to the case X affine. In this case (X and Y affine, f
an open immersion) we argue by induction on the dimension of the generic fibre
of X —» S.

If n = 0, then, at least after shrinking .S, we are in the situation where f is the
inclusion of a connected component and the assertion is trivial.

We now assume the case n—1. We embed Y into A" and consider the coordinate
projections p; : Y — A§. We apply the inductive hypothesis to the map f over
Ag. Hence there is an open dense U; C Ag such that the conclusion is valid
over p~1U;. Hence the conclusion is valid over their union, i.e., outside a closed
subvariety Y7 C Y finite over S. By shrinking S, we may assume that it is finite
étale.
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We fix the notation in the resulting diagram as follows:

!

X 1oyt vy
\lb/
a by
S

Let j be the open complement of i. We have checked that j*Rf.G is (weakly)
constructible and compatible with any base change. We apply Rb, to the tri-
angle defined by the sequence

17" RfG — Rf«G — ixi"Rf.G

and obtain
Rb,j17* Rf.G — Ra,G — b1,i"Rf.G.

The first two terms are (after shrinking of S) (weakly) constructible by the
previous considerations and the case S = Y. We also obtain that they are
compatible with any base change. Hence the same is true for the third term.
As by is finite étale this also implies that i*Rf.G is (weakly) constructible and
compatible with base change. (Indeed, this follows because a direct sum of
sheaves is constant if and only if every summand is constant.) The same is true
for 515*Rf.G by the previous considerations and base change for j,. Hence the
conclusion also holds for the middle term of the first triangle and we are done.

O

2.6 Triangulation of Algebraic Varieties

If X is a variety defined over Q, we may ask whether any singular homology class
v € HJ™8(X?: Q) can be represented by an object described by polynomials.
This is indeed the case: for a precise statement we need several definitions. The
result will be formulated in Proposition [2.6.8

This section follows closely the Diploma thesis of Benjamin Friedrich, see [Ex].
The results are due to him.

We work over k = @7 i.e., the integral closure of Q in R. Note that @ is a field.

In this section, we use X to denote a variety over @, and X?" for the associated
analytic space over C (cf. Subsection [1.2]).

2.6.1 Semi-algebraic Sets

Definition 2.6.1 ([Hi2, Def. 1.1., p.166]). A subset of R™ is said to be Q-semi-
algebraic, if it is of the form

{z e R"|f(z) > 0}
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for some polynomial f € @[ml, ..., Zy], or can be obtained from sets of this form
in a finite number of steps, where each step consists of one of the following basic
operations:

1. complementary set,

2. finite intersection,

3. finite union.

We need also a definition for maps:

Definition 2.6.2 (Q-semi-algebraic map [Hi2, p. 168]). A continuous map
f between Q-semi-algebraic sets A C R™ and B C R™ is said to be Q-semi-
algebraic, if its graph

Iy:={(a,f(a))|ac A} CAx BCR"™

is @—semi-algebraic.
Example 2.6.3. Any polynomial map
f:A— B
(al’...’an) H (fl(a17"'7an)7'"’fm(al""’an))

between @—semi—algebraic sets A C R™ and B C R™ with f; € @[ml, ey Ty for
i =1,...,mis Q-semi-algebraic, since it is continuous and its graph I'y C R"+™
is cut out from A x B by the polynomials

yi — fi(x1, ..., xn) € @[xl,...,xn,yl,...,ym] for ¢=1,...,m. (2.2)

We can even allow f to be a rational map with rational component functions

fie@(xl,...wn), i=1,....,m

as long as none of the denominators of the f; vanish at a point of A. The
argument remains the same except that the expression has to be multiplied
by the denominator of f;.

Fact 2.6.4 ([Hi2, Prop. II, p. 167], [Sb, Thm. 3, p. 370]).

By a result of Seidenberg-Tarski, the image (respectively preimage) of a @—semi—
algebraic set under a @-semi-algebmic map is again @-semi—algebraic.

As the name suggests, any algebraic set should be in particular @—Semi—algebraic.

Lemma 2.6.5. Let X be a quasi-projective algebraic variety defined over @
Then we can regard the complex analytic space X*" associated to the base change
X=X X5 C as a bounded Q-semi-algebraic subset

X C RY (2.3)

for some N. Moreover, if f : X — Y is a_morphism of varieties defined over
Q, we can consider f*" : X*" — Y?" as a Q-semi-algebraic map.
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Remark 2.6.6. We will mostly need the case when X is even affine. Then
X C C" is defined by polynomial equations with coefficients in Q. We identify
C" = R?" and rewrite the equations for the real and imaginary part. Hence X
is obviously Q-semialgebraic. In the lemma, we will show in addition that X
can be embedded as a bounded Q-semialgebraic set.

Proof of Lemma|2.6.5 First step X = IP’(% : Consider

o P = (]P’(% x@(C)an with homogenous coordinates xg, . . ., x,, which we split
as Ty, = A + 1b,, With a.,, b, € R in real and imaginary part, and

e RN N =2(n+ 1)?, with coordinates {yxi, 2k }k.i=0,....n-

We define an explicit map

Y: PR — RY
(02 12y (4005200, -++,Ynn,2nn)
Rex,7; Im .7
[xoz...:x]l—><..., , .
" Z:’:’LZO Tm|? Z:Ln:() |Zm |?
Ykl Zkl
. ) arar + biby bra; — ayb )
ag+1ibg i ... an +iby]— | ..., ,
(a0 0 " 2 < Z;:o ap, + b3, ZZ@:O a2, + b2’

Ykl 2kl

We can understand this map as a section of a natural fibre bundle on P¢. Its
total space is given by the set E of hermetian (n+ 1) x (n+ 1)-matrices or rank
1. The map

¢ E—P¢

maps a linear map M to its image in C"*!. We get a section of ¢ by mapping
a 1-dimensional subspace L of C**! to the matrix of the orthogonal projection
from C"*! to L with respect to the standard hermetian product on C"*!. We
can describe this section in coordinates. Let (wg,...,2,) € C"*! be a vector
of length 1. Then an elementary computation shows that M = (x;Z;);; is
the hermetian projector to the line L = C(zy,...,x,). Writing the real and
imaginary part of the matrix M separately gives us precisely the formula for .
In particular, ¢ is injective.

Therefore, we can consider P¢ via ¢ as a subset of RYN. It is bounded since
it is contained in the unit sphere S¥~1 C RN. We claim that ¢(PZ) is also

@—semi—algebraic. The composition of the projection
7 R2HDN {(0,...,0)} — PR
(@0, 005 -+ Qnybn) > Jag +ibo t ...t ap + iby]
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with the map v is a polynomial map, hence @—semi—algebraic by Example m
Thus
Im¢or =Imy CRY

is @—semi—algebraic by Fact [2.6.4

Second step (zero set of a polynomial): We use the notation

V(g) :={z € P¢|g(z) =0} for g e€ Clzo,...,z,] homogenous, and
W(h) :={t e RN |n(t) =0} for h € Clyoo,- -, 2nn)-

Let X2 = V(g) for some homogenous g € Q[zo, ..., z,]. Then ¢)(X?*) C RV is

a Q-semi-algebraic subset, as a little calculation shows. Setting for K =0,...,n
gk = “g(zTy)”
= g(T0Tk, - -+, TnTk)

= g((aoax + bobx) + i(boar — aoby), . .., (anak + bpby) + i(byar — anby)),
where z; = a; +ib; for j =0,...,n, and

hi, := g(yok + 20k, - - - » Ynk + i2nk),

we obtain

=) ¥(V(g))
k=0

= [ »(PE) N W (h)
k=0

Il
)=

(PR N W (Re hi) N W (Im hy,).

=~
Il
<

Final step: We can choose an embedding
X C IP’%,
thus getting
X C Pg.
Since X is a locally closed subvariety of }P’%, the space X?" can be expressed in

terms of subvarieties of the form V(g) with g € @[xo, ..., &y], using only the
following basic operations

1. complementary set,
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2. finite intersection,

3. finite union.

Now @-semi—algebraic sets are stable under these operations as well and the first
assertion is proved.

Second assertion: The first part of the lemma provides us with @—semi—algebraic
inclusions

Yp:X™mC PR C RN ,
z=[z0:...:T0] (00,2005 ++Ynns2nn)

p:Y™mC PR C RM :
u=[uo:..ctty] (P00, W00+ Vmm s Winm )

and a choice of coordinates as indicated. We use the notation

V(g) == {(z,u) € P¢ x P¢' | g(z,u) = 0},
for g € Clzg, ..., &, ug,. .., U] homogenous in both z and u, and
W(h) :={t e RN*M | n(t) =0}, for h € Clyoo, - - -, Znn, V00, - - - » Winm) -

Let {U;} be a finite open affine covering of X such that f(U;) satisfies
e f(U;) does not meet the hyperplane {u; =0} C Pg for some 7, and
e f(U;) is contained in an open affine subset V; of Y.

This is always possible, since we can start with the open covering ¥ N {u; # 0}
of Y, take a subordinated open affine covering {V;/}, and then choose a finite
open affine covering {U,} subordinated to {f~!(Vi/)}. Now each of the maps

fii= P s UR — Y

has image contained in V" and does not meet the hyperplane {u € P% |u; = 0}
for an appropriate j
fi: U — V2

Being associated to an algebraic map between affine varieties, this map is ratio-
nal

/!

- g 9@ o gl gl(2)
forer |ﬂo(@ g (2) '}'gg’ﬂ(&) (@)’

with g}, g € @[xo,...,xn], k=0,...,7,...,m. Since the graph [jan of fo»
is the finite union of the graphs I'y, of the f;, it is sufficient to prove that
(¥ x ¢)(T'y,) is a Q-semi-algebraic subset of RN, Now

n o ue  gu(z n o
Ly = (U < VAN () V (k A )) = (U VAN () Vol (2)—u0k (@),
peo \¥ o gi(2) b

ki ki



80 CHAPTER 2. SINGULAR COHOMOLOGY

so all we have to deal with is

V(yegr () — yigi(2)).

Again a little calculation is necessary. Setting

9pq = ““kﬁqgg@fp) - Ujﬂqgfc@fp)”
= UGy (T0Tps - - - s TnTp) — UjUgqh (T0Tp, - - - s TnTp)

((ckcq + didy) +i(drcq — ckdq))

gi ((aoay + boby) + i(boay — agby), . .., (anap + buby) + i(bpa, — anby))
= ((ejeq + djdg) +i(djcq — cjdg))

gk ((agay + boby) + i(boay — agby), - - ., (anay, + byby) + i(bnay — anby)),

where x; = a; +ib; for [ =0,...,n, uy = ¢ +id; for [ =0,...,m, and
hpq = (qu'i‘iwkq)g;@/(yOp"'iZOpa ERR ynp+iznp)_(@jq+iqu)g;c (y0p+i20pa s 7ynp+iznp)a
we obtain

(0 % 0) (V (et (@) -9394 (@) ) =

=@ x &) (V(gpy))

p=0¢=0

n m

= () @ x G x V3™) N W ()
p=04g=0

= @ x &)U x V™) AW (Re hpg) N W (Im fyg).

p=04¢=0

O

2.6.2 Semi-algebraic singular chains

We need further prerequisites in order to state the promised Proposition [2.6.8

Definition 2.6.7 ( [Hi2, p. 168]). By an open simplexr /A’ we mean the interior
of a simplex (= the convex hull of r+1 points in R”™ which span an r-dimensional
subspace). For convenience, a point is considered as an open simplex as well.

The notation Affd will be reserved for the closed standard simplex spanned by
the standard basis

{e;=(0,...,0,1,0,...,0)|i=1,...,d+ 1}

of Ra+1,
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Consider the following data (x):

e X a variety defined over @,
e D a divisor in X with normal crossings,

e and finally v € H;i“g(Xan, D*;Q), p € No.

As before, we have denoted by X" (resp. D®") the complex analytic space
associated to the base change X¢ = X X5 C (resp. Dc =D Xg C).

By Lemma , we may consider both X*" and D*" as bounded @—semi—
algebraic subsets of RY.

We are now able to formulate our proposition.

Proposition 2.6.8. With data (%) as above, we can find a representative of

 that is a rational linear combination of singular simplices each of which is
Q-semi-algebraic.

The proof of this proposition relies on the following proposition due to Lo-
jasiewicz which has been written down by Hironaka.

Proposition 2.6.9 ( [Hi2, p. 170]). For {X;} a finite system of bounded Q-
semi-algebraic sets in R™, there exists a simplicial decomposition

R™ =[] 2%
J

by open simplices Aoj and a @—semz’—algebmic automorphism
k:R" - R"
such that each X; is a finite union of some of the k().

Note 2.6.10. Although Hironaka considers R-semi-algebraic sets, we can safely
replace R by Q in this result (including the fact he cites from [Sb]). The only
problem that could possibly arise concerns a “good direction lemma”:

Lemma 2.6.11 (Good direction lemma for R, [Hi2, p. 172], [KB, Thm. 5.1,
p. 242]). Let Z be a R-semi-algebraic subset of R™, which is nowhere dense. A
direction v € Pﬁfl(R) is called good, if any line [ in R™ parallel to v meets Z
in a discrete (maybe empty) set of points; otherwise v is called bad. Then the
set B(Z) of bad directions is a Baire category set in Pp~'(R).

This gives immediately good directions v € Pg~!(R)\ B(Z), but not necessarily
v e P(%_l(@) \ B(Z). However, in Remark 2.1 of [Hi2], which follows directly
after the lemma, the following statement is made: If Z is compact, then B(Z)
is closed in P§~!(R). In particular P%fl (Q)\ B(Z) will be non-empty. Since we
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only consider bounded @—semi—algebraic sets Z', we may take Z := Z’ (which is
compact by Heine-Borel), and thus find a good direction v € IP’%_l(Q) \ B(Z")
using B(Z’) C B(Z). Hence:

Lemma 2.6.12 (Good direction lemma for @) Let Z' be a bounded Q-semi-
algebraic subset of R", which is nowhere dense. Then the set Pp'(R)\ B(Z)
of good directions is non-empty.

Proof of Proposition[2.6.8 Applying Proposition to the two-element sys-
tem of Q-semi-algebraic sets X2, D C R, we obtain a Q-semi-algebraic

decomposition
RY =] &%
J

of RY by open simplices A’; and a @—semi—algebraic automorphism
k:RY 5 RV,
We write A; for the closure of A;. The sets
K= {25 (A%) € X™) and L= {A%|w(45) € D™}

can be thought of as finite simplicial complexes, but built out of open simplices
instead of closed ones. We define their geometric realizations

|K| = U Ny and |L|:= U A
NjeK NieL

Then Proposition states that k maps the pair of topological spaces (| K|, |L]|)
homeomorphically to (X?2*, D).

Easy case: If X is complete, so is X¢ (by [Ha2, Cor. 11.4.8(c), p. 102]), hence
X2 and D" will be compact [Ha2l B.1, p. 439]. In this situation,
K= {A;|r(A;) CX*™} and L:={A;|k(4A;) C D™}

are (ordinary) simplicial complexes, whose geometric realizations coincide with
those of K and L, respectively. In particular

HI™P (K, L;Q) = HI"(|K],|[L]; Q)
= (K], |IL|;Q) (2.4)
~ Hfing(Xan’Dan;Q).

)

Here Hi™' (K, IL; Q) denotes simplicial homology of course.

We write Ysimpl € Hzimpl (K,L;Q) and Vsing € H;ing(}F| , |f| ; Q) for the image
of v under this isomorphism. Any representative I'gmpi of Ysimpl is & rational
linear combination

I—‘simpl = Z] a; Aj’ a; € Q
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of oriented closed simplices A; € K. We can choose orientation-preserving
affine-linear maps of the standard simplex A;td to A
oj: AN — A; for A € Dgimpl.
These maps yield a representative
Dsing 1= 3_; a; 05

of Ysing. Composing with & yields I' := K,I'sing € v, where I' has the desired
properties.

In the general case, we perform a barycentric subdivision B on K twice (once
is not enough) and define |K| and |L| not as the “closure” of K and L, but as

follows (see Figure [2.1)
K :={A|N € B*K)and A C |K|},
L:={A|N€B*K)and A C|L|}.

(2.5)

—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

ASSUNRRRNRRRNNNNNNNENN
Hil(Xan) ﬂAj KQAJ
Intersection of x~1(X*") with
a closed 2-simplex A;, where
we assume that part of the
boundary 0A; does not be-
long to k1 (X2®)

Intersection of ’F| with A
(the dashed lines show the
barycentric subdivision)

Open simplices of K con-
tained in A;

Figure 2.1: Definition of K

The point is that the pair of topological spaces (‘F , f‘) is a strong deformation

retract of (|K|,|L|). Assuming this, we see that in the general case with K, L
defined as in (2.5)), the isomorphism ({2.4)) still holds and we can proceed as in
the easy case to prove the proposition.

We define the retraction map

po (IK[ < [0,1], L] x [0,1]) — (|K],

)

as follows: Let Aoj € K be an open simplex which is not contained in the
boundary of any other simplex of K and set

inner := AN; N K, outer := Aj \ K.
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Figure 2.2: Definition of g,

Note that inner is closed. For any point p € outer the ray @ from the center
c of A\’ through p “leaves” the set inner at a point g, i.e. c? Ninner equals
the line segment cgy; see Figure 2.2} The map

pJAJX[(Ll]—)AJ

(1) > p if p € inner,
P gp+t-(p—qp) if p € outer

retracts A; onto inner.

Now these maps p; glue together to give the desired homotopy p. O

We want to state one of the intermediate results of this proof explicitly:

Corollary 2.6.13. Let X and D be as above. Then the pair of topological
spaces (X2, D) is homotopy equivalent to a pair of (realizations of ) simplicial
complexes (| XSmP| | Dsmpl)),

2.7 Singular cohomology via the h'-topology

In order to give a simple description of the period isomorphism for singular
varieties, we are going to need a more sophisticated description of singular
cohomology.

We work in the category of complex analytic spaces An.

Definition 2.7.1. Let X be a complex analytic space. The h’-topology on the
category (An/X)y of complex analytic spaces over X is the smallest Grothendieck
topology such that the following are covering maps:

1. proper surjective morphisms;

2. open covers.
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If F is a presheaf of An/X we denote Fy, its sheafification in the h’-topology.

Remark 2.7.2. This definition is inspired by Voevodsky’s h-topology on the
category of schemes, see Section We are not sure if it is the correct analogue
in the analytic setting. However, it is good enough for our purposes.

Lemma 2.7.3. For Y € An let Cy be the (ordinary) sheaf associated to the
presheaf C. Then
Y — Cy(Yq

is an h'-sheaf on An.
Proof. We have to check the sheaf condition for the generators of the topology.
By assumption it is satisfied for open covers. Let Y — Y be proper surjective.

Without loss of generality Y is connected. Let Y; for i € I be the collection of
connected components of Y. Then

erY’:: LJ }Q Xy ¥Y;
i,j€I

4

We have to compute the kernel of

[1c—I]cw: xy V)
icl i,
via the difference of the two natural restriction maps. Comparing a; and a;

in C(Y; xy Y;) we sce that they agree. Hence the kernel is just one copy of
CiZ(Cy(YU. O

Proposition 2.7.4. Let X be an analytic space and i : Z C X a closed sub-

space. Then there is a morphism of sites p : (An/X)y — X. It induces an

isomorphism
Hi

sin (
g

X,Z;C) — Hi ((An/X )y, Ker(Cy — i,Cy))
compatible with long exact sequences and products.

Remark 2.7.5. This statement and the following proof can be extended to
more general sheaves F.

The argument uses the notion of a hypercover, see Definition [1.5.8

Proof. We first treat the absolute case with Z = (). We use the theory of co-
homological descent as developed in [SGA4Vbis]. Singular cohomology satisfies
cohomological descent for open covers and also for proper surjective maps (see
Theorem . (The main ingredient for the second case is the proper base
change theorem.) Hence it satisfies cohomological descent for h’-covers. This
implies that singular cohomology can be computed as a direct limit

l;erfl C(%.),
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where X, runs through all h'-hypercovers. On the other hand, the same limit
computes h’-cohomology, see Proposition [1.6.9| For the general case, recall that
we have a short exact sequence

0—-jC—-C—-i,C—=0

of sheaves on X. Its pull-back to An/X maps naturally to the short exact
sequence
0— Ker((Chr — i*Ch/)) — (Ch/ — i*Ch/ —0.

This reduces the comparison in the relative case to the absolute case once
we have shown that Ri,Cy = i,Cy/. The sheaf R™i,Cy is given by the h'-
sheafification of the presheaf

X’ — H{}/(Z Xx XI,(Ch/) = H;Lng(Z Xx X,,(C)

for X’ — X in An/X. By resolution of singularities for analytic spaces we
may assume that X’ is smooth and Z/ = X’ x x Z a divisor with normal cross-
ings. By passing to an open cover, we may assume that Z’ an open ball in a
union of coordinate hyperplanes, in particular contractible. Hence its singular
cohomology is trivial. This implies that R™¢,Cy = 0 for n > 1. O

Theorem 2.7.6 (Descent for proper hypercoverings). Let D C X be a closed
subvariety and Dy — D a proper hypercover(see Definition , such that
there is a commutative diagram

Dy — X,

l l

D — X

Then one has cohomological descent for singular cohomology:
H*(X,D;7Z) = H* (Cone(Tot(X,) — Tot(D,))[—1];Z) .

Here, Tot(—) denotes the total complex in Z[Var] associated to the corresponding
simplicial variety, see Definition[1.5.11]

Proof. The relative case follows from the absolute case. The essential ingredient
is proper base change, which allows to reduce to the case where X is a point. The
statement then becomes a completely combinatorial assertion on contractibility
of simplicial sets. The results are summed up in [D5] (5.3.5). For a complete
reference see [SGA4Vbis|, in particular Corollaire 4.1.6. O



Chapter 3

Algebraic de Rham
cohomology

Let k be a field of characteristic zero. We are going to define relative algebraic
de Rham cohomology for general varieties over k, not necessarily smooth.

3.1 The smooth case

In this section, all varieties are smooth over k. In this case, de Rham cohomology
is defined as hypercohomology of the complex of sheaves of differentials.
3.1.1 Definition

Definition 3.1.1. Let X be a smooth variety over k. Let Q% be the sheaf of
k-differentials on X. For p > 0 let

08 = APQY

be the exterior power in the category of O x-modules. The universal k-derivation
d: Ox — Q% induces
) +1
dP Q5 — Q5.

We call (Q%,d) the algebraic de Rham complex of X.

If X is smooth of dimension n, the sheaf QY is locally free of rank n. This allows
to define exterior powers. Note that Q% vanishes for i > n. The differential is
uniquely characterized by the properties:

1. d° =d on Ox;

87
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2. dPT1dP = 0 for all p > 0;

3. dwAW) =dwAw + (—1)Pw A dw’ for all local sections w of Q% and w’

p/
of Q.
Indeed, if ¢4, ..., t, is a system of local parameters at € X, then local sections
of Q% mnear = can be expressed as

W= Z Jiyipgdtiy A-eo Ndt;,

1<ig<--<ip<n
and we have

dPw = Z dfllzp AN dtil A A dtip

1<4y <‘-~<ip§n

Definition 3.1.2. Let X be smooth variety over a field k£ of characteristic 0.
We define algebraic de Rham cohomology of X as the hypercohomology

Hgg(X) = H'(X, Q%) .
For background material on hypercohomology see Section
If X is smooth and affine, this simplifies to
Hgg(X) = H'(Q% (X)) .
Example 3.1.3. 1. Consider the affine line X = A} = Speck[t]. Then
Q2L (A1) = [k[t] LN k[t]dt} .
We have
Ker(d) = {P € k[t]|P' =0} =k, TIm(d) = k[t]dt ,
because we have assumed characteristic zero. Hence

OIS
2. Consider the multiplicative group X = G,,, = Specklt,t~!]. Then
QL (G = [k:[t, 1 4 k[t,rl}dt} .
We have
Ker(d) = {P € k[t]|P' =0} =k ,

N
Im(d) = {>_ a;t'dtla_, = 0} ,
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again because of characteristic zero. Hence

k i=0,1,
0 z>1.

HciiR(Gm) = {

The isomorphism for ¢ = 1 is induced by the residue for meromorphic
differential forms.

. Let X be a connected smooth projective curve of genus g. We use the

stupid filtration on the de Rham complex
0— Q%[-1] = Q% = Ox[0] = 0.

The cohomological dimension of any variety X is the index ¢ above which
the cohomology H!(X,F) of any coherent sheaf F vanishes, see [Ha2),
Chap. III, Section 4]. The cohomological dimension of a smooth, projec-
tive curve is 1, hence the long exact sequence reads

0— H YX,Q%) —» Hix(X) — H°(X,Ox)
% HO(X, Q%) - Hig(X) - H'(X,0x)
% HY(X, Q) = H2(X) = 0
This is a special case of the Hodge spectral sequence. It is known to

degenerate (e.g. [D4]). Hence the boundary maps 0 vanish. By Serre
duality, this yields

H(X,0x) =k i=0,
HSR(X): Hl(XaQ%():HO(XvoX)v:k 2227
0 i>2.

The most interesting group for ¢ = 1 sits in an exact sequence
0— H(X,0%)" = Hig(X) — H°(X,Q%) =0

and hence
dim Hlg(X) =2g .

Remark 3.1.4. In these cases, the explicit computation shows that algebraic
de Rham cohomology computes the standard Betti numbers of these varieties.
We are going to show in chapter [f] that this is always true. In particular, it
is always finite dimensional. A second algebraic proof of this fact will also be

given in Corollary

Lemma 3.1.5. Let X be a smooth variety of dimension d. Then Hip(X)
vanishes for ¢ > 2d. If in addition X is affine, it vanishes for i > d.
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Proof. We use the stupid filtration on the de Rham complex. This induces a
system of long exact sequences relating the groups H*(X, Q%) to algebraic de
Rham cohomology.

Any variety of dimension d has cohomological dimension < d for coherent

sheaves [Ha2l ibid.]. All Q are coherent, hence H(X, Q%) vanishes for i > d.
The complex 2% is concentrated in degrees at most d. This adds up to cohomo-
logical dimension 2d for algebraic de Rham cohomology. Affine varieties have
cohomological dimension 0, hence H*(X, Q%) vanishes already for i > 0. O

3.1.2 Functoriality

Let f: X — Y be morphism of smooth varieties over k. We want to explain
the functoriality ‘ .
[P Hag(Y) = Hig(X) -
We use the Godement resolution (see Definition [1.4.8) and put
RT4r(X) =T(X,Gd(Q%)) .
The natural map f~'Ox — Ox induces a unique multiplicative map
oy — Q3 .
By functoriality of the Godement resolution, we have
fIGdx (%) — Gdy (f71Q%) — Gdy (Q3) .
Taking global sections, this yields
RFdR(Y) — RFdR(X) .
We have shown:

Lemma 3.1.6. De Rham cohomology Hig(-) is a contravariant functor on the
category of smooth varieties over k with values in k-vector spaces. It is induced
by a functor

RT4R : Sm — CT(k—Mod) .

Note that Q C k, so the functor can be extended Q-linearly to Q[Sm]. This
allows to extend the definition of algebraic de Rham cohomology to complexes of
smooth varieties in the next step. Explicitly: let X® be an object of C~(Q[Sm]).
Then there is a double complex K**® with

K™ =T(X ", Gd™(Q)) .

Definition 3.1.7. Let X*® be a object of C~(Z[Sm]). We denote the total
complex by
RT4r(X*) = Tot(K**)

and set ‘ ‘
Hip(X*®) = H'(RT4r(X°®) .
We call this the algebraic de Rham cohomology of X*.
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3.1.3 Cup product

Let X be a smooth variety over k. Wedge product of differential forms turns
Q% into a differential graded algebra:

Tot(Q2% @k Q%) — Q% -

The compatibility with differentials was built into the definition of d in Defini-
tion B.T.T1

Lemma 3.1.8. H3;(X) carries a natural multiplication
U Hig(X) @ Hjp (X) = Hyg! (X)
induced from wedge product of differential forms.
Proof. We need to define
RT4r(X) ®k RT4r(X) — RT4r(X)
as a morphism in the derived category. We have quasi-isomorphisms
0% ® 0% — Gd(Q%) ® Gd(2%)
and hence a quasi-isomorphism of flasque resolutions of Q% ® Q%
s: Gd(% @ N%) = Gd(Gd(Q%) ® Gd(2%))
In the derived category, this allows the composition

RU4r(X) @k Rlar(X) = I'(X, Gd(Q%)) @, I'(X, Gd(Q%))
— T(X,Gd(Q%) ® Gd(Q%))
— T (X,Gd(Gd(Q%) ® Gd(2%)))
— sT(X,Gd(Q% @ %))
— I(X,Gd(Q%)) = RT4r(X) .

The same method also allows the construction of an exterior product.

Proposition 3.1.9 (Kiinneth formula). Let X,Y be smooth varieties. There is
a natural multiplication induced from wedge product of differential forms

Hin (X) @ Hip(Y) = Hyg (X x Y) .
It induces an isomorphism

Hip(X x V)= @ Hip(X) e, Hiy(Y) .

i+j=n
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Proof. Let p: X xY — X and ¢ : X XY — Y be the projection maps. The
exterior multiplication is given by

Hig(X) @ Hi (V) 220 Hin(X xY) @ Hi (X x V) 2 HF (X xY) .

The Kiinneth formula is most easily proved by comparison with singular coho-
mology. We postpone the proof to Lemma in Chap. O

Corollary 3.1.10 (Homotopy invariance). Let X be a smooth variety. Then
the natural map

Hir(X) = Hip (X x Al)

is an isomorphism.

Proof. We combine the Kiinneth formula with the compuation in the case of A!
in Example 3.1.3 O

3.1.4 Change of base field

Let K/k be an extension of fields of characteristic zero. We have the corre-
sponding base change functor

X*—>XK

from (smooth) varieties over k to (smooth) varieties over K. Let
m: Xg —> X
be the natural map of schemes. By standard calculus of differential forms,
O/ ET VW =7 ') Q1 K

Lemma 3.1.11. Let K/k be an extension of fields of characteristic zero. Let
X be a smooth variety over k. Then there are natural isomorphisms

Hg (X) @ K — Hyg(Xx) -
They are induced by a natural quasi-isomorphism

RFdR(X) Rk K — RFdR(XK) .

Proof. By functoriality of the Godement resolution (see Lemma [1.4.10) and

k-linarity, we get natural quasi-isomorphisms

T Gdx () @k K = Gdx, (771Q% ) = Gdx o (%, /) -
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As K isflat over k, taking global sections induces a sequence of quasi-isomorphisms

RTar(X) @) K = T(X,Gdx (2% 1)) @k K
=T(Xg, 7 'Gdx (%)) @ K
= T(Xg, 7 'Gdx (0% ;) @k K)
= T'( Xk, Gdx, (e )
= RI'4r(Xk) .

—~

O

Remark 3.1.12. This immediately extends to algebraic de Rham cohomology
of complexes of smooth varieties.

Conversely, we can also restrict scalars.

Lemma 3.1.13. Let K/k be a finite field extension. Let' Y be a smooth variety
over K. Then there are a natural isomorphism

Hg(Y/k) = Hip(Y/K).
They are induced by a natural isomorphism
RFdR(Y/k‘) — RPdR(Y/K)
Proof. We use the sequence of sheaves on Y ([Ha2] Proposition 8.11)
where 7 : Y — SpecK is the structural map. As we are in characteristic 0, we
have Q}. k= 0. This implies that we actually have identical de Rham complexes
;//K = Q;’/k

and identical Godement resolutions. O

3.1.5 Etale topology

In this section, we give an alternative interpretation of algebraic de Rham co-
homology using the étale topology. The results are not used in our discussions
of periods.

Let Xt be the small étale site on X, see section[I.6] The complex of differential
forms Q% can be viewed as a complex of sheaves on X (see [Mi], Chap. II,
Example 1.2 and Proposition 1.3). We write Q%., for distinction.

Lemma 3.1.14. There is a natural isomorphism

Hip(X) = H'(Xer, Q%) -
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Proof. The map of sites s : Xy — X induces a map on cohomology
H' (X, Q%) = H' (X, %) -
We filter Q% by the stupid filtration FPQ%
0 — FPHO% — FPQ% — Q% [-p] = 0

and compare the induced long exact sequences in cohomology on X and X.
As the Q% are coherent, the comparison maps

H' (X, 0%) = H' (Xer, Q%)

are isomorphisms by [Mi] Chap. III, Proposition 3.7. By descending induction
on p, this implies that we have isomorphisms for all FP{)%, in particular for Q%
itself. O

3.1.6 Differentials with log poles

We give an alternative description of algebraic de Rham cohomology using dif-
ferentials with log poles as introduced by Deligne, see [D4], Chap. 3. We are
not going to use this point of view in our study of periods.

Let X be a smooth variety and j : X — X an open immersion into a smooth
projective variety such that D = X \ X is a simple divisor with normal crossings
(see Definition [1.1.2]).

Definition 3.1.15. Let
Q% (D) C 4.0k

be the locally free O g-module with the following basis: if U C X is an affine
open subvariety étale over A™ via coordinates ty,...,t, and D|y given by the
equation t; ...t = 0, then Q% (D)|y has O g-basis

dn b

S bt
tl tr r+1 n

For p > 1 let
0% (D) = APQ% (D) .
We call the Q% (D) the complex of differentials with log poles along D.

Note that the differential of j.Q% respects Q% (D), so that this is indeed a
complex.

Proposition 3.1.16. The inclusion induces a natural isomorphism

H'(X,Q%(D)) = H'(X,0%) .
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Proof. This is the algebraic version of [D4], Prop. 3.1.8. We indicate the argu-
ment. Note that j : X — X is affine, hence j, is exact and we have

H(X, %) = H'(X,1.0%) .

It remains to show that
L: Q% (D) = 7.OQ%

is a quasi-isomorphism, or, equivalently, that Coker(¢) is exact. By Lemma
we can work in the étale topology. It suffices to check exactness in stalks
in geometric points of X over closed points. As X is smooth and D a divisor
with normal crossings, it suffices to consider the case D = V(¢; ...t.) C A™ and
the stalk in 0. As in the proof of the Poincaré lemma, it suffices to consider the
case n = 1. If r = 0, then there is nothing to show.

In remains to consider the following situation: let & = k, O be the henselization
of k[t] with respect to the ideal (t). We have to check that the complex

Ot~ 1/0 — ot~ )/t 1 Odt
is acyclic. The term in degree 0 has the O-basis t=¢ for i > 0. The term in

degree 1 has the O-basis t~‘dt for i > 1. In this basis, the differential has the
form

—pdt i=1.

fﬁ N /% - thtd-fl 1> 17
t* Z

It is injective because char(k) = 0. By induction on i we also check that it is
surjective. O

Corollary 3.1.17. Let X be a smooth variety over k. Then the algebraic de
Rham cohomology groups HcilR(X) are finite dimensional k-vector spaces.

Proof. By resolution of singularities, we can embed X into a projective X such
that D is a simple divisor with normal crossings. By the proposition

Hig(X) = H'(X,Q%(D)) -

Note that all Q%(D) are coherent sheaves on a projective variety, hence the
cohomology groups HP(X,Q% (D)) are finite dimensional over k. We use the
stupid filtration on Q% (D) and the induced long exact cohomology sequence.
By induction, all H?(X, FPQ% (D)) are finite dimensional. O

Remark 3.1.18. The complex of differentials with log poles is studied inten-
sively in the theory of mixed Hodge structures. Indeed, Deligne uses it in [D4] in
order to define the Hodge and the weight filtration on cohomology of a smooth
variety X. We are not going to use Hodge structures in the sequel though.
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3.2 The general case: via the h-topology

We now want to extend the definition to the case of singular varieties and even
to relative cohomology. The most simple minded idea — use Definition -
does not give the desired dimensions.

Example 3.2.1. Consider X = SpecA with A = k[X,Y]/XY, the union of
two affine lines. This variety is homotopy equivalent to a point, so we expect its
cohomology to be trivial. We compute the cohomology of the de Rham complex

A= {dX,dY)4/(XdY +YdX) 4 .

Elements of A can be represented uniquely by polynomials of the form

P= En:aixi + Em:bjw’
i=0 j=1

with

n m
dP = Z ia; XX + Z b;jYI7tdy .
i=1 j=1
P is in the kernel of d if it is constant. On the other hand d is not surjective
because it misses differentials of the form Y?dX.

There are different ways of adapting the definition in order to get a well-behaved
theory.

The h-topology introduced by Voevodsky makes the handling of singular vari-
eties straightforward. In this topology, any variety is locally smooth by resolu-
tion of singularities. The h-sheafification of the presheaf of Kahler differentials
was studied in detail by Huber and Jorder in [HJ]. The weaker notion of eh-
differential was already introduced by Geisser in [Ge].

We review a definition given by Voevodsky in [Voe].
Definition 3.2.2 ([Voe] Section 3.1). A morphism of schemes p : X — Y
is called topological epimorphism if Y has the quotient topology of X. It is

a universal topological epimorphism if any base change of p is a topological
epimorphism.

The h-topology on the category (Sch/X)y of separated schemes of finite type
over X is the Grothendieck topology with coverings finite families {p; : U; — Y'}
such that | J; U; — Y is a universal topological epimorphism.

By [Voe] the following are h-covers:

1. finite flat covers (in particular étale covers);

2. proper surjective morphisms;
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3. quotients by finite groups actions.

The assignment X Qi/k(X) is a presheaf on Sch. We denote by QF (resp.
Qfl /X0 if X needs to be specified) its sheafification in the h-topology, and by

07 (X) its value as abelian group.

Definition 3.2.3. Let X be a separated k-scheme of finite type over k. We
define _ _
Hir(Xn) = H'((Sch/X)n, ) .

Proposition 3.2.4 ([HJ] Theorem 3.6, Proposition 7.4). Let X be smooth over
k. Then

QR (X) = 0F . (X)
and

Hgg (Xn) = Hgg(X) .

Proof. The statement on Qf (X) is [HJ], Theorem 3.6. The statement on the de
Rham cohomology is loc.cit., Proposition 7.4. together with the comparison of
loc. cit., Lemma 7.22. O

Remark 3.2.5. The main ingredients of the proof are a normal form for h-
covers established by Voevodsky in [Voe] Theorem 3.1.9, an explicit computation
for the blow-up of a smooth variety in a smooth center and étale descent for the
coherent sheaves (2}, e

A particular useful h-cover are abstract blow-ups, covers of the form (f : X' —
X,i:Z — X) where Z is a closed immersion and f is proper and an isomor-
phism above X — Z.

Then, the above implies that there is a long exact blow-up sequence
o= Hog(X) = Hig(X') & Hgg(2) = Ha(f71(2)) = ...
induced by the blow-up triangle
71 2)] = X' & [Z] - [X]
in SmCor.
Definition 3.2.6. Let X € Sch and ¢ : Z — X a closed subscheme. Put
Qﬁ/(x,z) = Ker(Qﬁ/X — i*Qﬁ/Z)

in the category of abelian sheaves on (Sch/X)y,.

We define relative algebraic de Rham cohomology as

HgR(Xa Z) = H}’:(X, Qfl/(X,Z)) :
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Lemma 3.2.7 ([HJ] Lemma 7.26). Leti: Z — X be a closed immersion.

1. Then
Ri*Qﬁ/Z = i*Qﬁ/Z

and hence
HY(X,0.9%, ) = HY(Z,9) .

2. The natural map of sheaves of abelian groups on (Sch/X)y

Qﬁ/x —m’*Qﬁ/Z

18 surjective.

Remark 3.2.8. The main ingredient of the proof is resolution of singularities
and the computation of Q) (Z) for Z a divisor with normal crossings: it is given
as Kéhler differentials modulo torsion, see [HJ] Proposition 4.9.

Proposition 3.2.9 ((Long exact sequence) [HJ] Proposition 2.7). Let Z CY C
X be closed immersions. Then there is a natural long exact sequence

= HIR(X,Y) = HIG (X, Z) — HI (Y, Z) — HE (X,Y) — -

Remark 3.2.10. The sequence is the long exact cohomology sequence attached
to the exact sequence of h-sheaves on X

0= Uxyvy = Uz = vz = 0

where 7y : Y — X is the closed immersion.

Proposition 3.2.11 ((Excision) [HlJ] Proposition 7.28). Let 7 : X — X be a
proper surjective morphism, which is an isomorphism outside of Z C X. Let
Z =7n"YZ). Then

H (£, 2) = Hiy (X, 2)

Remark 3.2.12. This is an immediate consequence of the blow-up triangle.

Proposition 3.2.13 ((Kiinneth formula) [HJ] Proposition 7.29). Let Z C X
and Z' C X' be closed immersions. Then there is a natural isomorphism

Hig(X x X', X xZ'UZxX')= @ Hix(X,Z) @x Hig(X',Z') .
a+b=n

Proof. We explain the construction of the map. We work in the category of
h-sheaves of k-vector spaces on X x X’. Note that h-cohomology of an h-sheaf
of k-vector spaces computed in the category of sheaves of abelian groups agrees
with its h-cohomology computed in the category of sheaves of k-vector spaces
because an injective sheaf of k-vector spaces is also injective as sheaf of abelian
groups.
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We abbreviate T'= X x Z' U Z x X’. By h-sheafification of the product of
Kahler differentials we have a natural multiplication

b
prx %, x Pr§/9ﬁ/X/ - Qﬁj_XxX/ :

It induces, with iy : Z — X, iz : Z' - X';and i : T — X x X’
priKer(Q v — iZ*Qﬁ/Z)@)kpr},Ker(Qﬁ/X, — iz/*Qﬁ/Z,) — Ker(Qﬁj}b(Xx, — Z*ijTb) .

The resulting morphism

P x,2) @k PN (0, 20y = Dby xxxor) -
induces a natural Kiinneth morphism
D Hi(X, 2) 0 Hi (X', 7') — Hige (X x X', T) .
a+b=n
We refer to the proof of [HIJ] Proposition 7.29 for the argument that this is an

isomorphism. O

Lemma 3.2.14. Let K/k be an extension of fields of characteristic zero. Let
X be a variety over k and Z C X a subvariety. Then there are natural isomor-
phisms

Hin(X,Z)®p K — Hig (XK, Zk)
They are induced by a natural quasi-isomorphism

RFdR(X) @ K — RFdR(XK) .

Proof. Via the long exact cohomology sequence for pairs, and the long exact
sequence for a blow-up, it suffices to consider the case when X is a single smooth
variety, where it follows from Lemma [3.1.11 O

Lemma 3.2.15. Let K/k be a finite extension of fields of characteristic 0. Let
Y be variety over K and W CY a subvariety. We denote Yy, and Wy, the same
varieties when considered over k.

Then there are natural isomorphisms
Hig (Y, W) = Hig (Yi, Wy) -
They are induced by a natural quasi-isomorphism

RFdR(Y) — RFdR(YK) .

Proof. Note that if a variety is smooth over K, then it is also smooth when
viewed over k.

The morphism on cohomology is induced by a morphism of sites from the cate-
gory of k-varieties over Y to the category of K-varieties over k, both equipped
with the h-topology. The pull-back of the de Rham complex over Y maps to
the de Rham complex over Y. Via the long exact sequence for pairs and the
blow-up sequence, it suffices to show the isomorphism for a single smooth Y.
This was settled in Lemma B.T.13 O
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3.3 The general case: alternative approaches

We are now going to present a number of earlier definitions in the literature.
They all give the same results in the cases where they are defined.

3.3.1 Deligne’s method

We present the approach of Deligne in [D5]. A singular variety is replaced by a
suitable simplicial variety whose terms are smooth.
3.3.2 Hypercovers

See Section[I.5]for basics on simplicial objects. In particular, we have the notion
of an S-hypercover for a class of covering maps of varieties.

We will need two cases:

1. S is the class of open covers, i.e., X = [[I"; U; with U; C Y open and
such that |J;_, U; =Y.

2. S the class of proper surjective maps.
Lemma 3.3.1. Let X — Y be in S. We put
Xe = cosqéfX .
In explicit terms,
X, =X Xy ---xy X (p+1 factors)

where we number the factors from 0 to p. The face map 0; is the projection
forgetting the factor number i. The degeneration s; is induced by the diagonal
from the factor i into the factors i and i+ 1.

Then Xo — Y is an S-hypercover.

Proof. By [SGA4.2] Exposé V, Proposition 7.1.2, the morphism
C08qg — €0Sq,,_19G,,_1CO8q

is an isomorphism of functors for n > 1. (This follows directly from the ad-
junction properties of the coskeleton functor.) Hence the condition on X, is
satisfied trivially for n > 1. In degree 0 we consider

Xo =X — (cosq”;sq_qcosq} )o =Y .

By assumption, it is in S. O
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It is worth spelling this out in complete detail.

Example 3.3.2. Let X = [[',U; with U; C Y open. For ig,...,i, €
{1,...,n} we abbreviate

Y= I Ui,

with face and degeneracy maps given by the natural inclusions. Let F be a
sheaf of abelian groups on X. Then the complex associated to the cosimplicial
abelian group F(X,) is given by

l F Uz — l F Uig,il — ; F Uio,il,lé — ...
Pru)— P FUin) P F )
1=1

i0,81=1 0,%1,12=1
with differential

p+1

P, . — .
P ()i, .1, = E :O‘io,...,ij,...,v:pH

Jj=0

U;

i.e., the differential of the Cech complex. Indeed, the natural projection
F(Xe) = C* (W, F)
to the Cech complex (see Definition [1.4.12) is a quasi-isomorphism.

Definition 3.3.3. We say that X, — Y, is a smooth proper hypercover if it is
a proper hypercover with all X,, smooth.

Example 3.3.4. Let Y = Y, U ... Y, with ¥; C Y closed. For ig,...,i, =
1,...,n put
Y;

Assume that all ¥; and all Y, .

0,...,’ip = }/io n.. }/Zp .

i, are smooth.
Then X = ]_[?Zl Y, — Y is proper and surjective. The proper hypercover X, is
nothing but
X, = H Y, N...Y;,
$0yeeyin =07
with face and degeneracy maps given by the natural inclusions. Hence X, — Y
is a smooth proper hypercover. As in the open case, the projection to Cech

complex of the closed cover 9 = {V;}™, is a quasi-isomorphism.

Proposition 3.3.5. Let Y, be a simplicial variety. Then the system of all
proper hypercovers of Yo is filtered up to simplicial homotopy. It is functorial in
Y,. The subsystem of smooth proper hypercovers is cofinal.
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Proof. The first statement is [SGA4.2], Exposé V, Théoréme 7.3.2. For the
second assertion, it suffices to construct a smooth proper hypercover for any
Y.. Recall that by Hironaka’s resolution of singularities [Hil], or by de Jong’s
theorem on alterations [dJ], we have for any variety Y a proper surjective map
X — Y with X smooth. By the technique of [SGA4.2], Exposé Vbis, Proposi-
tion 5.1.3 (see also [D5] 6.2.5), this allows to construct X,. O

3.3.3 Definition of de Rham cohomology in the general
case

Let again k£ be a field of characteristic 0.

Definition 3.3.6. Let X be a variety over £ and X, — X a smooth proper
hypercover. Let C(X,) € ZSm be the associated complex We define algebraic
de Rham cohomology of X by

Hgp(X) = H' (RTar (X))
with RT4r as in Definition[3:1.7] Let D C X be a closed subvariety and Dy — D
a smooth proper hypercover such that there is a commutative diagram

Dy, — X,

L

D —— X

We define relative algebraic de Rham cohomology of the pair (X, D) by
H!x(X,D) = H" (Cone(RT'(X,) — RI'(D,))[-1]) .

Proposition 3.3.7. Algebraic de Rham cohomology is a well-defined functor,
independent of the choice of hypercoverings of X and D.

Remark 3.3.8. RI'yr defines a functor
Var — KT (k—Vect)

but not to C*(k—Vect). Hence it does not extend directly to C®(Q[Var]). We
avoid addressing this point by the use of the h-topology instead.

Proof. This is a special case of descent for h-covers and hence a consequence of
Proposition [3.2.4]

Alternatively, we can deduce if from the case of singular cohomology. Recall
that algebraic de Rham cohomology is well-behaved with respect to extensions
of the ground field. Without loss of generality, we may assume that k is finitely
generated over Q and hence embeds into C. Then we apply the period iso-
morphism of Definition It remains to check the analogue for singular
cohomology. This is Theorem [2.7.6 O
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Example 3.3.9. Let X be a smooth affine variety and D a simple divisor with
normal crossings. Let Dy, ..., D, be the irreducible components. Let X, be the
constant simplicial variety X and D, as in Example Then algebraic de
Rham cohomology D is computed by the total complex of the double complex
(Ds,,...i, being the (p 4 1)-fold intersection of components)

KP4 — @ QqDl . (Di07~--7ip)

) ) Oseees ip
1< <ip

with differential d” = Y37 (—1)797 the Cech differential and 677 differentia-
tion of differential forms.

Relative algebraic de Rham cohomology of (X, D) is computed by the total
complex of the double complex

1 — Kr=la p>0,
QLX) p=0.

Remark 3.3.10. Establishing the expected properties of relative algebraic de
Rham cohomology is lengthy. Particularly complicated is the handling of the
multiplicative structure which uses the the functor between complexes in Z[Sm)]
and simplicial objects in Z[Sm] and the product for simplicial objects. We do
not go into the details but rely on the comparison with h-cohomology instead.

3.3.4 Hartshorne’s method

We want to review Hartshorne’s definition from [Hal]. As before let k be a field
of characteristic 0.

Definition 3.3.11. Let X be a smooth variety over k, i : Y C X a closed
subvariety. We define algebraic de Rham cohomology of Y as

Hﬁde(Y) = H’(X,Q}%

where X is the formal completion of X along ¥ and QB( the formal completion
of the complex of algebraic differential forms on X.

Proposition 3.3.12 ([Hal] Theorem (1.4)). Let Y be as in Definition|3.3.11}
Then H}I_dR(Y) is independent of the choice of X. In particular, if Y is smooth,
the definition agrees with the one in Definition[3.1.3

Theorem 3.3.13. The three definition of algebraic de Rham cohomology (Def-
inition[3.3.6 via hypercovers, Definition[3.3.11) via embedding into smooth vari-
eties, Definition m using the h-topology) agree.

Proof. The comparison of Hi;_z(X) and Hiz(Xen) is [Ge], Theorem 4.10. It
agrees with Hip (Xy,) by [HIJ], Proposition 6.1. By [HLJ], Proposition 7.4 it agrees
also with the definition via hypercovers. O
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3.3.5 Using geometric motives

In Chapter [I0] we are going to introduce the triangulated category of effective
geometric motives DMgeff1 over k with coefficients in Q. We only review the
most important properties here and refer to Chapter for more details. For
technical reasons, it is easier to work with the affine version.

The objects in DMge,[f,[f1 are the same as the objects in C®(SmCor) where SmCor
is the category of correspondences, see Section[I.I]and we denote SmCorAff the
full subcategory with objects smooth affine varieties.

Lecomte and Wach in [LW] explain how to define an operation of correspon-
dences on Q% (X). We give a quick survey of their method.

For any normal variety Z let Q2" be the Oz-double dual of the sheaf of p-
differentials. This is nothing but the sheaf of refierive differentials on Z.

If Z/ — Z is a finite morphism between normal varietes which is generically
Galois with covering group G, then by [Knl|

O (Z) = Q% (2)C .

Let X and Y be smooth affine varieties. Assume for simplicity that X and Y
are connected. Let T' € Cor(X,Y) be a prime correspondence, i.e., ' C X XY
an integral closed subvariety which is finite and dominant over X. Choose a
finite T — T such that T is normal and the covering I' — X generically Galois
with covering group G. In this case, X = f/G

Definition 3.3.14. For a correspondence I" € Cor(X,Y") as above, we define
r*:05(Y) = Q% (X)
as the composition

1 x
o k% /T [G] ZQEGg

Q3(Y) = Qu(f) — 08 (F) D200 0 ()9 = % (X)

This is well-defined and compatible with composition of correspondences. We
can now define de Rham cohomology for complexes of correspondences.

Definition 3.3.15. Let X* € C*(SmCorAff). We define
RFdR(X-) = TOtRFdR(Xn)nEZ .

and _ ‘
Hir(Xe) = H'RT'4r(X,) .

Note that there is a simple functor SmAff — SmCor. It assigns an object to
itself and a morphism to its graph. This induces

i: C*(Q[SmAfF]) — DMg! .
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By construction,
fr=T3:0%(Y) = Q% (X)

for any morphism f : X — Y between smooth affine varieties. Hence,
RT4r(Xe) = RT4r(i1(X,)),
where the left hand side was defined in Definition B.1.7

Proposition 3.3.16 (Voevodsky). The functor i extends naturally to a functor
i: C*(Q[Var]) — DM .

Proof. The category of geometric motives constructed from affine varieties only
agrees with the original DMgH . For details, see [Hal.

The extension to all varieties is a highly non-trivial result of Voevodsky. By
[VSF], Chapter V, Corollary 4.1.4, there is functor

Var — DMgp, .

Indeed, the functor
X — C.L(X)

of loc. cit., Section 4.1, which assigns to every variety a homotopy invariant
complex of Nisnevich sheaves, extends to C?(Z[Var]) by taking total complexes.
We consider it in the derived category of Nisnevich sheaves. Then the functor
factors via the homotopy category K°(Z[Var]).

By induction on the length of the complex, it follows from the result quoted
above that C, L(-) takes values in the full subcategory of geometric motives. [

Definition 3.3.17. Let D C X be a closed immersion of varieties. We define
HQR(X,D) = HiRI‘dR(i([D - X)),
where [D — X|] € C®(Z[Var]) is concentrated in degrees —1 and 0.

Proposition 3.3.18. This definition agrees with the one given in Definition

(234

Proof. The easiest way to formulate the proof is to invoke another variant of
the category of geometric motives. It does not need transfers, but imposes h-

descent instead. Scholbach [Schll Definition 3.10] defines the category DMgegh

as the localization of K~ (Q[Var]) with respect to the triangulated subcategory
generated by complexes of the form X x A! — X and h-hypercovers X, — X

and closed under certain infinite sums. By definition of DMggl’ n, any hypercov-

ering X, — X induces an isomorphism of the associated complexes in DM gefl’ h-
By resolution of singularities, any object of DMgg’h is isomorphic to an ob-

ject where all components are smooth. Hence we can replace K~ (Q[Var]) by
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K~ (Q[Sm]) in the definition without any change. We have seen how algebraic de
Rham cohomology is defined on K~ (Q[Sm]). By homotopy invariance (Corol-
lary [3.1.10) and h-descent of the de Rham complex (Proposition , the

definition of algebraic de Rham cohomology factors via DMg;{ B

This gives a definition of algebraic de Rham cohomology for K~ (Q[Var]) which
by construction agrees with the one in Definition On the other hand,
the main result of [Schi] is that DMST can be viewed as full subcategory of

DMy off m,n- Lhis inclusion maps the motlve of a (possibly singular) variety to the
motlve of a variety. As the two definitions of algebraic de Rham cohomology of
motives agree on motives of smooth varieties, they agree on all motives. O

3.3.6 The case of divisors with normal crossings

We are going to need the following technical result in order to give a simplified
description of periods.

Proposition 3.3.19. Let X be a smooth affine variety of dimension d and
D C X a simple divisor with normal crossings. Then every class in H(‘fR(X, D)
is represented by some w € Q% (X).

The proof will be given at the end of this section.

Let D = D; U---U D, be the decomposition into irreducible components. For
I c{1,...,n}, let again
=D

iel
Recall from Example that the de Rham cohomology of (X, D) is computed
by the total complex of

(X) >y (D) =Py, (Dij) ==, (D)

i<J

Note that D; has dimension d — |I|, hence the double complex is concentrated
in degrees p,q > 0, p+ ¢ < d. By definition, the classes in the top cohomology
group Hd, (X, D) are presented by a tuple

(Wo, Wi, -+ wy) wo € %Y (X),w; € @ Q‘Z—,_Ii(DI) ,i>0.
=

All such tuples are cocycles for dimension reasons. We have to show that,
modulo coboundaries, we can assume w; = 0 for all i > 0.

Lemma 3.3.20. The maps
Qd 1 4) @ Qd 1
@ Qd s— 1 @ Qd s— 1 )

[I|=s |J|=s+1
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are surjective.

Proof. X and all D; are assumed affine, hence the global section functor is
exact. It suffices to check the assertion for the corresponding sheaves on X and
hence locally for the étale topology. By replacing X by an étale neighbourhood
of a point, we can assume that there is a global system of regular paramters
t1,...,tqg on X such that D; = {t; =0} for i = 1,...,n. First consider the case
s = 0. The elements of Q%:I(Di) are locally of the form f;dt; A-- AdE A Ay
(omitting the factor at ). Again by replacing X by an open subvariety, we can
assume they are globally of this shape. The forms can all be lifted to X.

n
i=1
is the preimage we were looking for.

For s > 1 we argue by induction on d and n. If n = 1, there is nothing to show.
This settles the case d = 1. If n > 0, consider the decomposition

0 0
ap, N (Dr) —— S?) Q5,7 (Dy)
[I|=s,IC{1,....n—1} |J|=s+1,JC{1,...,n—1}
5 D) ®  0h D)
[I|=s,IC{1,...,n} |J|=s+1,JC{1,...,n}
® b —— ® ooy
|I|l=s,IC{1,...,n},nel |J|=s+1,JC{1,...,n},neJ
0 0

The arrow on the top is surjective by induction on n. The arrow on the bottom
reproduces the assertion for X replaced by D,, and D replaced by D,, N (D U
-+ U D,_1). By induction, it is surjective. Hence, the arrow in the middle is
surjective. O

Proof of Proposition[3.3.19 Consider a cocycle w = (wp, w1, .. .,w,) as explained
above. We argue by descending induction on the degree i. Consider w, €
D= Q%‘I"(DI). By the lemma, there is

wy_1 € @ Q%_I”(DI)

|[I|=n—1
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such that w],_; = w,. We replace w by w £ dw),_; (depending on the signs in
the double complex). By construction, its component in degree n vanishes.

Hence, without loss of generality, we have w,, = 0. Next, consider w,_1 etc. [



Chapter 4

Holomorphic de Rham
cohomology

We are going to define a natural comparison isomorphism between de Rham
cohomology and singular cohomology of varieties over the complex numbers.
The link is provided by holomorphic de Rham cohomology which we study in
this chapter.

4.1 Holomorphic de Rham cohomology

Everything we did in the algebraic setting also works for complex manifolds,
indeed this is the older notion.

We write 04! for the sheaf of holomorphic functions on a complex manifold X.

4.1.1 Definition

Definition 4.1.1. Let X be a complex manifold. Let Q% be the sheaf of
holomorphic differentials on X. For p > 0 let

08 = APQY

be the exterior power in the category of O%l-modules and (2%, d) the holomor-
phic de Rham complex.

The differential is defined as in the algebraic case, see Definition

Definition 4.1.2. Let X be a complex manifold. We define holomorphic de
Rham cohomology of X as hypercohomology

g (X) = H'(X,9%) .

109
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As in the algebraic case, de Rham cohomology is a contravariant functor. The
exterior products induces a cup-product.

Proposition 4.1.3 (Poincaré lemma). Let X be a compler manifold. The
natural map of sheaves C — O%' induces an isomorphism

HL (X, C) — Higan(X) .

sing

Proof. By Theorem [2.2.5] we can compute singular cohomology as sheaf coho-
mology on X. It remains to show that the complex

0-C—-0¥ -0k -0% — ...

is exact. Let A be the unit ball in C. The question is local, hence we may
assume that X = A% There is a natural isomorphism

N = (08)%
Hence it suffices to treat the case X = A. In this case we consider
0— C — O"(A) = O™ (A)dt =0 .

The elements of O"!(A) are of the form _,., a;t* with radius of convergence
1. The differential has the form -

D ait' =Y iat Tt
i>0 i>0
The kernel is given by the constants. It is surjective because the antiderivative

has the same radius of convergence as the original power series. O

Proposition 4.1.4 (Kiinneth formula). Let X, Y be complex manifolds. There
18 a natural multiplication induced from wedge product of differential forms

Hin (X) @ Hp(Y) = Hig (X < Y) .
It induces an isomorphism

Hig(X xY) ED Hip(X) ©p Hig(Y) .
i+j=n

Proof. The construction of the morphism is the same as in the algebraic case,
see Proposition The quasi-isomorphism C — Q¢ is compatible with the
exterior products. Hence the isomorphism reduces to the Kiinneth isomorphism
for singular cohomology, see Proposition O
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4.1.2 Holomorphic differentials with log poles

Let j : X — X be a an open immersion of complex manifolds. Assume that
D = X -~ X is a divisor with normal crossings, i.e., locally on X there is
a coordinate system (t1,...,t,) such that D is given as the set of zeroes of
tthtT w1th0§r STL

Definition 4.1.5. Let
0% (D) C .0k

be the locally free O gz-module with the following basis: if U C X is an open
with coordinates t1,...,t, and D|y given by the equation t; ...t = 0, then
Q% (D)|y has O%'-basis

dtq dt,
— ey, —dtg 1, dEy,
tl ) ) tr ) +1
For p > 1 let
O (D) = APQ% (D) .

We call the Q% (D) the complex of differentials with log poles along D.

Note that the differential of j.Q% respects Q% (D), so that this is indeed a
complex.

Proposition 4.1.6. The inclusion induces a natural isomorphism

H'(X,Q%(D)) — H'(X,Q%) -

This is [D4] Proposition 3.1.8. The algebraic analogue was treated in Proposi-
tion [3.1.16

Proof. Note that j : X — X is Stein, hence j, is exact and we have
H'(X,0%) = H'(X,j.0%) -

It remains to show that
L Q% (D) = 0%

is a quasi-isomorphism, or, equivalently, that Coker(:) is exact. The statement
is local, hence we may assume that X is a coordinate ball and D = V (¢; ...t,).
We consider the stalk in 0. The complexes are tensor products of the complexes
in the 1-dimensional situation. Hence it suffices to consider the case n = 1. If
r = 0, then there is nothing to show.

In remains to consider the following situation: let O"! be ring of germs of
holomorphic functions at 0 € C and K"! the ring of germs of holomorphic
functions with an isolated singularity at 0. The ring O is given by power
series with a positive radius of convergence. The field X"°! is given by Laurent
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series converging on some punctured neighborhood {¢ | 0 < t < €}. We have to
check that the complex

’Chol/ohol — (Khol/t—lohol)dt

is acyclic.

We pass to the principal parts. The differential has the form
Zait_i — Z(—i)ait_i_l
i>0 i>0
It is obviously injective. For surjectivity, note that the antiderivative
D S A
S — —j+1
i>1 i>1

maps convergent Laurent series to convergent Laurent series. O

4.1.3 GAGA

We work over the field of complex numbers.

An affine variety X C Ag is also a closed set in the analytic topology on C". If
X is smooth, the associated analytic space X" in the sense of Section [1.2.1]is
a complex submanifold. As in loc. cit., we denote by

a: (X 0% - (X,0x)

the map of locally ringed spaces. Note that any algebraic differential form is
holomorphic, hence there is a natural morphism of complexes

a 0% — Q%an -

It induces
a* : H(ZiR(X) — HéRan(an) .

Proposition 4.1.7 (GAGA for de Rham cohomology). Let X be a smooth
variety over C. Then the natural map

o L Hig(X) — Higan (X7)
is an isomorphism.

If X is smooth and projective, this is a standard consequence of Serre’s com-
parison result for cohomology of coherent sheaves (GAGA). We need to extend
this to the open case.
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Proof. Let j : X — X be a compactification such that D = X \ X is a simple
divisor with normal crossings. The change of topology map « also induces
a™tj Q% = 5
which respects differential with log-poles
a Qg (D) = j20%.. (D) .
Hence we get a commutative diagram

Hip(X)  ——  Higa (X™)

I I

H'(X,Q%(D)) —— H'(X™,0%..(D™))

By Proposition 3.1.16]in the algebraic, and Proposition[f.1.6]in the holomorphic
case, the vertical maps are isomorphism. By considering the Hodge to de Rham
spectral sequence (attached to the stupid filtration on Q% (D)), it suffices to
show that

HP(X, Q%(D)) — HP(X™ Q%L (D))

an

is an isomorphism for all p,q. Note that X is smooth, projective and Q%(D) is

coherent. Its analytification a‘lﬂ?{ (D)®a-104 (’)?—("alu is nothing but Q% (D>?).
By GAGA [Sel], we have an isomorphism in cohomology. O

4.2 De Rham cohomology via the h'-topology

We address the singular case via the h'-topology on (An/X) introduced in Def-
inition 2771
4.2.1 N/-differentials
Definition 4.2.1. Let €, be the h'-sheafification of the presheaf
Y — QU(Y)

on the category of complex analytic spaces An.
Theorem 4.2.2 (Jorder [Jo€]). Let X be a complex manifold. Then

Q5 (X) = (X) .

Proof. Jorder defines in [Joe, Definition 1.4.1] what he calls h-differentials Q
as the presheaf pull-back of 2P from the category of manifolds to the category
of complex analytic spaces. (There is no mention of a topology in loc.cit.) In
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[Jo€, Proposition 1.4.2 (4)] he establishes that Qf (X) = Q% (X) in the smooth
case. It remains to show that QF = Qf,. By resolution of singularities, every
X is smooth locally for the h'-topology. Hence it suffices to show that Q} is
an h'-sheaf. By [Joe, Lemma 1.4.5], the sheaf condition is satisfied for proper
covers. The sheaf condition for open covers is satisfied because already QF; is a
sheaf in the ordinary topology. O

Lemma 4.2.3 (Poincaré lemma). Let X be a complex analytic space. Then the

complex
(Ch/ — Q}.ﬂ

of h'-sheaves on (An/X)y is exact.

Proof. We may check this locally in the h’-topology. By resolution of singuarities
it suffices to consider sections over some Y which is smooth and even an open
ball in C". By Theorem [£:2.2] the complex reads

C—Ou(Y) .
By the ordinary holomorphic Poincaré Lemma it is exact. O

Remark 4.2.4. The main topic of Jorder’s thesis [Joe] is to treat the question
of a Poincaré Lemma for h’-forms with respect to the usual topology. This is
more subtle and fails in general.

4.2.2 De Rham cohomology

We now turn to de Rham cohomology.

Definition 4.2.5. Let X be a complex analytic space.

1. We define h'-de Rham cohomology as hypercohomology

g (Xiv) = Hip((Sch/X )1, Q) .

2. Let i : Z — X a closed subspace. Put

Qﬁ/(xz) = Ker(Qﬁ/X — i*Qﬁ/z)

in the category of abelian sheaves on (An/X)y .

We define relative h'-de Rham cohomology as
Higon (Xw, Znr) = H}fl((An/X)h/vQﬁ/(x,Z)) ‘

Lemma 4.2.6. The properties (long exact sequence, excision, Kinneth for-
mula) of relative algebraic H-de Rham cohomology (see Section are also
satisfied in relative h'-de Rham cohomology.
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Proof. The proofs are the same as Section respectively in [HJ, Section 7.3].
The proof relies on the computation of QF, (D) when D is a normal crossings
space. Indeed, the same argument as in the proof of [HJ, Proposition 4.9] shows
that

O, (D) = QY (D) /torsion .

O
As in the previous case, exterior multiplication of differential forms induces a
product structure on h’-de Rham cohomology.

Corollary 4.2.7. For all X € An and closed immersions i : Z — X the
inclusion of the Poincaré lemma induces a natural isomorphism

%
Hsing

(X,Z,C) = Higen(Xn, Znr) ,

compatible with long exact sequences and multiplication. Moreover, the natural
map | |
Higan (Xp) = Higan (X)

18 an isomorphism if X is smooth.
Proof. By the Poincaré Lemma we have a natural isomorphism
H}il/(Xh/, Zh/, Ch/) — H(iiRan (Xh/, Zh/) .

We combine it with the comparison isomorphism with singular cohomology of
Proposition

The second statement holds because both compute singular cohomology by

Prop. and Prop. O
4.2.3 GAGA

We work over the base field C. As before we consider the analytification functor
X — X

which takes a separated scheme of finite type over C to a complex analytic space.
We recall the map of locally ringed spaces

o XM= X
We want to view it as a morphism of topoi
a: (An/X*)p — (Sch/X)y .

Definition 4.2.8. Let X € Sch/C. We define the h’-topology on the category
(Sch/X )y to be the smallest Grothendieck topology such that the following are
covering maps:
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1. proper surjective morphisms;

2. open covers.

If F is a presheaf of An/X, we denote by Fy its sheafification in the h’-topology.

Lemma 4.2.9. 1. The morphism of sites (Sch/X )y, — (Sch/X)y induces
an isomorphism on the categories of sheaves.

2. The analytification functor induces a morphism of sites
(An/Xa“)h/ — (SCh/X)h/ .

Proof. By [Voe] Theorem 3.1.9 any h-cover can be refined by a cover in normal
form which is a composition of open immersions followed by proper maps. This
shows the first assertion. The second is clear by construction. O

By h’-sheafifiying, the natural morphism of complexes
a % = Q%an
of Section [4.1.3] we also obtain
alQr = Qp
on (An/X?*")p,. Tt induces
o+ Hig (Xn) = Higen (X37) -

Proposition 4.2.10 (GAGA for h’-de Rham cohomology). Let X be a variety
over C and Z a closed subvariety. Then the natural map

o T Hig (Xn, Zn) — Higan (XPP, Z20)
18 an tsomorphism. It is compatible with long exact sequences and products.

Proof. By naturality, the comparison morphism is compatible with long exact
sequences. Hence it suffices to consider the absolute case.

Let X, — X be a smooth proper hypercover. This is a cover in h’-topology,
hence we may replace X by X, on both sides. As all components of X,
are smooth, we may replace h-cohomology by Zariski-cohomology in the al-
gebraic setting (see Proposition . On the analytic side, we may replace
h’-cohomology by ordinary sheaf cohomology (see Corollary . The state-
ment then follows from the comparison in the smooth case, see Proposition

190 O



Chapter 5

The period isomorphism

The aim of this section is to define well-behaved isomorphisms between singular
and de Rham cohomology of algebraic varieties.

5.1 The category (k,Q)—Vect

We introduce a simple linear algebra category which will later allow to formalize
the notion of periods. Throughout, let £ C C be a subfield.

Definition 5.1.1. Let (k, Q)—Vect be the category of triples (Vi, Vi, ¢c) where
Vi is a finite dimensional k-vector space, Vg a finite dimensional Q-vector space
and

¢c: Vi ® C— Vo ®qC
a C-linear isomorphism. Morphisms in (k,Q)—Vect are linear maps on Vj, and
Vi compatible with comparison isomorphisms.

Note that (k,Q)—Vect is a Q-linear additive tensor category with the obvious
notion of tensor product. It is rigid, i.e., all objects have strong duals. It is even
Tannakian with projection to the Q-component as fibre functor.

For later use, we make the duality explicit:

Remark 5.1.2. Let V = (V, Vi, éc) € (k, Q)—Vect. The the dual V'V is given
by

VY= (Vg ()
where -* denotes the vector space dual over k and Q or C. Note that the inverse
is needed in order to make the map go in the right direction.

Remark 5.1.3. The above is a simplification of the category of mixed Hodge
structures introduced by Deligne, see [D4]. It does not take the weight and
Hodge filtration into account. In other words: there is a faithful forgetful functor
from mixed Hodge structures over k to (k,Q)—Vect.

117
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Example 5.1.4. The invertible objects are those where dimy Vi, = dimg Vg =
1. Up to isomorphism they are of the form

L(a) = (k,Q, ) with a € C* .

5.2 A triangulated category

We introduce a triangulated category with a t-structure whose heart is (k, Q)—Vect.

Definition 5.2.1. A cohomological (k,Q)—Vect-complex consists of the follow-
ing data:

e a bounded below complex K} of k-vector spaces with finite dimensional
cohomology;

e a bounded below complex K¢ of Q-vector spaces with finite dimensional
cohomology;

e a bounded below complex K¢ of C-vector spaces with finite dimensional
cohomology;

e a quasi-isomorphism ¢ ¢ : Kf @, C — Kg;

e a quasi-isomorphism ¢g,c : K ®g C — K¢.

Morphisms of cohomological (k, Q)—Vect-complexes are given by a pair of mor-
phisms of complexes on the k-, Q- and C-component such that the obvious
diagram commutes. We denote the category of cohomological (k,Q)—Vect-
complexes by C&7Q).

Let K and L be objects of C(*,; )" A homotopy between K and L is a homotopy
in the k-, Q- and C-component compatible under the comparison maps. Two
morphisms in C(J,rC q) are homotopic if they differ by a homotopy. We denote by

K(z Q) the homotopy category of cohomological (k,Q)—Vect-complexes.

A morphism in K (J;C ) is called quasi-isomorphism if its k-, Q-, and C-components

are quasi-isomorphisms. We denote by D?‘ %,0) the localization of KV (£.0) with re-

spect to quasi-isomorphisms. It is called the derived category of cohomological
(k, Q)—Vect-complezes.

Remark 5.2.2. This is a simplification of the category of mixed Hodge com-
plexes introduced by Beilinson [Be2]. A systematic study of this type of category
can be found in [Hull §4]. In the language of loc.cit., it is the rigid glued cate-
gory of the category of k-vector spaces and the category of Q-vector spaces via
the category of C-vector spaces and the extension of scalars functors. Note that
they are exact, hence the construction simplifies.
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Lemma 5.2.3. Dz; Q) is a triangulated category. It has a natural t-structure
with

i, +
H": D o)

defined componentwise. The heart of the t-structure is (k, Q)—Vect.

— (k,Q)—Vect

Proof. This is straightforward. For more details see [Hull §4]. O

Remark 5.2.4. In [Hull 4.2, 4.3], explicit formulas are given for the mor-

phisms in D(J; Q) The category has cohomological dimension 1. For K, L €

(k,Q)—Vect, the group Hom,+ (K, L[1]) is equal to the group of Yoneda ex-
(k,Q)

tensions. As in [Be2], this implies that DzjC g) is equivalent to the bounded

derived category DT ((k,Q)—Vect). We do not spell out the details because we
are not going to need these properties.

There is an obvious definition of a tensor product on C@Q). Let K*, L*® € C'("Z’Q).
We define K* ® L* with k,Q,C-component given by the tensor product of
complexes of vector spaces over k, Q, and C, respectively (see Example [1.3.4).
Tensor product of two quasi-isomorphisms defines the comparison isomorphism
on the tensor product.

It is associative and commutative. Note that the

Lemma 5.2.5. C, ) K&; Q) and D, are associative and commutative ten-

(k,Q (k,Q)
sor categories with the above tensor product. The cohomology functor H* com-

mutes with ®. For K®,L® in D(Z Q) we have a natural isomorphism
H*(K*)® H*(L®*) » H*(K* ® L*).

It is compatible with the associativity constraint. It is compatible with the com-
mutativity constraint up to the sign (—1)P4 on HP(K*®) ® HI(L*).

Proof. The case of DE’;c Q) follows immediately from the case of complexes of
vector spaces, where it is well-known. The signs come from the signs in the

total complex of a bicomplex, in this case, tensor product of complexes, see
Section [[.3.3 O]

Remark 5.2.6. This is again simpler than the case treated in [Hull Chap-
ter 13], because we do not need to control filtrations and because our tensor
products are exact.

5.3 The period isomorphism in the smooth case

Let k be a subfield of C. We consider smooth varieties over k and the complex
manifold X2 associated to X x C.
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Definition 5.3.1. Let X be a smooth variety over k. We define the period
isomorphism
per: Hig(X) ® C — Hg,, (X,Q) ®o C

to be the isomorphism given by the composition of the isomorphisms

1. H3z(X) ®, C — H3p (X xi C) of Lemma [3.1.11
2. H3p(X X3 C) = H3gan (X?") of Proposition
3. the inverse of Hjpan (X*") — Hs'ing(Xan, C) of Proposition

4. the inverse of the change of coefficients isomorphism Hg (X?*, C) —

sing
HEe (X, Q) ®o C.

We define the period pairing
per : Hip(X) x H3"$(X*, Q) — C
to be the map
(w,7) = ~(per(w))
where we view classes in singular homology as linear forms on singular coho-

mology.

Recall the category (k,Q)—Vect introduced in Section

Lemma 5.3.2. The assignment

X = (H(;R(X)J Hs.ing(X)’ per)
defines a functor

H:Sm — (k,Q)—Vect .

For all X,Y € Sm, the Kunneth isomorphism induces an natural isomorphism
HX)®HY) > H(X xY).

The image of H is closed under direct sums and tensor product.

Proof. Functoriality holds by construction. The Kiinneth morphism is induced
from the Kiinneth isomorphism in singular cohomology (Proposition and
algebraic de Rham cohomology (see Proposition . All identifications in
Definition [5.3.1] are compatible with the product structure. Hence we have
defined a Kiinneth morphism in H. It is an isomorphism because it is an iso-
morphism in singular cohomology.

The direct sum realized by the disjoint union. The tensor product is realized
by the product. O
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In Chapter [0} we are going to study systematically the periods of the objects in
H(Sm).

The period isomorphism has an explicit description in terms of integration.

Theorem 5.3.3. Let X be a smooth affine variety over k and w € Q(X) a
closed differential form with de Rham class [w]. Let ¢ € H™ (X, Q) be a sin-
gular homology class. Let Y a;y; with a; € Q and v; : A; — X" differentiable
singular cycles as in Definition[2.2.3. Then

per(lal. o) = 3 a; [ 770w

Remark 5.3.4. We could use the above formula as a definition of the period
pairing, at least in the affine case. By Stokes’ theorem, the value only depends
on the class of w.

Proof. Let A'(X") be group of C-valued C*-differential forms and A%.. the
associated sheaf. By the Poincaré lemma and its C'*°-analogue the morphisms

C — Q%an = A%on

are quasi-isomorphism. It induces a quasi-isomorphism
O%an (X)) — A% (X™)

because both compute singular cohomology in the affine case. Hence it suf-
fices to view w as a C'*°-differential form. By the Theorem of de Rham, see
[Wal, Sections 5.34-5.36, the period isomorphism is realized by integration over
simplices. O

Example 5.3.5. For X = P}, we have
H* (Py) = L((2mi))
with L(«) the invertible object of Example

5.4 The general case (via the h'-topology)

We generalize the period isomorphism to relative cohomology of arbitrary vari-
eties.

Let & be a subfield of C. We consider varieties over k and the complex analytic
space X?" associated to X xj C.

Definition 5.4.1. Let X be a variety over k, and Z C X a closed subvariety.
We define the period isomorphism

per: Hig(X,Z2) @, C — H$, (X, Z,Q) ®g C

sing

to be the isomorphism given by the composition of the isomorphisms
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1. H3z(X,Z) ®, C — H3p (X x4 C, Z X3, C) of Lemma (3.2.14
2. H3R (X %1, C,Z x3, C) = Higan (XP7, Z27) of Proposition [4.2.10

3. the inverse of Hipan (X2, Z2) — HS (X", Z?" C) of Corollary 4.2.7]

sing

4. the inverse of the change of coefficients isomorphism H?, (X", Z?" C) —

sing
He ()(am7 Zan, Q) ®Q C.

sing
We define the period pairing
per: Hig (X, Z) x Hi"8(X™, Z* Q) — C

to be the map
(w,7) = y(per(w)),

where we view classes in singular homology as linear forms on singular coho-
mology.

Lemma 5.4.2. The assignment

(X,2)— (Hyg(X,2),HS

sing

(X, Z), per)

defines a functor denoted H on the category of pairs X D Z with values in
(k,Q)—Vect. For all Z C Z, Z' C X', the Kiinneth isomorphism induces a
natural isomorphism

HX,Z)oH(X',Z)) s HX x X', X xZUZx X') .

The image of H is closed under direct sums and tensor product.

If Z Y C X is a triple, the there is a induced long exact sequence in
(k,Q)—Vect.

S HU(X,Y) > HY(X,Z) = H(Y,Z) S HTHX,Y) > ... .

Proof. Functoriality and compatibility with long exact sequences holds by con-
struction. The Kiinneth morphism is induced from the Kiinneth isomorphism
in singular cohomology (Proposition and algebraic de Rham cohomology
(see Proposition [3.1.9). All identifications in Definition are compatible
with the product structure. Hence we have defined a Kiinneth morphism in H.
It is an isomorphism because it is an isomorphism in singular cohomology.

The direct sum realized by the disjoint union. The tensor product is realized
by the product. O
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5.5 The general case (Deligne’s method)

We generalize the period isomorphism to relative cohomology of arbitrary vari-
eties.

Let & be a subfield of C.
Recall from Section [3.1.2| the functor

RTqg : Z[Sm] — C* (k—Mod)

which maps a smooth variety to a natural complex computing its de Rham
cohomology. In the same way, we define using the Godement resolution (see

Definition
Rl4ing(X) = D(X™, Gd(Q)) € C* (Q—Mod)
a complex computing singular cohomology of X?®". Moreover, let
R gren (X) = D(X™ Gd(Q%an) € CT(C—Mod)
be a complex computing holomorphic de Rham cohomology of X?".

Lemma 5.5.1. Let X be a smooth variety over k.

1. As before let a : X** — X X, C be the morphism of locally ringed spaces
and B : X x, C — X the natural map. The inclusion a1 71Q% — Q%an
induces a natural quasi-isomorphism of complexes

$ar,ar» : RLqr(X) ® C — RLqran (X) .

2. The inclusion Q — Q% tnduces a natural quasi-isomorphism of com-
plexes
bsing,dren : R sing (X) ®g C = RTgran (X)) .

3. We have
per = H*(¢sing,aran) " 0 H (¢sing,arn) : Hig (X) @4 C) = H,o (X", Q) .
Proof. The first assertion follows from applying Lemma to S and a. As

before, we identify sheaves on X x; C with sheaves on the set of closed points
of X x C. This yields a quasi-isomorphism

a 'B71Gdx (%) — Gdxan (™ 18710%) .
We compose with

Gdxan (a1 B710%) — Gdxan (Qyan) -
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Taking global sections yields by definition a natural Q-linear map of complexes
RFdR(X) — RI'gRran (X) .

By extension of scalars we get ¢qr qran. It is a quasi-isomorphism because on
cohomology it defines the maps from Lemma [3.1.11] and Proposition

The second assertion follows from ordinary functoriality of the Godement reso-
lution. The last holds by construction. O

In other words:

Corollary 5.5.2. The assignment
X = (RT4r(X), Rlsing (X ), RUqran (X), @dr,dRa" s Psing,dRe» )

defines a functor

) +
RI': Sm — C(k,(@)

where C'(‘;, Q) is the category of cohomological (k,Q)—Vect-complexes introduced
in Definition |5.2. 1|

Moreover,
H*(RI'(X)) = H(X) ,

where the functor H is defined as above.
Proof. Clear from the lemma. O

By naturality, these definitions extend to objects in Z[Sm].

Definition 5.5.3. Let
RT: K~ (ZSm) — D(Z,@)

be defined componentwise as the total complex complex of the complex in C(",; Q)
For X, € C~(ZSm) and i € Z we put

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

Definition 5.5.4. Let k be a subfield of C and X a variety over k with a closed
subvariety D. We define the period isomorphism

per : H(;R(X7 D) R, C — s.ing(Xan7 Dan) ®g C

as follows: let Dy — X, be smooth proper hypercovers of D — X as in Defini-

tion [3.3.6] Let
Ce = ConeC(D,) — C(X,)) € C™(Z[Sm)) .
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Then H*(RI'(C,)) consists of

(H(;R(Xv D)aH.

sing

(X, D), per) .

In detail: per is given by the composition of the isomorphisms

e (Xan7 Dan, Q)) ®Q (C — H.(Rrsing(co)

sing

with
H.¢Sing,dRa“ (Co)_l o H.QSdR,dRa“ (C.) .

We define the period pairing
per: H3z (X, D) x HS8(X* D) - C

to be the map
(w,7) = v(per(w))

where we view classes in relative singular homology as linear forms on relative
singular cohomology.

Lemma 5.5.5. per is well-defined, compatible with products and long ezxact
sequences for relative cohomology.

Proof. By definition of relative algebraic de Rham cohomology (see Definition
, the morphism takes values in H3y(X,D) ®; C. The first map is an
isomorphism by proper descent in singular cohomology, see Theorem [2.7.6

Compatibility with long exact sequences and multiplication comes from the
definition. O

We make this explicit in the case of a divisor with normal crossings. Recall the
description of relative de Rham cohomology in this case in Proposition [3.3.19

Theorem 5.5.6. Let X be a smooth affine variety of dimension d and D C
X a simple divisor with normal crossings. Let w € Q% (X) with associated
cohomology class [w] € Hix (X, D). Let Y a;v; with aj € Q and vj : A; — X0
be a differentiable singular cchain as in Definition with boundary in D®".

Then
per(lal.o) = S a; [ 77w

Proof. Let Do as in Section [3.3.6] We apply the considerations of the proof
of Theorem to X and the components of D,. Note that w|p, = 0 for

dimension reasons. O
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Chapter 6

Nori’s diagram category

We explain Nori’s construction of an abelian category attached to the repre-
sentation of a diagram and establish some properties for it. The construction
is completely formal. It mimicks the standard construction of the Tannakian
dual of a rigid tensor category with a fibre functor. Only, we do not have a
tensor product or even a category but only what we should think of as the fibre
functor.

The results are due to Nori. Notes from some of his talks are available [N [N1].
There is a also a sketch in Levine’s survey [LI] §5.3. In the proofs of the main
results we follow closely the diploma thesis of von Wangenheim in [vW].

6.1 Main results

6.1.1 Diagrams and representations

Let R be a noetherian, commutative ring with unit.

Definition 6.1.1. A diagram D is a directed graph on a set of vertices V(D)
and edges E(D). A diagram with identities is a diagram with a choice of a
distinguished edge id, : v — v for every v € D. A diagram is called finite if
it has only finitely many vertices. A finite full subdiagram of a diagram D is a
diagram containing a finite subset of vertices of D and all edges (in D) between
them.

By abuse of notation we often write v € D instead of v € V(D). The set of all
directed edges between p,q € D is denoted by D(p, gq).

Remark 6.1.2. One may view a diagram as a category where composition of
morphisms is not defined. The notion of a diagram with identity edges is not
standard. The notion is useful later when we consider multiplicative structures.

129
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Example 6.1.3. Let C be a small category. Then we can associate a diagram
D(C) with vertices the set of objects in C and edges given by morphisms. It is
even a diagram with identities. By abuse of notation we usually also write C for
the diagram.

Definition 6.1.4. A representation T of a diagram D in a small category C is
a map T of directed graphs from D to D(C). A representation T of a diagram
D with identities is a representation such that id is mapped to id.

For p,q € D and every edge m from p to g we denote their images simply by
Tp, Tq and Tm : Tp — Tq (mostly without brackets).

Remark 6.1.5. Alternatively, a representation is defined as a functor from the
path category P(D) to C. Recall that the objects of the path category are the
vertices of D, and the morphisms are sequences of directed edges ejes...ée,
for n > 0 with the edge e; starting in the end point of e¢;_; for ¢ = 2,...,n.
Morphisms are composed by concatenating edges.

We are particularly interested in representations in categories of modules.

Definition 6.1.6. Let R be a noetherian commutative ring with unit. By
R—Mod we denote the category of finitely generated R-modules. By R—Proj
we denote the subcategory of finitely generated projective R-modules.

Note that these categories are essentially small by passing to isomorphic objects,
so we will not worry about smallness from now on.

Definition 6.1.7. Let S be a commutative unital R-algebra and 7' : D —
R—Mod a representation. We denote T's the representation

D Ly R—Mod 225, §—Mod .

Definition 6.1.8. Let T be a representation of D in R—Mod. We define the
ring of endomorphisms of T by

End(T) := ¢ (ep)pen € H Endg(Tp)leqo Tm =Tmoe, Vp,q € DVm € D(p,q)
peD

Remark 6.1.9. In other words, an element of End(7") consists of tuples (e,)pev (p)
of endomorphisms of T'p, such that all diagrams of the following form commute:

Tp —>Tm Tq
l/ep l/eq
Tm
Tp ——Tq

Note that the ring of endomorphisms does not change when we replace D by
the path category P(D).
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6.1.2 Explicit construction of the diagram category

The diagram category can be characterized by a universal property, but it also
has a simple explicit description that we give first.

Definition 6.1.10 (Nori). Let R be a noetherian commutative ring with unit.
Let T be a representation of D in R—Mod.

1. Assume D is finite. Then we put
C(D,T) = End(T)—Mod

the category of finitely generated R-modules equipped with an R-linear
operation of the algebra End(T).

2. In general let
C(D,T) =2—colimpC(F,T|r)
where F runs through the system of finite subdiagrams of D.
More explicitly: the objects of C(D,T) are the objects of C(F,T|r) for

some finite subdiagram F'. For X € C(F,T|p) and F C F’ we write Xp/
for the image of X in C(F’,T|). For objects X,Y € C(D,T), we put

More(p,1)(X,Y) = lim More(p7) (XF, YF) -
F

The category C(D,T) is called the diagram category. With
fr:C(D,T) — R—Mod
we denote the forgetful functor.

Remark 6.1.11. The representation 7' : D — C(D,T') extends to a functor
on the path category P(D). By construction the diagram categories C(D,T)
and C(P(D),T) agree. The point of view of the path category will be useful
Chapter [7] in particular in Definition

In section we will prove that under additional conditions for R, satisfied in
the cases of most interest, there is the following even more direct description of
C(D,T) as comodules over a coalgebra.

Theorem 6.1.12. If the representation T takes values in free modules over a
field or Dedekind domain R, the diagram category is equivalent to the category
of finitely generated comodules (see Definition[6.5.]]) over the coalgebra A(D,T)
where

A(D,T) = colimpA(F,T) = colimpEnd(T|r)"

with F running through the system of all finite subdiagrams of D and v the
R-dual.

The proof of this theorem is given in Section [6.5)
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6.1.3 Universal property: Statement
Theorem 6.1.13 (Nori). Let D be a diagram and

T:D — R—Mod

a representation of D.

Then there exists an R-linear abelian category C(D,T), together with a repre-

sentation
T:D—C(D,T),

and a faithful, exact, R-linear functor fr, such that:

1. T factorizes over D SN C(D,T) I, R—Mod.
2. T satisfies the following universal property: Given

(a) another R-linear, abelian category A,
(b) an R-linear, faithful, exact functor, f: A — R—Mod,

(c¢) another representation F : D — A,

such that foF =T, then there exists a functor L(F) - unique up to unique
isomorphism of functors - such that the following diagram commutes:

¢(D,T)
T i fr
| L(F)
D T R—Mod .
A

The category C(D,T) together with T and fr is uniquely determined by this
property up to unique equivalence of categories. It is explicitly described by the
diagram category of Definition|0.1.10. It is functorial in D in the obvious sense.

The proof will be given in Section We are going to view fr as an extension
of T from D to C(D,T) and sometimes write simply 7" instead of fr.

The universal property generalizes easily.
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Corollary 6.1.14. Let D, R, T be as in Theorem[6.1.19 Let A and f, F be as
in loc.cit. 2. (a)-(c). Moreover, let S be a faithfully flat commutative unitary
R-algebra S and

¢:Ts— (foF)s

an isomorphism of representations into S—Mod. Then there exists a functor
L(F):C(D,T) = A and an isomorphism of functors

¢: (fr)s — fs o L(F)

such that
C(D,T)

T : (fr)s
' L(F)

Ts

S—Mod

A

commutes up to ¢ and ¢. The pair (L(F), qg) is unique up to unique isomorphism
of functors.

The proof will also be given in Section

The following properties provide a better understanding of the nature of the
category C(D,T).

Proposition 6.1.15. 1. As an abelian category C(D,T) is generated by the
Tv where v runs through the set of vertices of D, i.e., it agrees with its
smallest full subcategory such that the inclusion is exact containing all
such Tw.

2. Each object of C(D,T) is a subquotient of a finite direct sum of objects of
the form Tv.

3. If a:v— v is an edge in D such that T« is an isomorphism, then Ta is
also an isomorphism.

Proof. Let C' C C(D,T) be the subcategory generated by all Tv. By definition,
the representation T factors through C’. By the universal property of C(D,T),

we obtain a functor C(D,T) — C’, hence an equivalence of subcategories of
R—Mod.
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The second statement follows from the first criterion since the full subcategory
in C(D,T) of subquotients of finite direct sums is abelian, hence agrees with
C(D,T). The assertion on morphisms follows since the functor fr : C(D,T) —
R—Mod is faithful and exact between abelian categories. Kernel and cokernel
of Tov vanish if kernel and cokernel of T vanish. O

Remark 6.1.16. We will later give a direct proof, see Proposition [6.3.20, It
will be used in the proof of the universal property.

The diagram category only weakly depends on 7.

Corollary 6.1.17. Let D be a diagram and T,T' : D — R—Mod two represen-
tations. Let S be a faithfully flat R-algebra and ¢ : Ts — T& be an isomorphism
of representations in S—Mod. Then it induces an equivalence of categories

®:C(D,T) = C(D,T").

Proof. We apply the universal property of Corollary [6.1.14]to the representation
T and the abelian category A = C(D,T”). This yields a functor ® : C(D,T) —
C(D,T"). By interchanging the role of T" and T” we also get a functor ®’ in
the opposite direction. We claim that they are inverse to each other. The
composition ®’ o ® can be seen as the universal functor for the representation
of D in the abelian category C(D,T) via T. By the uniqueness part of the
universal property, it is the identity. O

Corollary 6.1.18. Let Dy be a diagram. Let Ty : Dy — R—Mod be a repre-
sentation. Let

Dy B ¢(Ds, 1) 25 R—Mod
be the factorization via the diagram category.

Let Dy C D3 be a full subdiagram. It has the representation Ty = Ta|p, obtained
by restricting To. Let

Dy 5 e(Dy, 1) 5 R—Mod

be the factorization via the diagram category. Let v : C(D1,T1) — C(D2,T3) be
the functor induced from the inclusion of diagrams. Moreover, we assume that
there is a representation F' : Dy — C(D1,T1) compatible with Ty, i.e., such that
there is an isomorphism of functors

Ty — fr,otoF = fp, oF .

Then v is an equivalence of categories.

Proof. Let Ty = fr, o F : Dy — R—Mod and denote T = T4|p, : D1 —
R—Mod. Note that T5 and T4 and T} and T} are isomorphic by assumption.
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By the universal property of the diagram category, the representation F' induces
a functor

7T'/ : C(DQ,Té) — C(Dl,Tl) .
It induces 7 : C(D3,T3) by precomposition with the equivalence ® from Corol-
lary [6.1.17] We claim that ¢ o and 7o are isomorphic to the identity functor.

By the uniqueness part of the universal property, the composition ¢ o 7’ :
C(D2,T3) — C(D4,Ts) is induced from the representation ¢ o F' of Dy in the
abelian category C(D2,T»). By the proof of Corollary this is the equiva-
lence ®~!. In particular, ¢ o 7 is the identity.

The argument for 7 o ¢ on C(D;,T1) is analogous. O

The most important ingredient for the proof of the universal property is the
following special case.

Theorem 6.1.19. Let R be a noetherian ring and A an abelian, R-linear cat-
egory. Let
T: A— R—Mod

be a faithful, eract, R-linear functor and

ALy e, ) 5 R—Mod

the factorization via its diagram category (see Definition|6.1.10)). Then T is an
equivalence of categories.

The proof of this theorem will be given in Section 6.3

6.1.4 Discussion of the Tannakian case

The above may be viewed as a generalization of Tannaka duality. We explain
this in more detail. We are not going to use the considerations in the sequel.

Let k be a field, C a k-linear abelian tensor category, and
T:C — k—Vect

a k-linear faithful tensor functor, all in the sense of [DM]. By standard Tan-
nakian formalism (cf [Sa] and [DM]), there is a k-bialgebra A such that the
category is equivalent to the category of A-comodules on finite dimensional k-
vector spaces.

On the other hand, if we regard C as a diagram (with identities) and T as a
representation into finite dimensional vector spaces, we can view the diagram
category of C as the category A(C,T)—Comod by Theorem By Theo-
remthe category C is equivalent to its diagram category A(C,T)—Comod.
The construction of the two coalgebras A and A(C,T') coincides. Thus Nori im-
plicitely shows that we can recover the coalgebra structure of A just by looking
at the representations of C.
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The algebra structure on A(C,T) is induced from the tensor product on C (see
also Section . This defines a pro-algebraic scheme SpecA(C,T). The coal-
gebra structure turns SpecA(C,T) into a monoid scheme. We may interpret
A(C,T)—Comod as the category of finite-dimensional representations of this
monoid scheme.

If the tensor structure is rigid in addition, C(D,T") becomes what Deligne and
Milne call a neutral Tannakian category [DM]. The rigidity structure induces an
antipodal map, making A(C,T) into a Hopf algebra. This yields the structure
of a group scheme on SpecA(C,T), rather than only a monoid scheme.

We record the outcome of the discussion:

Theorem 6.1.20. Let R be a field and C be a neutral R-linear Tannakian
category with faithful exact fibre functor T : C — R—Mod. Then A(C,T) is
equal to the Hopf algebra of the Tannakian dual.

Proof. By construction, see [DM] Theorem 2.11 and its proof. O

A similar result holds in the case that R is a Dedekind domain and
T:D — R—Proj

a representation into finitely generated projective R-modules. Again by Theo-
rem[6.1.12] the diagram category C(D, T)) equals A(C, T)—Comod, where A(C,T)
is projective over R. Wedhorn shows in [Wed| that if SpecA(C,T) is a group
scheme it is the same to have a representation of SpecA(C,T) on a finitely
generated R-module M and to endow M with an A(C,T)-comodule structure.

6.2 First properties of the diagram category

Let R be a unitary commutative noetherian ring, D a diagram and 7' : D —
R—Mod a representation. We investigate the category C(D,T) introduced in
Definition [6.1.10

Lemma 6.2.1. If D is a finite diagram, then End(T) is an R-algebra which is
finitely generated as an R-module.

Proof. For any p € D the module Tp is finitely generated. Since R is noetherian,
the algebra Endgr(Tp) then is finitely generated as R-module. Thus End(7T)
becomes a unitary subalgebra of [ ] ,coyp) Endr(Tp). Since V(D) is finite and
R is noetherian,
End(T) ¢ [] Endg(Tp)
peOb(D)

is finitely generated as R-module. U
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Lemma 6.2.2. Let D be a finite diagram and T : D — R—Mod a representa-
tion. Then:

1. Let S be a flat R-algebra. Then:
Endg(Ts) = Endr(T) ® S
2. Let F : D' — D be morphism of diagrams and T' = T o F' the induced

representation. Then F induces a canonical R-algebra homomorphism
F* :End(T) — End(T") .
Proof. The algebra End(T) is defined as a limit, i.e., a kernel
0= End(T) - [[ Ende(Tp) % J[ Homg(Tp,Tq)
peV(D) meD(p,q)

with ¢(p)(m) = egoTm —Tmoey,. As S is flat over R, this remains exact after
tensoring with S. As the R-module T'p is finitely presented and S flat, we have

Endg(Tp) ® S = Ends(Tsp) .
Hence we get
0= End(T]p)®S —» [[ Ends(Ts(p) % ] Homs(Ts(p),Ts(q)) -
pEV(D) meD(p,q)

This is the defining sequence for End(T%s).
The morphism of diagrams F' : D’ — D induces a homomorphism
H Endg(Tp) — H Endgr(T'p),
pEV (D) p'ev(D’)
by mapping e = (ep), to F*(e) with (F*(e))y = ey in Endg(T'p") =
Endg(Tf(p')). It is compatible with the induced homomorphism
H Hompg(Tp, Tq) — H Hompg(T'p', T'q).
meD(p,q) m'€D’(p',q")

Hence it induces a homomorphism on the kernels. O

Proposition 6.2.3. Let R be unitary commutative noetherian ring, D a finite
diagram and T : D — R—Mod be a representation. For any p € D the object
Tp is a natural left End(T)-module. This induces a representation

T : D — End(T)—Mod,

such that T factorises via

D -5 (D, T) L% R—Mod.



138 CHAPTER 6. NORI'S DIAGRAM CATEGORY

Proof. For all p € D the projection
pr: End(T) — Endr(Tp)

induces a well-defined action of End(T") on Tp making Tp into a left End(T)-
module. To check that T is a representation of left End(T")-modules, we need
Tm € Hompg(Tp,Tq) to be End(T)-linear for all p,q € D,m € D(p,q). This
corresponds directly to the commutativity of the diagram in Remark O

Now let D be general. We study the system of finite subdiagrams F' C D.
Recall that subdiagrams are full, i.e., they have the same edges.

Corollary 6.2.4. The finite subdiagrams of D induce a directed system of
abelian categories (C(D, T|F)) with exact, faithful R-linear functors as
transition maps.

FCDfinite

Proof. The transition functors are induced from the inclusion via Lemma [6.2.2
O

Recall that we have defined C(D,T') as 2-colimit of this system, see Defini-
tion6.1.10)

Proposition 6.2.5. The 2-colimit C(D,T) exists. It provides an R-linear
abelian category such that the composition of the induced representation with
the forgetful functor

D L e¢mr1 % R-Mod
p = Tp — Tp.

yields a factorization of T. The functor fr is R-linear, faithful and exact.

Proof. 1t is a straightforward calculation that the limit category inherits all
structures of an R-linear abelian category. It has well-defined (co)products and
(co)kernels because the transition functors are exact. It has a well-defined R-
linear structure as all transition functors are R-linear. Finally, one shows that
every kernel resp. cokernel is a monomorphism resp. epimorphism using the
fact that all transition functors are faithful and exact.

So for every p € D the R-module Tp becomes an End(7'|)-module for all finite
F C D with p € F. Thus it represents an object in C(D,T'). This induces a
representation

p L ¢,

p Tp.
The forgetful functor is exact, faithful and R-linear. Composition with the
forgetful functor fr obviously yields the initial diagram 7. O

We now consider functoriality in D.
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Lemma 6.2.6. Let Dy, Do be diagrams and G : D1 — Ds a map of diagrams.
Let further T : Do — R—Mod be a representation and

Dy L5 ¢(Dy, T) L2 R—Mod

the factorization of T through the diagram category C(D2,T) as constructed in
Proposition [6.2.5 Let

Dy 2% ¢(Dy, T o G) L% R—Mod

be the factorization of T o G.

Then there exists a faithful R-linear, exact functor G, such that the following
diagram commutes.

D1 G D2

\ \
ToG T

l !

C(D1,ToG)------- G------ > C(D9,T)
\ /
froc fr
/
R—Mod

Proof. Let Dy, Dy be finite diagrams first. Let T3 = T o G|p, and Ty = T|p,.
The homomorphism
G* : End(T3) — End(Ty)

of Lemma induces by restriction of scalars a functor on diagram categories
as required.

Let now D; be finite and D, arbitrary. Let FEs be finite full subdiagram of
D5 containing G(D;). We apply the finite case to G : D; — E5 and obtain a
functor

C(Dl, Tl) — C(EQ, T2)

which we compose with the canonical functor C(Es,T5) — C(D3,T2). By func-
toriality, it is independent of the choice of Fs.

Let now D; and Dy be arbitrary. For every finite subdiagram E; C E; we have
constructed
C(Eth) — C(DQ,TQ) .

They are compatible and hence define a functor on the limit. O

Isomorphic representations have equivalent diagram categories. More precisely:
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Lemma 6.2.7. Let Ty, T5 : D — R—Mod be representations and ¢ : Ty — Th
an isomorphism of representations. Then ¢ induces an equivalence of categories
O :C(D,Ty) — C(D,Ts) together with an isomorphism of representations

g?):(I)OTi%TQ
such that fr, ogg: ¢.

Proof. We only sketch the argument which is analogous to the proof of Lemmal[6.2.6]

It suffices to consider the case D = F' finite. The functor
® : End(7T1)—Mod — End(72)—Mod

is the extension of scalars for the R-algebra isomorphism End(77) — End(75)
induced by conjugating by ¢. O

6.3 The diagram category of an abelian category

In this section we give the proof of Theorem [6.1.19} the diagram category of the
diagram category of an abelian category with respect to a representation given
by an exact faithful functor is the abelian category itself.

We fix a commutative noetherian ring R with unit and an R-linear abelian cate-
gory A. By R-algebra we mean a unital R-algebra, not necessarily commutative.

6.3.1 A calculus of tensors

We start with some general constructions of functors. We fix a unital R-algebra
FE, finitely generated as R-module, not necessarily commutative. The most
important case is F = R, but this is not enough for our application.

In the simpler case where R is a field, the constructions in this sections can
already be found in [DMOS].

Definition 6.3.1. Let E be an R-algebra which is finitely generated as R-
module. We denote E—Mod the category of finitely generated left E-modules.

The algebra E and the objects of E—Mod are noetherian because R is.

Definition 6.3.2. Let A be an R-linear abelian category and p be an object of
A. Let E be a not necessarily commutative R algebra and

gor 1, End 4(p)

be a morphism of R-algebras. We say that p is a right E-module in A.
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Example 6.3.3. Let A be the category of left R’-modules for some R-algebra
R’. Then a right F-module in A4 is the same thing as an (R’, E)-bimodule, i.e.,
a left R/-module with the structure of a right F-module.

Lemma 6.3.4. Let A be an R-linear abelian category and p be an object of A.
Let E be a not necessarily commutative R-algebra and p a right E-module in A.
Then

Hom 4(p,-) : A — R—Mod

can naturally be viewed as a functor to E—Mod.

Proof. For every g € A, the algebra E operates on Hom 4(p, ¢) via functoriality.
O

Proposition 6.3.5. Let A be an R-linear abelian category and p be an object
of A. Let E be a not necessarily commutative R algebra and p a right E-module
in A. Then the functor

Homy(p, -) : A — E—Mod
has an R-linear left adjoint
pRg -: E—Mod — A.
It is right exact. It satisfies
p®e E=p,
and on endomorphisms of E we have (using Endg(E) = E°P)

p®g_: Endg(E) — Enda(p)
a —  f(a).

Proof. Right exactness of p @ _ follows from the universal property. For every
M € E—Mod, the value of p ® g M is uniquely determined by the universal
property. In the case of M = F, it is satisfied by p itself because we have for
allge A

HOI’H_A(p, (J) = HOHIE(E, HOHI_A (p7 Q))

This identification also implies the formula on endomorphisms of M = FE.
By compatibility with direct sums, this implies that p ® g E™ = @?:1 p for

free E-modules. For the same reason, morphisms E™ M E™ between free
E-modules must be mapped to @, p EACEIEN @, p

Let M be a finitely presented left E-module. We fix a finite presentation

g disg pmo T8y p g

Since p ® g _ preserves cokernels (if it exists), we need to define

Ar=f(aij)ij pmo).

p®p M := Coker(p™!
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We check that it satisfies the universal property. Indeed, for all ¢ € A, we have
a commutative diagram

Homy(p ® E™, q) <——— Homy(p ® E™°,q) <——— Homa(p® M,q) <—0

; : V

HomE(Eml 5 HOI’II_A(p, q)) -~ HomE(Emoa HomA(p7 q)) D HOHIE(M, HOIn.A(pa q)) -—0

Hence the dashed arrow exists and is an isomorphism.

The universal property implies that p ® g M is independent of the choice of
presentation and functorial. We can also make this explicit. For a morphism
between arbitrary modules ¢ : M — N we choose lifts

A TA
Emi Emo M 0
B TB
E™ Emo N 0.
The respective diagram in A,
A i -
p po Coker(A) —— 0
[ ¢! [ 0 =
B 5 v
p™ pro Coker(B) — 0.

induces a unique morphism p ®g (¢) : p®g M — p ®p N that keeps the
diagram commutative. It is independent of the choice of lifts as different lifts of
projective resolutions are homotopic. This finishes the construction. O

Corollary 6.3.6. Let E be an R-algebra finitely generated as R-module and A
an R-linear abelian category. Let

T:A— E—Mod

be an ezxact, R-linear functor into the category of finitely generated E-modules.
Further, let p be a right E-module in A with structure given by

gor L, End(p)
a morphism of R-algebras. Then the composition

gr L, End 4(p) N Endg(Tp).
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induces a right action on Tp, making it into an E-bimodule. The composition

E—Mod ™25 4 L, E-Mod
M = pRgM — TpRgM

becomes the usual tensor functor of E-modules.

Proof. 1t is obvious that the composition

E—Mod "25 A 2, E-Mod
En — pRgE" +— TpegE"

induces the usual tensor functor
Tp®p -: E—Mod — E—Mod

on free E-modules. For arbitrary finitely generated E-modules this follows from
the fact that Tp Qg _ is right exact and T is exact. O

Remark 6.3.7. Let E be an R-algebra, let M be a right E-module and N be
a left F-module. We obtain the tensor product M ®g N by dividing out the
equivalence relation m-e®n ~ m®e-n for all m € M,n € N,e € E of the
tensor product M ®g N of R-modules. We will now see that a similar approach
holds for the abstract tensor products p @z M and p ® g M in A as defined in
Proposition [6.3.5] For the easier case that R is a field, this approach has been
used in [DM].

Lemma 6.3.8. Let A be an R-linear, abelian category, E a not necessarily
commutative R-algebra which is finitely generated as R-module and p € A a
right E-module in A. Let M € E—Mod and E' € E—Mod be in addition a
right E-module. Then p @g E' is a right E-module in A and we have

p®p (F'®@p M) =(p®g E')®@p M.

Moreowver,
(p®p E)®r M =p®gr M.

Proof. The right E-module structure on p®g E’ is defined by functoriality. The
equalities are immediate from the universal property. O

Proposition 6.3.9. Let A be an R-linear, abelian category. Let further E be a
unital R-algebra with finite generating family eq, ..., en. Let p a right E-module
in A with structure given by

gor L, End4(p).

Let M be a left E-module.
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Then p ®g M is isomorphic to the cokernel of the map

Z:@(p@RM) — pQr M

i=1
given by
Z (f(ei) ®idar —idy @ e;idar) m;

m
i=1

with m; the projection to the i-summand.

More suggestively (even if not quite correct), we write
m
(2 @ity Z(f(ei)(xi) ®vi —; ® (e - v;))
i=1

for z; € p and v; € M.

Proof. Consider the sequence

@E@REHE(@E—)E—)O
=1

where the first map is given by

m
(s @y )izy — sz’@i QUi — T @ ey
i=1

and the second is multiplication. We claim that it is exact. The sequence
is exact in E because E is unital. The composition of the two maps is zero,
hence the cokernel maps to E. The elements in the cokernel satisfy the relation
Te; @Yy = T ® ey for all Z,5 and ¢ = 1,...,m. The e; generate E, hence
Te®y =T ®ey for all T,y and all e € E. Hence the cokernel equals £ ®g E
which is F via the multiplication map.

Now we tensor the sequence from the left by p and from the right by M and
obtain an exact sequence

@p®E(E®RE)®EMHP®E(E®RE)®EM*>p®EE®EM%0.
i=1

Applying the computation rules of Lemma [6.3.8] we get the sequence in the
proposition. O

Similarly to Proposition and Corollary but less general, we construct
a contravariant functor Hompg(p, -) :
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Proposition 6.3.10. Let A be an R-linear abelian category, and p be an object
of A. Then the functor

Homyu(_,p) : A — R—Mod

has a left adjoint
Hompg(-,p) : R—Mod — A°.

This means that for all M € R—Mod and q € A, we have
Hom 4(¢, Homp (M, p)) = Homp (M, Hom4(q, p)).

It is left exact. It satisfies
Hompg(R, p) = p.

If
T: A— R—Mod

is an exact, R-linear functor into the category of finitely generated R-modules
then the composition

R—Mod "G A T, R-Mod
M — Hompg(M,p) +— Hompg(M,Tp)

is the usual Hom(_, T'p)-functor in R—Mod.

Proof. The arguments are the same as in the proof of Proposition [6.3.5 and

Corollary O

Remark 6.3.11. Let A be an R-linear, abelian category. The functors Hompg(-, p)
as defined in Proposition [6.3.10] and p ®@p - as defined in Proposition [6.3.6 are
also functorial in p, i.e., we have even functors

Homp(-,-) : (R—Mod)° x A — A

and
_®gr_-: Ax R—Mod — A.

We will denote the image of a morphism p = ¢ under the functor Homp (M, -)
by
Hompz(M,p) =% Hompg(M, q)

This notation ao is natural since by composition

A fomiry) A Ly R-Mod
P — Homp(M,p) +~ Hompg(M,Tp)

T'(«o) becomes the usual left action of Taw on Homp (M, T'p).
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Proof. This follows from the universal property. O

We will now check that the above functors have very similar properties to usual
tensor and Hom-functors in R—Mod.

Lemma 6.3.12. Let A be an R-linear, abelian category and M a finitely gen-
erated R-module. Then the functor Hompg (M, -) is right-adjoint to the functor
_®@r M.

If
T:A— R—Mod

is an R-linear, exact functor into finitely generated R-modules, the composed
functors ToHompg (M, _) and To(_®r M) yield the usual hom-tensor adjunction
in R—Mod.

Proof. The assertion follows from the universal property and the identification
T o Hompg(M,.) = Homp(M,T-) in Proposition [6.3.10 and T'o - @z M =
(T-) ®r M in Proposition m O

6.3.2 Construction of the equivalence

Definition 6.3.13. Let A be an abelian category and S a not necessarily
abelian subcategory. With (S) we denote the smallest full abelian subcate-
gory of A containing S, i.e., the intersection of all full subcategories of A that
are abelian, contain S, and for which the inclusion functor is exact.

Lemma 6.3.14. Let A = (F) for a finite set of objects. Let T : (F) — R—Mod
be a faithful exact functor. Then the inclusion F' — (F') induces an equivalence

End(T|p)—Mod — C((F), T).

Proof. Let E = End(T|r). Its elements are tuples of endomorphisms of T'p for
p € F commuting with all morphisms p — ¢ in F.

We have to show that E = End(7"). In other words, that any element of E
defines a unique endomorphism of T'q for all objects ¢ of (F) and commutes
with all morphisms in (F).

Any object ¢ is a subquotient of a finite direct sum of copies of objects p € F.
The operation of E on T'p with p € F' extends uniquely to an operation on direct
sums, kernels and cokernels of morphisms. It is also easy to see that the action
commutes with T f for all morphisms f between these objects. This means that
it extends to all objects (F'), compatible with all morphisms. O

We first concentrate on the case A = (p). From now on, we abbreviate End(T{,)
by E(p).
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Lemma 6.3.15. Let (p) = A be an abelian category. Let (p) 2L R—Mod a
faithful exact R-linear functor into the category of finitely generated R-modules.
Let

() I E(p)—Mod 2% R—Mod

be the factorization via the diagram category of T' constructed in Proposition|6.2.5.
Then:

1. There exists an object X (p) € Ob({p)) such that

2. The object X (p) has a right E(p)-module structure in A
E(p)” — Enda(X(p))
such that the induced E(p)-module structure on E(p) is the product.
3. There is an isomorphism
T X(p) ®pp) Tp—p

which is natural in f € Enda(p), i.e.,

- deTf -
X(p) ®@p@) Tp —— X(p) @) Tp

An easier construction of X(p) in the field case can be found in [DM], the
construction for R being a noetherian ring is due to Nori [N].

Proof. We consider the object Hompg(Tp,p) € A. Via the contravariant functor

R—Mod &P A
Tp —  Hompg(Tp,p)

of Proposition it is a right Endr(Tp)-module in A which, after apply-
ing T just becomes the usual right End(7Tp)-module Homg(Tp, Tp). For each
v € End(Tp), k we will write op for the action on Hom(7Tp,p) as well. By
Lemma the functors Hompg(Tp, -) and - ®g T'p are adjoint, so we obtain
an evaluation map

év: Homg(Tp,p) @ Tp —> p
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that becomes the usual evaluation in R—Mod after applying 7. Our aim is now
to define X (p) as a suitable subobject of Hompg(Tp, p) € A. The structures on
X (p) will be induced from the structures on Hompg(T'p, p).

Let M € R—Mod. We consider the functor

Homp (M,-)
—

A A
P > Hompg (M, p)

of Remark [6.3.11] The endomorphism ring End 4(p)) C Endg(T'p) is finitely
generated as R-module, since T is faithful and R is noetherian. Let aq, ..., a,
be a generating family. Since

E(p) ={p € End(Tp)|Taop =¢oTaVa:p— p},
we can write E(p) as the kernel of
Hom(Tp,Tp) — €, Hom(Tp,Tp)
u — uoTa; —Ta;ou
By the exactness of T, the kernel X (p) of
Hom(Tp,p) — €D, Hom(Tp,p)
u — uoTla; —a;ou

is a preimage of E(p) under T in A.

By construction, the right End z(7p)-module structure on Homg(T'p, p) restricts
to a right E(p)-module structure on X (p) whose image under T yields the
natural E(p) right-module structure on E(p).

Now consider the evaluation map
év : Homg(Tp,p) ®p Tp — p

mentioned at the beginning of the proof. By Proposition we know that
the cokernel of the map X defined there is isomorphic to X (p) ® E(p) I'p- The
diagram

k by incl ® id
D1 (X(p) ®r Tp)

N

Coker(X)

S

X(p) ®E(p) Tp

in A maps via T to the diagram

X(p) ®r Tp ——— Homp(Tp,p) @ Tp ——— p
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» incl ® id v
D" (E(p) ®r Tp) ——— E(p) ®r Tp ——% Homp(Tp,Tp) @ Tp ——— Tp

Coker(X)

.

E(p) ®pgp) Tp

in R—Mod, where the composition of the horizontal maps becomes zero. Since
T is faithful, the respective horizontal maps in A are zero as well and induce a
map
7: X(p) @pp) ITp — p
that keeps the diagram commutative. By definition of ¥ in Proposition [6.3.9}
the respective map R R ~
TT:E(p) ®pp) Tp — Tp

becomes the natural evaluation isomorphism of E-modules. Since T is faithful,
T is an isomorphism as well.
Naturality in f holds since T is faithful and

- T
Tp ! Tp

commutes in F(p)—Mod. O
Proposition 6.3.16. Let (p) = A be an R-linear, abelian category and
AL R—Mod
be as in Theorem[6.1.19 Let
AL c(A, 1) 1% R—Mod

be the factorization of T wia its diagram category. Then T is an equivalence of
categories with inverse given by X (p) ®p(p) - with X (p) the object constructed
in Lemmal6.3. 15

Proof. We have A = (p), thus C(A,T) = E(p)—Mod. Consider the object X (p)
of Lemma [6.3.15] It is a right E(p)-module in A, in other words

fo (E@)” — Enda(X(p))
@ o op
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We apply Corollary to E = E(p), the object X(p), the above f and the
functor

T: (p) — E(p)—Mod .

It yields the functor
X(p) @p@) - E(p)—Mod — (p)

such that the composition

E(p)—Mod 125w~ (p) L E(p)—Mod
M — X(p)@ppy M = T(X(p)) @) M = E(p) @ppy M

becomes the usual tensor product of E(p)-modules, and therefore yields the
identity functor.

We want to check that X (p) ®p,) - is a left-inverse functor of T as well. Thus
we need to find a natural isomorphism 7, i.e., for all objects p1,p2 € A we
need isomorphisms 7,,,7p, such that for morphisms f : p; — p2 the following
diagram commutes:

- idQTf -
X(p) ®p@E) Tpr —— X(p) @E@p) T2

Tpy 2

P1 D2

Since the functors T and fr are faithful and exact, and we have T = f; o T,
we know that 7 is faithful and exact as well. We have already shown that
T o X (p) ® g (p) - is the identity functor. So X (p) ® () - is faithful exact as well.
Since A is generated by p, it suffices to find a natural isomorphism for p and its
endomorphisms. This is provided by the isomorphism 7 of Lemma [6.3.15] O

Proof of Theorem[6.1.19. If A is generated by one object p, then the functor T
is an equivalence of categories by Proposition [6.3.16] It remains to reduce to
this case.

The diagram category C(A,T') arises as a direct limit, hence we have
27COlimFC0b(‘A)End(T|F)7M0d
and in the same way we have

A = 2—colimpcopa) (F)
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with F' ranging over the system of full subcategories of A that contain only a
finite number of objects. Moreover, by Lemma [6.3.14] we have End(T'|r) =
End(T'|(ry). Hence it suffices to check equivalence of categories

(F) % End(T|)~Mod

for all abelian categories that are generated by a finite number of objects.

We now claim that (F) = (,cp p) are equivalent: indeed, since any endomor-
phism of @per is of the form (apq)p,qer With a,q : p — ¢, and since F has
all finite direct sums, we know that (€D, p) is a full subcategory of (F). On
the other hand, for any ¢,¢ € F the inclusion q < @per is a kernel and the
projection @per — ¢’ is a cokernel, so for any set of morphisms (aqq’)q.q'cF»
the morphism aqq : ¢ — ¢’ by composition

q— P =5 L EN BDr—d

peF p'EF

is contained in (P, pp). Thus (F) is a full subcategory of (P,cr p)-

Similarly one sees that End(T|;,;)—Mod is equivalent to End(7'|r)—Mod. So
we can even assume that our abelian category is generated by just one object

q:®p€Fp' O

6.3.3 Examples and applications

We work out a couple of explicit examples in order to demonstrate the strength
of Theorem [6.1.19] We also use the arguments of the proof to deduce an ad-
ditional property of the diagram property as a first step towards its universal

property.

Throughout let R be a noetherian unital ring.

Example 6.3.17. Let T : R—Mod — R—Mod be the identity functor viewed
as a representation. Note that R—Mod is generated by the object R™. By
Theorem [6.1.19| and Lemma, we have equivalences of categories

End(T|(gny)—Mod — C(R—Mod, T) — R—Mod.

By definition, E' = End(7|{gn}) consists of those elements of Endz(R") which
commute with all elements of End 4(R™), i.e., the center of the matrix algebra,
which is R.

This can be made more interesting by playing with the representation.

Example 6.3.18 (Morita equivalence). Let R be a noetherian commutative
unital ring, A = R—Mod. Let P be a flat finitely generated R-module and

T:R—Mod — R—Mod, M +— M Qg P.



152 CHAPTER 6. NORI'S DIAGRAM CATEGORY

It is faithful and exact, hence the assumptions of Theorem [6.1.19] are satisfied
and we get an equivalence

C(R—Mod, T) — R—Mod .

Note that A = (R) and hence by Lemma C(R—Mod,T) = E—Mod with
E = Endg(T|try) = Endg(P). Hence we have shown that

Endg(P)—Mod — R—Mod

is an equivalence of categories. This is a case of Morita equivalence of categories
of modules.

Example 6.3.19. Let R be a noetherian commutative unital ring and F an
R-algebra finitely generated as an R-module. Let

T : E—Mod — R—Mod

be the forgetful functor. The category E—Mod is generated by the module F.
Hence by Theorem [6.1.19] and Lemma [6.3.14] we have again equivalences of
categories

E’'—Mod — C(E—Mod, T) — E—Mod,

where E' = End(T'|;gy) is the subalgebra of Endr(E) of endomorphisms com-
patible with all F-morphisms E — FE. Note that Endg(E) = E°P and hence E’
is the centralizer of E°P in Endg(F)

E' = CEndR(E)(EOp) =F.
Hence in this case the functor A — C(A,T) is the identity.

We deduce another consequence of the explicit description of C(D,T).

Proposition 6.3.20. Let D be a diagram and T : D — R—Mod a representa-
tion. Let

DL D, 1) L5 R—Mod
its factorization. Then the category C(D,T) is generated by the image of T:

C(D,T) =(T(D)) .

Proof. Tt suffices to consider the case when D is finite. Let X = @pe pT'p and
E = Endg(X). Let S C E be the R-subalgebra generated by Te for e € E(D)
and the projectors p, : X — T'(p). Then

E =End(T) = Cg(S)

is the commutator of S in E. (The endomorphisms commuting with the projec-
tors are those respecting the decomposition. By definition, End(T") consists of
those endomorphisms of the summands commuting with all Te.)
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By construction C(D,T) = E—Mod. We claim that it is equal to
A= ({Tplp € D}) = (X)

with X = @pe D Tp. The category has a faithful exact representation by

frla. Note that fT(X') = X. By Theorem the category A is equiv-
alent to its diagram category C((X), fr) = E'—Mod with E' = End(fr|4).
By Lemma E’ consists of elements of E commuting with all elements of
End 4(X). Note that

Enda(X) = Endp(X) = Ce(E)
and hence
E' = Cg(Cr(E)) = Ce(Ce(Cr(S)) = Ce(S)

because a triple commutator equals the simple commutator. We have shown
E = E’ and the two categories are equivalent.

O
Remark 6.3.21. This is a direct proof of Proposition [6.1.15)

6.4 Universal property of the diagram category

At the end of this section we will be able to establish the universal property of
the diagram category.

Let T: D — R—Mod be a diagram and

p L e(p,T) 5 R—Mod

the factorization of T via its diagram category. Let A be another R-linear
abelian category, F': D — A a representation, and f : A — R—Mod a faithful,
exact, R-linear functor into the categories of finitely generated R-modules such
that fo F =T.

Our aim is to deduce that there exists - uniquely up to isomorphism - an R-linear
exact faithful functor
L(F):C(D,T) — A,

making the following diagram commute:
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Proposition 6.4.1. There is a functor L(F') making the diagram commute.
Proof. We can regard A as a diagram and obtain a representation
Ta
A —= R—Mod,
that factorizes via its diagram category
Ta fra
A== C(A,T4) —= R—Mod.

We obtain the following commutative diagram

D F A
N )

! !
C(DvT) T Ta C(-AaT.A)
N \ / e
fr 1,

SN L
R—Mod

By functoriality of the diagram category (see Proposition [6.2.6)) there exists an
R-linear faithful exact functor F such that the following diagram commutes:

D F A
\ |
Tp Ta
l l
C(DaT) 7777777 F oo ’ C(-Av TA)
N S
fr 1,
N S
R—Mod

Since A is R-linear, abelian, and 7' is faithful, exact, R-linear, we know by
Proposition [6.1.19] that T 4 is an equivalence of categories. The functor

L(F):C(D,T) — A,

is given by the composition of F with the inverse of T4. Since an equivalence
of R-linear categories is exact, faithful and R-linear, L(F') is so as well, as it is
the composition of such functors. O

Proposition 6.4.2. The functor L(F') is unique up to unique isomorphism.
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Proof. Let L' be another functor satisfying the condition in the diagram. Let C’
be the subcategory of C(D,T) on which L' = L(F'). We claim that the inclusion
is an equivalence of categories. Without loss of generality, we may assume D is
finite.

Note that the subcategory is full because f : A — R—Mod is faithful. It contains
all objects of the form T'p for p € D. As the functors are additive, this implies
that they also have to agree (up to canonical isomorphism) on finite direct sums
of objects. As the functors are exact, they also have to agree on and all kernels
and cokernels. Hence C’ is the full abelian subcategory of C(D,T') generated by
T(D). By Proposition this is all of C(D,T). O

Proof of Theorem[6.1.13 Let T : D — R—Mod be a representation and f :
A — R—Mod, F : D — A as in the statement. By Proposition [6.4.1] the
functor L(F) exists. It is unique by Proposition Hence C(D,T) satisfies
the universal property of Theorem [6.1.13

Let C be another category satisfying the universal property. By the universal
property for C(D,T) and the representation of D in C, we get a functor ¥ :
C(D,T) — C. By interchanging their roles, we obtain a functor ¥’ in the
opposite direction. Their composition ¥’ o ¥ satisfies the universal property for
C(D,T) and the representation T. By the uniqueness part, it is isomorphic to
the identity functor. The same argument also applies to ¥ o ¥’. Hence ¥ is an
equivalence of categories.

Functoriality of C(D,T') in D is Lemma O
The generalized universal property follows by a trick.

Proof of Corollary|6.1.14 Let T': D — R—Mod, f : A - R—Mod und F :
D — A be as in the corollary. Let S be a faithfully flat R-algebra and

¢ZT3—>(fOF)S

an isomorphism of representations into S—Mod. We first show the existence of
L(F).

Let A’ be the category with objects of the form (V7, Va,4) where V3 € R—Maod,
VoeAand ¢ : V1 ®r S — f(Va) ®p S an isomorphism. Morphisms are defined
as pairs of morphisms in R—Mod and 4 such the obvious diagram commutes.
This category is abelian because S is flat over R. Kernels and cokernels are
taken componentwise. Let f’ : A" — R—Mod be the projection to the first
component. It is faithful and exact because S is faithfully flat over R.

The data T, F and ¢ define a representation £’ : D — A’ compatible with T
By the universal property of Theorem [6.1.13] we obtain a factorization

F:.p S e,y 2 4
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We define L(F') as the composition of L(F’) with the projection to the second
component. The transformation

¢ (fr)s = fso L(F)
is defined on X € C(D,T) using the isomorphism 1 part of the object L(F')(X) €
A
Conversely, the triple (f, L(F), (;3) satisfies the universal property of L(F”). By

the uniqueness part of the universal property, this means that it agrees with
L(F’). This makes L(F) unique. O

6.5 The diagram category as a category of co-
modules

Under more restrictive assumptions on R and T, we can give a description of
the diagram category of comodules, see Theorem

6.5.1 Preliminary discussion

In [DM] Deligne and Milne note that if R is a field, E a finite-dimensional R-
algebra, and V an E-module that is finite-dimensional as R-vector space then
V has a natural structure as comodule over the coalgebra EV := Hompg(F, R).
For an algebra F finitely generated as an R-module over an arbitrary noetherian
ring R, the R-dual EV does not even necessarily carry a natural structure of an
R-coalgebra. The problem is that the dual map to the algebra multiplication

EY 5 (E@p E)Y
does not generally define a comultiplication because the canonical map
p:EY®@r EY - Hom(E,EY) = (E®g E)"

fails to be an isomorphism in general. In this chapter we will see that this
isomorphism holds true for the R-algebras End(Tr) if we assume that R is a
Dedekind domain or field. We will then show that by

C(D,T) = 2—colimpc p(End(Tr)—Mod)
= 2—colimpc p(End(Tr)" —Comod) = (2—colimpc- pEnd(Tr)")—Comod

we can view the diagram category C(D,T') as the category of finitely generated
comodules over the coalgebra 2—colimpc pEnd(TF)V.

Remark 6.5.1. Note that the category of comodules over an arbitrary coal-
gebra C' is not abelian in general, since the tensor product X ®pz — is right
exact, but in general not left exact. If C is flat as R-algebra (e.g. free), then
the category of C-comodules is abelian [MM| pg. 219].
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6.5.2 Coalgebras and comodules

Let R be a noetherian ring with unit.

Proposition 6.5.2. Let E be an R-algebra which is finitely generated as R-
module. Then the canonical map

p: EV®pM —  Hom(E,M)
pom = (n=p(n)-m)

becomes an isomorphism for all R-modules M if and only if E is projective.

Proof. [Strl, Proposition 5.2] O

Lemma 6.5.3. Let E' be an R-algebra which is finitely generated and projective
as an R-module.

1. The R-dual module EV carries a natural structure of a counital coalgebra.

2. Any left E-module that is finitely generated as R-module carries a natural
structure as left EV -comodule.

3. We obtain an equivalence of categories between the category of finitely
generated left E-modules and the category of finitely generated left EV-
comodules.

Proof. By the repeated application of Proposition this becomes a straight-
forward calculation. We will sketch the main steps of the proof.

1. If we dualize the associativity constraint of F we obtain a commutative
diagram of the form

E E E)Y E E)Y
(E®rE@rE) ——— (E®nE)
(id @ p)* w
(E®RE)V - EV.
“w

By the use of the isomorphism in Propostion and Hom-Tensor ad-
junction we obtain the commutative diagram

EV ®R E\/ ®REV - E\/ ®RE\/
p* @ id*
id* @ p* Iy

E\/ ®R EV Ev7
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which induces a cocommutative comultiplication on EV. Similarly we ob-
tain the counit diagram, so EV naturally gets a coalgebra structure.

2. For an E-module M we analogously dualize the respective diagram

M — E®r M
m id ®@m
E®r M . E®rE®r M

and use Proposition and Hom-Tensor adjunction to see that the E-
multiplication induces a well-defined EY-comultiplication

M EY®r M
m id ® m
¥ ®id
EV®RM " EV®REV®RM

on M.

3. For any homomorphism f : M — N of left E-modules, the commutative
diagram

M N
I 7
id ® f
E@r M ' E®r N
induces a commutative diagram
id® f

EY@r M ——— EY ®g N,

M N

thus f is a homomorphism of left EV-comodules.
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4. Conversely, we can dualize the EV-comodule structure to obtain a (EV)Y =
FE-module structure. The two constructions are inverse to each other.

O

Definition 6.5.4. Let A be a coalgebra over R. Then we denote by A—Comod
the category of comodules over A that are finitely generated as a R-modules.

Recall that R—Proj denotes the category of finitely generated projective R-
modules.

Corollary 6.5.5. Let R be a field or Dedekind domain, D a diagram and
T:D — R—Proj

a representation. Set A(D,T) := lim, finite End(Tr)Y. Then A(D,T) has
the structure of a coalgebra and the diagram category of T' is the abelian category
A(D,T)—Comod.

Proof. For any finite subset ' C D the algebra End(7F) is a submodule of
the finitely generated projective R-module [[, » End(7}). Since R is a field or
Dedekind domain, for a finitely generated module to be projective is equivalent
to being torsion free. Hence the submodule End(TF) is also finitely generated
and torsion-free, or equivalently, projective. By the previous lemma, End(Tx)Y
is an R-coalgebra and End(7Tr)—Mod = End(TF)Y—Comod. From now on, we
denote End(Tr)Y with A(F,T). Taking limits over the direct system of finite
subdiagrams as in Definition [6.1.10} we obtain

C(D, T) = 2—COlichD ﬁniteEnd(TF)—Mod
= 2—colimpcp finite A(F, T)—Comod.

Since the category of coalgebras is cocomplete, A(D,T) = hﬂFcD A(F,T) is a
coalgebra as well.

We now need to show that the categories 2—colimpc p finite (A(F, T)—Comod)
and A(D, T)—Comod are equivalent. For any finite F' the canonical map A(F,T) —
A(D,T) via restriction of scalars induces a functor

¢r : A(F,T)—Comod — A(D,T)—Comod
and therefore by the universal property a unique functor
u: @A(F, T)—Comod — A(D,T)—Comod.
such that for all finite F/, F”" € D with F/ C F" and the canonical functors

Y+ A(F',T)—Comod — lim A(F,T)—Comod
FCD

the following diagram commutes:
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A(F',T)—Comod bprpr A(F",T)—Comod

\ /

Y Y

bp @FCD(A(F,T)—Comod) b

lu

J

A(D,T)—Comod

We construct an inverse map to u: Let M be an A(D, T)-comodule and
m: M — MegrAD,T)

be the comultiplication. Let M = (z1,..,x,)r. Then m(z;) = > p_, ari @
for certain ag; € A(D,T). Every ay; is already contained in an A(F,T) for
sufficiently large F'. By taking the union of these finitely many F, we can
assume that all ax; are contained in one coalgebra A(F,T). Since z1,..,2,
generate M as R-module, m defines a comultiplication

i M — M ®g A(F,T).

So M is an A(F,T)-comodule in a natural way, thus via ¥p an object of
2—colim;(A;—Comod). O

We also need to understand the behavior of A(D,T') under base-change.

Lemma 6.5.6 (Base change). Let R be a field or a Dedekind domain and
T : D — R—Proj a representation. Let R — S be flat. Then

A(D,Ts)=A(D,T)®g S .
Proof. Let I' C D be a finite subdiagram. Recall that
A(F,T) = Homg(End(T|r), R) .

Both R and Endr(T'|r) are projective because R is a field or a Dedekind domain.
Hence by Lemma [6.2.2

Hompg(Endgr(7T|r), R)®S = Homg(Endg(T|r)®S, S) =2 Homg(Ends((Ts)|r), S).

This is nothing but A(F,Ts). Tensor products commute with direct limits,
hence the statement for A(D,T) follows immediately. O



Chapter 7

More on diagrams

We study additional structures on a diagram and a representation that lead to
the construction of a tensor product on the diagram category. The aim is then
to turn it into a rigid tensor category with a faithful exact functor to a category
of R-modules. The chapter is formal, but the assumptions are tailored to the
application to Nori motives.

A particularly puzzling and subtle question is how the question of graded com-
mutativity of the Kiinneth formula is dealt with.

We continue to work in the setting of Chapter [6]

7.1 Multiplicative structure

Let R a fixed noetherian unital commutative ring.

Recall that R—Proj is the category of projective R-modules of finite type over
R. We only consider representations 7' : D — R—Proj where D is a diagram
with identities, see Definition

Definition 7.1.1. Let Dy, Dy be diagrams with identities. Then D; x Ds is
defined as the diagram with vertices of the form (v, w) for v a vertex of Dy, w
a vertex of Dy, and with edges of the form («,id) and (id, 8) for « an edge of
D; and S an edge of Dy and with id = (id, id).

Remark 7.1.2. Levine in [L1] p.466 seems to define D; x Dy by taking the
product of the graphs in the ordinary sense. He claims (in the notation of loc.
cit.) a map of diagrams

H,Sch' x H,Sch’' — H,Sch'.

It is not clear to us how this is defined on general pairs of edges. If o, 5 are
edges corresponding to boundary maps and hence lower the degree by 1, then

161
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we would expect o x 8 to lower the degree by 2. However, there are no such
edges in H,Sch’.

Our restricted version of products of diagrams is enough to get the implications
we want.

In order to control signs in the Kiinneth formula, we need to work in a graded
commutative setting.

Definition 7.1.3. A graded diagram is a diagram D with identities together
with a map
| -|: {vertices of D } — Z/27Z .

For an edge v : v — v/ we put |y| = |v| — |v'|. If D is a graded diagram, D x D
is equipped with the grading |(v, w)| = |v| + |w].

A commutative product structure on a graded D is a map of graded diagrams
X:DxD—D
together with choices of edges

Oy T UXW—> WXV
Bowu : 0 X (wxu) = (vxXw)Xu

B, (o xw)xu— v X (wXu)

v, W, U

for all vertices v, w,u of D.

A graded multiplicative representation T of a graded diagram with commutative
product structure is a representation of 7' in R—Proj together with a choice of
isomorphism

Tww) : T(v xw) = T(v) ®T(w)

such that:

1. The composition

—1
T(v,w)

Tw)@T(w) —= T'(v X w)

T(w,v)

T@ow)y iy x v) 280 T(w) © T(v)
is (—1)l*I*l times the natural map of R-modules.
2. If v: v — v’ is an edge, then the diagram

T(v x w) Trdd), T(v' x w)

T(v) ® T(w) V7 TOE 1y @ 1)

comimutes.
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3. If v : v — v’ is an edge, then the diagram

T(idx~y
( )

T(w x v) T(w xv')

commutes.
4. The diagram

Tox (wxw) —Lwe Py w) x u)

! l

Tw)@T(w X u) T(vxw)®T(u)
Tw) @ (T(w) T (u)) —— (Tw)@T(w)) T (u)
commutes under the standard identification
Tw) @ (T(w) @ T(u)) = (T(v) @ T(w)) @ T(u).

The maps T'(By ww) and T(5), ,,.,) are inverse to each other.

v,W,u

A unit for a graded diagram with commutative product structure D is a vertex
1 of degree 0 together with a choice of edges

Uy UV —> 1 XV

for all vertices of v. A graded multiplicative representation is wnital if T(1)
is free of rank 1 and T'(u,) is an isomorphism for all vertices v satisfying the
following condition: Let R — T'(1) be the isomorphism determined by

T(up):T(1) = T(1)@T(1).
Under this identification T'(u,) identifies with the natural isomorphism
T(v) > R T (v).

Remark 7.1.4. 1. In particular, T(ay,.) and T(By.w,«) are isomorphisms.
If v = w then T(a,,,) = (1)l

2. If 1 is a unit, then T'(uq) defines a distinguished isomorphism 7'(1) —
T(1) ® T(1). Hence it is either 0 or a free R-module of rank 1. The
definition excluded the first case.
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3. Note that the first and the second factor are not treated symmetrically.
There is a choice of sign convention involved. The convention above is
chosen to be consistent with the one of Section[I.3] Eventually, we want to
view relative singular cohomology as graded multiplicative representation
in the above sense.

4. For the purposes immediately at hand, the choice of 51’;,w,u is not needed.

However, it is needed later on in the definition of the product structure
on the localized diagram, see Remark

Let T : D — R—Proj be a representation of a diagram with identities. Recall
that we defined its diagram category C(D,T) (see Definition [6.1.10). It R is a
field or a Dedekind domain, then C(D,T) can be described as the category of
A(D, T)-comodules of finite type over R for the coalgebra A(D,T) defined in
Theorem [6.1.12

Proposition 7.1.5. Let D be a graded diagram with commutative product
structure with unit and T a unital graded multiplicative representation of D
i R—Proj

T :D — R—Proj.

1. Then C(D,T) carries the structure of a commutative and associative ten-
sor category with unit and T : C(D,T) — R—Mod is a tensor functor.
On the generators T(v) of C(D,T) the associativity constraint is induced
by the edges By w.u, the commutativity constraint is induced by the edges
Quy ), the unit object is 1 with unital maps induced from the edges u,,.

2. If, in addition, R is a field or a Dedekind domain, the coalgebra A(D,T)
carries a natural structure of commutative bialgebra (with unit and counit).

The unit object is going to be denoted 1.

Proof. We consider finite diagrams F' and F’ such that
{vxwlv,w e F} C F".
We are going to define natural maps
wy: End(T|p) = End(T|r) ® End(T|F).
Assume this for a moment. Let X,Y € C(D,T). We want to define X @ Y in
C(D,T) = 2—colimpC(F,T). Let F such that X,Y € C(F,T). This means that
X and Y are finitely generated R-modules with an action of End(T'|r). We

equip the R-module X ® Y with a structure of End(7|ps)-module. It is given
by

End(T|p)® X ®Y — End(T|r) @ End(T|p) @ X ®Y - X QY
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where we have used the comultiplication map p}. and the module structures of
X and Y. This will be independent of the choice of F' and F’. Properties of ®
on C(D,T) follow from properties of p3.

If R is a field or a Dedekind domain, let
pr: A(F,T)® A(F,T) — A(F',T)

be dual to u},. Passing to the direct limit defines a multiplication p on A(D,T).

We now turn to the construction of uf. Let a € End(T|g/), i.e., a compatible
system of endomorphisms a, € End(T(v)) for v € F’'. We describe its image
pi(a). Let (v,w) € F x F. The isomorphism

T:Twxw)—TwW) T (w)
induces an isomorphism
End(T(v x w)) 2 End(T'(v)) ® End(T'(w)).

We define the (v, w)-component of *(a) by the image of a,x. under this iso-
morphism.

In order to show that this is a well-defined element of End(7T'|r) ® End(T|r),
we need to check that diagrams of the form

T(/U) ® T(w)# (a)(v,w)

T(v) ®T(w)
T(a)®T(ﬁ)l iT(a)(@T(ﬁ)

T)eTw) —=T(")eT(w)

/‘*(a)(v',w’)
commute for all edges a: v — o', 8: w — w' in F. We factor
T() @ T(B) = (T(id) @ T(B)) o (T'(cx) o T(id))

and check the factors separately.

Consider the diagram

T(v x w) - T(vx w)
\ M*(a)(mw) /
Tw) @T(w) ——=T(v) @ T(w)
T(axid) T(a)®T(id)\L J{T(a)@T(id) T(axid)
(W) @T(w) —=T)&T(w)
/ e \

Ayl xw

T x w) T(v' x w)
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The outer square commutes because a is a diagram endomorphism. Top and
bottom commute by definition of p*(a). Left and right commute by property
(3) up to the same sign (—1)*llel. Hence the middle square commutes without
signs. The analogous diagram for id X § commutes on the nose. Hence p*(a) is
well-defined.

We now want to compare the (v, w)-component to the (w, v)-component. Recall

that there is a distinguished edge ay, 4 : v X w = w x v. Consider the diagram

*(a) (v, w

T(v) @ T(w) —5P(v) @ T(w)

\
/

T(v X w) e T(vx w)
T(au,w)i T(av,w)l
T(w x v) e T(w x v)

T _

T(w) ® T(v?imv)T(w) ® T (v)

By the construction of p*(a)(y,w) (resp. p*(a)w,v)), the upper (resp. lower)
tilted square commutes. By naturality, the middle rectangle with «, ,, com-
mutes. By property (1) of a representation of a graded diagram with commu-
tative product, the left and right faces commute where the vertical maps are
(=1)lPllwl times the natural commutativity of tensor products of T-modules.
Hence the inner square also commutes without the sign factors. This is cocom-
mutativity of p*.

The associativity assumption (3) for representations of diagrams with product
structure implies the coassociativity of p*.

The compatibility of multiplication and comultiplication is built into the defi-
nition.

In order to define a unit object in C(D,T) it suffices to define a counit for
End(T|r). Assume 1 € F. The counit

u* : End(T|p) € [] End(T'(v)) = End(T(1)) = R

is the natural projection. The assumption on unitality of T allows to check that
the required diagrams commute.

This finishes the argument for the tensor category and its properties. If R is a
field or a Dedekind domain, we have shown that A(D,T) has a multiplication
and a comultiplication. The unit element 1 € A(D,T) is induced from the
canonical element 1 € A({1},7) = Endg(7'(1))¥ = R (Note that the last
identification is indeed canonical, independent of the choice of basis vector in
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T(1) = R.) It remains to show that 1 # 0 in A(D,T') or equivalently its image
is non-zero in all A(F,T) with F a finite diagram containing 1. We can view 1
as map

End(T|r) = R .
It is non-zero because it maps id to 1. O
Remark 7.1.6. The proof of Proposition works without any changes in

the arguments when we weaken the assumptions as follows: in Definition [7.1.3]
replace X by a map of diagrams

x: D x D — P(D)

where P (D) is the path category of D: objects are the vertices of D and mor-
phisms the paths. A representation T' of D extends canonically to a functor on

P(D).

Example 7.1.7. Let D = Ny. We impose a minimal set of edges which allows
for the definition of a commutative product structure such that n — V" for
fixed vector space V' becomes A multiplicative representation. The only edges
are self-edges. We denote them suggestively

idg X @y xidp :a+v+w+b—=a+w+v+b

with a,b,v,w € Ng. We identify id, X ag,o X idy = id,+s and abbreviate idg x
Qo X idg = . We turn it into a graded diagram via the trivial grading
[n| =0 frall neN.

The summation map
Ny x Ng = Ny (n,m)—n+m

defined a commutative product structure on Ny in the sense of Definition [7.1.3]
The definition on edges is the obvious one. All edges By v ,u; O, are given by

v, W, u

the identity. The edges ., are the ones specified before. The unit 1 is given
by the vertex 0, the edges u, are given by the identity.

Let V be a finite dimensional k-vector space for some field k. We define a unital
graded multiplicative representation

T =Ty : Ng — k—Mod, n— Ve
The morphisms
T : T(v x w) = VEOE™) 5 T(v) @ T(w)

are the natural ones. All conditions are satisfied. We have in particular 7'(0) =
k.

By Proposition the coalgebra A = A(Ny,T') is a commutative bialgebra.
Indeed, SpecA = End(V) viewed as algebraic monoid over k. In more detail:
The commutative algebra A is generated freely by

A({1},T) = Endy(V)V.
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Let vq,...,v, be a basis of v. Then
AN, T) = k[Xi]7 121

with X;; the element dual to E;; : V. — V with E;;(vs) = disv;. The comul-
tiplication A is determined on its value on the X;; where it is induced from
multiplication of the Ej;;. Hence

AXij) =Y XX .
s=1

7.2 Localization

The purpose of this section is to give a diagram version of the localization
of a tensor category with respect to one object, i.e., a distinguished object
X becomes invertible with respect to tensor product. This is the standard
construction used to pass e.g. from effective motives to all motives.

We restrict to the case when R is a field or a Dedekind domain and all repre-
sentations of diagrams take values in R—Proj.

Definition 7.2.1 (Localization of diagrams). Let D be a graded diagram
with a commutative product structure with unit 1. Let vy € DT be a vertex.
The localized diagram D has vertices and edges as follows:

1. for every v a vertex of D*f and n € Z a vertex denoted v(n);

2. for every edge a : v — w in D and every n € Z, an edge denoted
a(n) : v(n) = w(n) in D;

3. for every vertex v in D* and every n € Z an edge denoted (v x vg)(n) —
v(n+1).
Put |v(n)| = |v].

We equip D with a weak commutative product structure in the sense of Re-
mark [7.1.6]

x : D x D — P(D) v(n) X w(im) — (v X w)(n +m)
together with
av(n),w(m) = Qyw (Tl + m)
ﬁv(n),w(m),u(r) = Bv,w,u(n +m+ T)
Bg(n),w(m),u(r) = ﬁ;,w,u(n +m+ T)

Let 1(0) together with
Uy(n) = Uy (n)

be the unit.
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Note that there is a natural inclusion of multiplicative diagrams DT — D which
maps a vertex v to v(0).

Remark 7.2.2. The above definition does not spell out x on edges. It is
induced from the product structure on D for edges of type (2). For edges of
type (3) there is an obvious sequence of edges. We take their composition in
P(D). E.g. for vyn : (v X vo)(n) = v(n+ 1) and idy(m) = idw(m) : w(m) —
w(m) we have

Yon X id(m) 1 (v X vo)(n) X w(m) = v(n + 1) X w(m)

(v X v9)(n) x wim) = ((v x vg) X w)(n+m)

Bl v (M)
Dovo w0 (1 % (wg x w))(n + m)

idX gy, w(nt+m
Xorug w(ntm) (v x (w X vg))(n +m)

Zewsol, (4 5 w) x o) (m + )

YvXw,n+m

(vxw)(n+m+1)=vn+1) xw(m) .

Assumption 7.2.3. Let R be a field or a Dedekind domain. Let T be a
multiplicative unital representation of D°f with values in R—Proj such that
T'(vp) is locally free of rank 1 as R-module.

Lemma 7.2.4. Under Assumption[7.2.3, the representation T extends uniquely
to a graded multiplicative representation of D such that T(v(n)) = T(v) ®
T(v9)®™ for all vertices and T(a(n)) = T(a) ® T(id)®™ for all edges. It is
multiplicative and unital with the choice

Tu(n),w(m)
L

T'(v(n) x w(m)) T'(v(n)) ® T(w(m))
To,w (n+m)Jr J{=
T(v) @ T(w) @ T(vg)®ntm = T(v) @ T(v9)®" @ T'(w) @ T (v)®™

where the last line is the natural isomorphism.

Proof. Define T' on the vertices and edges of D via the formula. It is tedious
but straightforward to check the conditions. O

Proposition 7.2.5. Let D, D and T be as above. Assume Assumption ,
Let A(D,T) and A(D*,T) be the corresponding bialgebras. Then:

1. C(D,T) is the localization of the category C(D®,T) with respect to the

object T'(vy).
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2. Let x € End(T(v))Y = A({vo},T) be the dual of id € End(T (vg)). We
view it in A(D*",T). Then A(D,T) = A(D*T,T), (localization of alge-
bras).

Proof. Let D=™ C D be the subdiagram with vertices of the form v(n') with
n’ > n. Clearly, D = colim,, DZ", and hence

C(D,T) = 2—colim,C(D=",T) .
Consider the morphism of diagrams
D=" — D="F1 y(m) — v(m + 1).

It is clearly an isomorphism. We equip C(DZ"+!,T) with a new fibre functor
fr®@T(vg)Y. It is faithful exact. The map v(m) — T(v(m+1)) is a representa-
tion of D=" in the abelian category C(D=""1 T) with fibre functor fr @7 (vo)".
By the universal property, this induces a functor

C(D=",T) — C(D="*1T) .
The converse functor is constructed in the same way. Hence
C(D=",T)=C(D="*\T), A(D=",T)= A(D="*'T).
The map of graded diagrams with commutative product and unit
D — p=0

induces an equivalence on tensor categories. Indeed, we represent D=0 in
C(D°, T) by mapping v(m) to T'(v) ® T'(vg)™. By the universal property (see
Corollary [6.1.18)), this implies that there is a faithful exact functor

C(D=°,T) — ¢(D*, T)

inverse to the obvious inclusion. Hence we also have A(D*f, T) = A(D=°,T) as
unital bialgebras.

On the level of coalgebras, this implies
A(D,T) = colim, A(D=",T) = colim, A(D*, T)

because A(DZ", T) isomorphic to A(D®, T) as coalgebras. A(D®, T') also has a
multiplication, but the A(D=",T) for general n € Z do not. However, they carry
a weak A(D°®% T)-module structure analogous to Remark corresponding
to the map of graded diagrams

D x D= — P(D=").

We want to describe the transition maps of the direct limit. From the point of
view of D — D it is given by v — v x vg.
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In order to describe the transition maps A(Df, T) — A(Df T), it suffices to
describe End(T'|r) — End(T|r/) where F, F' are finite subdiagrams of D such
that v x vy € V(F”) for all vertices v € V(F'). It is induced by

End(T(v)) = End(T(v x v9)) = End(T(v)) ® End(T(vg)) a+— a®id.
On the level of coalgebras, this corresponds to the map
ADE T) - ADE,T), z xy.

Note finally, that the direct limit colimA(D®¥, T") with transition maps given by
multiplication by x agrees with the localization A(D°f,T),. O

7.3 Nori’s Rigidity Criterion

Implicit in Nori’s construction of motives is a rigidity criterion, which we are
now going to formulate and prove explicitly.

Let R be a Dedekind domain or a field and C an R-linear tensor category. Recall
that R—Mod is the category of finitely generated R-modules and R—Proj the
category of finitely generated projective R-modules.

We assume that the tensor product on C is associative, commutative and unital.
Let 1 be the unit object. Let T : C — R—Mod be a faithful tensor functor with
values in R—Mod. In particular, T(1) & R. By what we have shown above this
implies that C is equivalent to the category of representations of a pro-algebraic
monoid over R.

Recall:

Definition 7.3.1. Let C be as a above with R a field. We say that C is rigid,
if every object V' € C has a strong dual V'V, i.e., for all X, Y € C

Hom(X ® V,Y) = Hom(X, V'Y ®Y),

Hom(X,V ®Y) = Hom(X @ V",Y)

By Tannaka duality this implies that the Tannaka dual of C is a group. We are
going to show below that actually a weaker assumption suffices. Hence by abuse
of terminology, we call C rigid also in the case where R is a Dedekind domain,
if its Tannaka dual is a group.

We introduce an ad-hoc notion.

Definition 7.3.2. Let V be an object of C. We say that V' admits a perfect
duality if there is morphism

q: VRV —=1,

or

1-VV
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such that T'(V') is projective and T'(q) (respectively its dual) is a non-degenerate
bilinear form.

Definition 7.3.3. Let V be an object of C. By (V)g we denote the smallest
full abelian unital tensor subcategory of C containing V.

We start with the simplest case of the criterion.

Lemma 7.3.4. Let V be an object such that C = (V)g and such that V' admits
a perfect duality. Then C is rigid.

Proof. By standard Tannakian formalism, C is the category of comodules for a
bialgebra A, which is commutative and of finite type as an R-algebra. Indeed:
The construction of A as a coalgebra was explained in Proposition We
may view C as graded diagram (with trivial grading) with a unital commutative
product structure in the sense of Definition [7.1.3] The fibre functor T is a unital
graded multiplicative representation. The algebra structure on A is the one of
Proposition It is easy to see that A is generated by A({V},T,) as an
algebra. The argument is given in more detail below.

We want to show that A is a Hopf algebra, or equivalently, that the algebraic
monoid M = SpecA is an algebraic group.

By Lemma it suffices to show that there is a closed immersion M — G
of monoids into an algebraic group G. We are going to construct this group or
rather its ring of regular functions. We have

A =1limA,
with A, = A(C,,T) for C,, = (1,V,V®2 ... V&) the smallest full abelian
subcategory containing 1,V,...,V®", By construction, there is a surjective
map

é Endp((T(V)®")Y — A,
i=0

or, dually, an injective map

Ay = @ Endg(T(V)®")
1=0

where A} consists of those endomorphisms compatible with all morphisms in
Cy,,- In the limit, there is a surjection of bialgebras

éEndR((T(V)W)V) — A

and the kernel is generated by the relation defined by compatibility with mor-
phisms in C. One such relation is the commutativity constraint, hence the map
factors via the symmetric algebra

S*(End(T(V)") = A .
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Note that S*(End(T7'(V)Y) is canonically the ring of regular functions on the
algebraic monoid End(7(V')). Another morphism in C is the pairing ¢ : VQV —
1. We want to work out the explicit equation induced by g.

We choose a basis ey,...,e, of T(V). Let
a;; =T(q)(ei,e;) € R

By assumption, the matrix is invertible. Let X; be the matrix coefficients on
End(T(V)) corresponding to the basis e;. Compatibility with ¢ gives for every
pair (i,7) the equation

aij = q(ei, €;)
= Q((XTS)eia (XT’S’)ej)

=q (Z Xriem ZXr’jer'>

= Z Xrin’jQ(eT’ erl)

rr!

== E X?"in/jarT’

Note that the latter is the (i, j)-term in the product of matrices
(Xir)t(aTr’)(Xr'j) .
Let (blj) = (ai]‘)_l. With
(Yig) = (bi)(Xirr)" (ary)

we have the coordinates of the inverse matrix. In other words, our set of equa-
tions defines the isometry group G(q) C End(T(V)). We now have expressed A
as quotient of the ring of regular functions of G(q).

The argument works in the same way, if we are given
g:1->VeV
instead. O

Proposition 7.3.5 (Nori). Let C and T : C — R—Mod be as defined at the
beginning of the section. Let {V;]i € I} be a set of objects of C with the properties:

1. It generates C as an abelian tensor category, i.e., the smallest full abelian
tensor subcategory of C containing all V; is equal to C.

2. For every V; there is an object W; and a morphism
g :VioW; =1

such that T(¢;) : T(V;) @ T(W;) — T(1) = R is a perfect pairing of free
R-modules.
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Then C is rigid, i.e., for every object V there is a dual object V'V such that

Hom(V®A, B) = Hom(A,VY®B) , Hom(VY®A, B) = Hom(A,V®B) .

This means that the Tannakian dual of C is not only a monoid but a group.

Remark 7.3.6. The Proposition also holds with the dual assumption, existence
of morphisms
g :1 =V, W;

such that T(q;)¥ : T(V)¥V @ T(W;)¥ — R is a perfect pairing.

Proof. Consider V/ = V; @ W,. The pairing ¢; extends to a symmetric map ¢; on
V! @ V/ such that T'(¢}) is non-degenerate. We now replace V; by V. Without
loss of generality, we can assume V; = W,.

For any finite subset J C I, let V; = @jEJ V;. Let g5 be the orthogonal sum

of the g; for j € J. It is again a symmetric perfect pairing.
For every object V of C, we write (V)g for the smallest full abelian tensor
subcategory of C containing V. By assumption we have

c=Una
J

We apply the standard Tannakian machinery. It attaches to every (Vj)g an
R-bialgebra A; such that (V)g is equivalent to the category of A j-comodules.
If we put

A=1lmA J

then C will be equivalent to the category of A-comodules. It suffices to show
that A; is a Hopf-algebra. This is the case by Lemma[7.3.4] O

Finally, the missing lemma on monoids.

Lemma 7.3.7. Let R be noetherian ring, G be an algebraic group scheme of
finite type over R and M C G a closed immersion of a submonoid with 1 €
M(R). Then M is an algebraic group scheme over R.

Proof. This seems to be well-known. It is appears as an exercise in [Re] 3.5.1 2.
We give the argument:

Let S be any finitely generated R-algebra. We have to show that the value
S — M(S) is a group. We take base change of the situation to S. Hence
without loss of generality, it suffices to consider R = S. If g € G(R), we denote
the isomorphism G — G induced by left multiplication with g alsoby g : G — G.
Take any g € G(R) such that gM C M (for example g € M(R)). Then one has

MDgM2g*MD -
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As G is Noetherian, this sequence stabilizes, say at s € N:
gsM — gs+1M
as closed subschemes of G. Since every ¢° is an isomorphism, we obtain that
M =g *¢g°M = g~°¢°"'M = gM

as closed subschemes of G. So for every g € M(R) we showed that gM = M.
Since 1 € M(R), this implies that M (R) is a subgroup. O

Example 7.3.8. We explain the simplest example. It is a dressed up version
of Example where we obtained and algebraic monoid. Let D = Ny. We
have the same self edges id, X o X idy as previously and in addition edges
n + 2 — n denoted suggestively id, x b X idy :a+2+b— a+b.

We equip it with the trivial grading and the commutative product structure
obtained by componentwise addition. The unit is given by 0 with u, = id.

Let k be a field and (V,b) a finite dimensional k-vector space with a non-
degenerate bilinear form V>V — k. We define a graded multiplicative rep-
resentation

TV,b : NO — k—Mod V= V®U.

The edge b is mapped to the linear map b: V®2 — [ induced from the bilinear
map b. The assumptions of the rigidity criterion in Proposition[7.3.5 are satisfied
for C = C(D,T). Indeed it is generated by the object of the form T'(1) =V as
the an abelian tensor category. It is self-dual in the sense of the criterion in C.

Let v1,...,v, be a basis of V and B the matrix of b. The bialgebra A =
A(Ny, Tv) is generated by symbols X;; as in Example|7.1.7] There is a relation
coming from the edge b. It was computed in the proof of Lemma as the
matrix product

(Xij)ijB(Xst)st = 0.

Hence
X = SpecA = O(b)

as algebraic group scheme.

7.4 Comparing fibre functors

7.4.1 The space of comparison maps

We pick up the story but with two representations instead of one.

Let R be a Dedekind domain or a field. Let R—Mod be the category of finitely
generated R-modules and R—Proj the category of finitely generated projec-
tive modules. Let D be a graded diagram with commutative product structure
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(see Definition and 71,75 : D — R—Proj two graded multiplicative rep-
resentations. Recall that we have attached coalgebras A; := A(D,T;) and
Ay := A(D, T>) to these representations (see Theorem [6.1.12)). They are even
bialgebras by Proposition The diagram categories C(D,T}) and C(D,T5)
are defined as the categories of comodules for these coalgebras. They carry a
structure of unital commutative tensor category.

Remark 7.4.1. In the case that D is the diagram defined by a rigid tensor
category and 77, Ts faithful tensor functors, it is the classical result of Tannakua
theory that not only G; = SpecA; and Gy = SpecAs are both groups, but they
are forms of each other. All tensor functors are isomorphisms and the space of
all tensor functors is a torsor under G; and Go. Our aim is to imitate this as
much as possible for a general diagram D. As we will see, the results will be
weaker.

Definition 7.4.2. Let D be a diagram, R a Dedekind domain or a field. Let
T and T5 be representions of D in R—Proj. Let F' C D be a finite subdiagram.
We define

HOIH(T1|F,T2|F) =
(fo)pen € [ Homp(Tip, Top)| fy © Tym = Tom o f, ¥p,q € D Ym € D(p, q)
peD

Put
Ay 2 = colimpHom(Th | r, To|r)”

where ¥ denotes the R-dual and F' runs through all finite subdiagrams of D.

Note that our assumptions guarantee that Hom(T}|r,T2|F) is a projective R-
module and hence has a well-behaved R-dual.

Proposition 7.4.3. 1. The operation
End(T1|r) x Hom(T1|p, To|r) — Hom(T1|r, T2|F)
iduces a compatible comultiplication
A1 ®@ A2+ A,
The operation
Hom(Th|p, To|r) x End(Ts|r) — Hom(Th|r, T2|F)
induces a compatible comultiplication
Ao ® Ay +— Ajo.
The composition

HOHl(Tl‘F7T2|F)XHOIn(T2|F,Tl‘F)XHOHl(Tl‘F,TﬂF) — HOID(T1|F,T2|F) — HOIH(T1|F,T2|F)
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induces a natural map

A1o® A1 ® Ar 2 + Ao

2. Assume that D carries a commutative product structure. Then Ao is a
faithfully flat commutative unital R-algebra with multiplication induced by
the tensor structure of the diagram category (unless A1 = 0) and the
above maps are algebra homomorphisms.

Proof. The statement on comultiplication follows in the same way as the co-
multiplication on A; and As themselves, see Theorem [6.1.12} The module A; »
is faithfully flat over R because it is the direct limit of locally free R-modules.

The hard part is the existence of the multiplication. This follows by going
through the proof of Proposition [7.1.5] replacing End(T'|r) by Hom (T} |r, T2|r)
in the appropriate places.

Recall that uy defines a distinguished isomorphism R — T;(1). The element
1 € A5 is induced by the image of the map Hom(73(1),75(1)) — R dual to
the distinguished basis. O

Remark 7.4.4. As in Remark [T.1.06] a weak product structure on D suffices.

Lemma 7.4.5. Let R be a Dedekind domain or a field. Let S be a faithfully
flat ring extension of R. Then the follow data are equivalent:

1. an R-linear map ¢V : A1 2 — S (of R-algebras);

2. a morphism of representations (with unital commutative product struc-
ture). ®:T1 S > Th®S;

Moreover, every (unital tensor) functor ® : C(D,T1) — C(D,Ts) gives rise to a
morphism of representations.

Proof. By base change it suffices to consider S = R. This will simplyfiy nota-
tion.

We first establish the statement without multiplicative structures. By construc-
tion we can restrict to the case where the diagram D is finite.

Such a morphism of representations defines an element ¢ € Hom(Ty,T5) or
equvialently an R-linear map ¢" : A; o — R. Conversely, ¢ a morphism of
representations.

Let @ : C(D,T1) — C(D,Tz) be an S-linear functor. By composing with the
universal representations 77 and Tb we obtain a morphism of representations
T —=Tox®S.

Finally, compatibility with product structure translates into multilicativity of
the map ¢. O
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Remark 7.4.6. It does not follow that that a morphism of representations
gives rise to functor between categories. Indeed, a linear map V; — V5 does not
give rise to an algebra homomorphism End(V2) — End(V;).

We translate the statements to geometric language.

Theorem 7.4.7. Let R be a field or a Dedekind domain. Let D be a diagram
with commutative product structure, Ty, Ty : D — R—Proj two representations.
Let X1 2 = SpecAi, Gi = SpecA; and Go = SpecAs. The scheme Xi o is
faithfully flat over R unless it is empty.

1. The monoid G operates on X1 o from the left

o Gl X XLQ — Xl,g.

2. The monoid G2 operates on X1 2 from the right

I XLQ X GQ — XLQ.

8. There is a natural morphism
XLQ X Xg’l X X172 — X172.
Let S be a faithfully flat extension of R. The choice of a point Xi2(S) is
equivalent to a morphism of representations T1 @ S — To ® S.

Remark 7.4.8. It is possible for X 5 to be empty as we will see in the examples
below.

Example 7.4.9. For D = Pairs or D = Good and the representations 71 = Hji
(de Rham cohomology) and T» = H* (singular cohomology) this is going to
induce the operation of the motivic Galois group Guot = SpecAs on the torsor
X = SpeCAl)g.

We formulate the main result on the comparison of representations. By a torsor
we will mean a torsor in the fpgc-topology, see Definition [I.7.3] For background

on torsors, see Section

Theorem 7.4.10. Let R — S be faithfully flat and
0:T1®rS —>To®r S

an isomorphism of unitary multiplicative representations.

1. Then there is ¢ € X1,2(S) such that the induced maps

Gis = X125, 9+ u(go)
Gos = X125, g+ p(og)

are isomorphisms.
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2. This map ¢ induces an equivalence of unital tensor categories

D C(D,Tl) — C(D,Tg)

3. The comparison algebra A1 2 is canonically isomorphic to the comparison
algebra for the category C = C(D,T1) and the fibre functors fr, and fr,o®.

Assume in addition that C(D,Ty) is rigid. Then:

4. X1 is a Gy-left torsor and a Ga-right torsor in the fpgc-topology.

5. For flat extensions R — S, all sections ¢ € X1 2(S") are isomorphisms
of representations Ty @ §' — To @ S'. The map ¢ — ¥~' defines an
isomorphism of schemes 1 : X192 — Xo1.

6. X1, is a torsor in the sense of Definition[1.7.9 with structure map given
by via v and Theorem 7.7

3
X1,2 = X1’2 X X2’1 X XLQ — XLQ .

Moreover, the groups attached to X o via Proposition[1.7.10 are G1 and
Gs.

Proof. The first statement over S follows directly from the definitions.

We obtain the functor and its inverse by applying the universal property of the
diagram catgories in the general form of Corollary They are inverse to
each other by the uniqueness part of the universal property.

We use the notation A(D,Ty,T,) for the period algebra A; 5. By definition,
A(D,Ty,Ty) = A(D, fr, o ® o Ty). The map of diagrams T} : D — C defines an
algebra homomorphism

A(DaThTQ) - A(Ca fT17fT2 O(I))

by the same argument as in the proof of Lemma We check that it is an
isomorphism after base change to S. Over S, we may use the isomorphism ¢
to replace 15 ® S be the isomorphic 77 ® S. The claim now follows from the
isomorphism

A(D7T1 (29 S) — A(C(DaTl)va1)

which is the main content of Theorem [6.1.19| on the diagram category of an
abelian category.

Now suppose in addition that C(D,T) is rigid. By the equivalence this implies
that C(D,Ty) is rigid. This means that the monoids G; and Gs are group
schemes. The first property translate into X being a Gi-left and Ga-right
torsor in the fpgc-topology.

Let ¥ : T ® S — T5 ® S’ be a morphism of representations. We claim that
it is an isomorphism. This can be checked after a base change to S. Then T3
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becomes isomorphic to T} via ¢ and we may replace 75 by T; in the argument.
The morphism % can now be identified with a section ¢ € G1(S’ ® S). This is
a group, hence it has an inverse, which can be interpreted as the inverse of the
morphism of representations.

Consider X7, — X1,5 as defined in the theorem. We claim that it satisfies the
torsor identities of Definition This can be checked after base change to S
where we can replace X 2 by ;. The map is then given by

G3 = Gy, (a,b,c) = ab~'c

which is the trivial torsor. In particular the left group defined by the torsor
X1,2 is nothing but G;. The same argument also applies to G. O

Remark 7.4.11. See also the discussion of the Tannakian case in Section [6.1.4l
In this case X 5 is the G-torsor of isomorphisms between the fibre functors 7
and T3 of [DM), Theorem 3.2], see also Theorem The above theorem is
more general as it starts out with a commutative diagram instead of a rigid
category. However, it is also weaker as is uses the existence of a point.

7.4.2 Some examples

We make the above theory explicit in a number of simple examples. The aim is
to understand conditions needed in order to ensure that X; 5 is a torsor. It will
turn out that rigidity of the diagram category is not enough.

Example 7.4.12. We consider again Example [7.I.7] Let k be a field. The
diagram is Ny with only edges id, X oy, X idp. It carries a commutative product
structure as before.

Let V4 and V5 be finite dimensional k-vector spaces. Let T; : n — Vi®" be the
multiplicative representations as in before. We have shown that G; = End(V;)
as algebraic k-scheme. The same argument yields

Xi,2 = Hom(V1,V3)
as algebraic k-scheme with the natural left and right operations by G;.

Example 7.4.13. We consider again Example [7.3.8f We have D = Ny with
additional edges generated from an extra edge b : 2 — 0. Let (V;, ;) be finite
dimensional vector spaces with a non-degnerate bilinear form. We obtain

X172 = Isom((Vl, bl), (VQ, bz))

the space of linear maps compatible with the forms, i.e., the space of isometries.
In this case G; and G are algebraic groups, indeed the orthogonal groups of by
and bo, respectively. The diagram categories were rigid.

We claim that X7 = 0 if dimV, < dimVj. The argument can already be
explained in the case Vi = k2, V5 = 1 both with the standard scalar product. If
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X1 .2 # 0, there would be a K-valued point for some field extension K/k. This
would mean the existence of a linear map K? — K with matrix (a, b) such that
a®> =1, 4> =1 and ab = 0. This is impossible. We can write down the same
argument in terms of equations: the algebra A, o is generated by X,Y subject
to the equations X? —1,Y? — 1, XY. This implies 0 = 1 in A .

On the other hand, if dim V3 < dim Vs, then X; o # 0. Nevertheless, the groups
G1, Gy are not isomorphic over any field extension of k. Hence X; o is not a
torsor. This contrasts starkly to the Tannakian case. Note that the points of
X1,2 do not give rise to functors - they would be tensor functors and hence
invertible.

The example shows:

Corollary 7.4.14. There is a diagram D with unital commuative product struc-
ture and a pair of unital multiplicative representations T1, Ty such that the re-
sulting tensor categories are both rigid, but non-equivalent.

Example 7.4.15. We resume the situation of Example[7.4.13] but with dim V; =
dim V3. The two spaces become isometric over k because any two non-degenerate

bilinear forms are equivalent over the algebraic closure. By Theorem[7.4.10} X o

is a torsor and the two diagram categories are equivalent. Hence the categories

of representations of all orthogonal groups of the same dimension are equivalent.

Note that we are considering algebraic k-representations of k-algebraic groups

here.

Example 7.4.16. We consider another variant of Example [7.3.8] Let D = Ny
with edges

idy, X oy Xidy, :n+v+w+m—=n+v+w+m
id, xbxid,, :n+2+m—n+m
id, xb' xidy, :n4+m—=n+2+m

with identifications as before id,, x ago x idy, = idp4m. We use again the
trivial grading and the obvious commutative product structure with all 3, 4w
and 3y, , ,, given by the identity.

Let (V,b) be a finite dimensional k-vector space with a non-degenerate bilinar
form V®2 — k. We define multiplicative representation n — V®” which assigns
the form b to the edge b and the dual of b to the edge b'.

As in the case of Example the category C(D,T) is the category of repre-
sentations of the group O(b). The algebra is not changed because the additional
relations for o' are automatic.

If we have two such representations attached to (Vi,b1) and (Va,b2) than X o is
either empty (if dim V4 # dim V3) or an O(b;)-torsor (if dim V; = dim V3). The
additional edge i’ forces any morphism of representations to be an isomorphism.

We formalize this.
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Lemma 7.4.17. Let D be graded diagram with a commutative product structure.
Let Ty,T5 : D — R—Mod be multiplicative representations. Suppose that for
every verter v there is a vertex w and a pair of edges e, : v X w — 1 and
el 1 — vxw such that T;(e,) and T;(el,) are a non-degenerate bilinear and
its dual.

Let R — S be faithfully flat. Then every morphism of representations
¢ : T1 X S — T2 & S

is an isomorphism. Hence Proposition[7.4.10 applies in this case.
As Example has shown, the space X; > may still be empty!

Proof. Let v be an edge. Compatibility with e, forces the map T;(v) ® S —
T>(v) ® S to be injective. Compatibility with e/, forces is to be surjective, hence
bijective. O

This applies in particular in the Tannakian case. Moreover, in this case X; o is
non-empty.

Theorem 7.4.18 (The Tannakian case). Let k be a field, C a rigid tensor
category. Let Fy, Fy : C — k—Mod be two faithful fibre functors with associated
groups G1 and Gs.

1. Let S be a k-algebra. Let
O FR®S—>FH®S
be a morphism of tensor functors. Then ¢ is an isomorphism.

2. X1,2 is non-empty and a G1-left and Ga-right torsor.

This is [DM], Proposition 1.9] and [DM], Theorem 3.2]. We give the proof directly
in our notation.

Proof. For the first statement simply apply Proppsition [7.4.17fo the diagram
defined by C.

We now consider X; o and need to show that the natural map k — A; is
injective. As in the proof of Theorem we can write C = 2—colim{p} where
p runs through all objects of C. Here where {p} here means the full subcategory
with only object p. (In general we would consider finite subdiagrams F', but in
the abelian case we can replace F' by the direct sum of its objects.) Hence

A1 = hmA({p},Tl), ALQ = hmA({p},Tl,Tg)

Without loss of generality we assume that 1 is a direct summand of p.
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We check that injectivity on the level of (p). Let X(p) C Hompg(T1(p),p) be
the object constructed in Lemma [6.3.15] By loc. cit. 71 (X (p)) = End(T1],) =
A(p,T1)Y. The same arguments show that

T2(X(p)) = Hom(Ti|p, Talp) = A((p), Ty, T2).-
The splitting of p induces a morphism
X(p) = Hompg(T1(p),p) = Hompg(T1(1),1) = 1
Applying T} gives the map
A({p}, Th)" — k

defining the unit element of A;. It is surjective. As T} is faithful, this implies
that X(p) — 1 is surjective. By applying the faithful functor Tb we get a
surjection

A({p}leaTQ)v — Homk;(Tl(].),Tg(]_)) = k.
This is the map defining the unit of A; 5. Hence k — A; 5 is injective. O

7.4.3 The description as formal periods

For later use, we give an alternative description of the same algebra.

Definition 7.4.19. Let D be a diagram. Let 77,75 : D — R—Proj be represen-
tations. We define the space of formal periods P 2 as the R-module generated
by symbols

(p,w,v)

where p is a vertex of D, w € Typ, v € Top¥ with the following relations:
1. linearity in w, =;
2. (functoriality) If f : p — p’ is an edge in D, v € Top'V, w € T1p, then

', T f(w),7) = (p;w, Taf ¥ (7))

Proposition 7.4.20. Assume D has a unital commutative product structure
and Ty, Ty are unital multipliative representation. Then Py o is a commutative
R-algebra with multiplication given on generators by

(pyw, MNP, 7) =@ xp wew,ye7)
Proof. 1t is obvious that the relations of P o are respected by the formula. O

There is a natural transformation

v P172 —>A1,2
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defined as follows: let (p,w,7) € Pi2. Let F be a finite diagram containing p.
Then
\Il(pa w, ’Y) S A1,2(F) = Hom(Tl ‘Fa T2|F)v7

is the map
HOIH(T1|F,T2|F) — Q

which maps ¢ € Hom(Ti|r, T2|r) to v(¢(p)(w)). Clearly this is independent of
F and respects relations of P ».

Theorem 7.4.21. Let D be diagram. Then the above map
v PLQ — ALQ

s an isomorphism. If D carries a commutative product structure and T1,T> are
graded multiplicative representations, then it is an isomorphism of R-algebras.

Proof. For a finite subdiagram F' C D let P 2(F') be the space of periods. By
definition P = colimpP(F'). The statement is compatible with these direct
limits. Hence without loss of generality D = F is finite.

By definition, P; o(F') is the submodule of

[ Twre Top?
peD

of elements satisfying the relations induced by edges of D. By definition, A o(F')
is the submodule of

H Hom(T1p7 sz)\/

peD
of elements satisfying the relations induced by edges of D. As all T;p are locally
free and of finite rank, this is the same thing.

The compatibility with products is easy to see. O

Remark 7.4.22. The theorem is also of interest in the case T' = T; = T5. It
then gives an explicit description of Nori’s coalgebra by generators and relations.
We have implictly used the description in some of the examples.

Let p be a vertex of D. We choose a basis wy, . .. ,w, of T1v and a basis y1, ...,V
of (Typ)Y. We call
Pij = ((p,wi, V),

the formal period matriz at p. Will later discuss this point of view systematically.

Proposition 7.4.23. Let D be a diagram with a unital commutative product
structure. Assume that there is a faithfully flat extension R — S and an isomor-
phism of representations ¢ : Ty ® S — To ® S. Moreover, assume that C(D,T})
is rigid. Then X1 2 = SpecP; 2 becomes a torsor in the sense of Deﬁmtion
with structure map

P172 — ]31(8,)23
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given by
Pij— Zpik ® P! ® Py
k.

Proof. We translate Theorem into the alternative description. O
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Chapter 8

Nori motives

We explain Nori’s construction of an abelian category of motives. It is defined as
the diagram category (see Chapters |§| and @ of a certain diagram. It is universal
for all cohomology theories that can be compared with singular cohomology.

8.1 Essentials of Nori Motives

As before, we denote Z—Mod the category of finitely generated Z-modules and
Z—Proj the category of finitely generated free Z-modules.

8.1.1 Definition

Let k be a subfield of C. For a variety X over k, we define singular cohomology
as singular cohomology of X(C) = X xj C. As in Chapter we denote it
simply by H*(X,Z).

Definition 8.1.1. Let k be a subfield of C. The diagram Pairs®® of effective
pairs consists of triples (X,Y,7) with X a k-variety, Y C X a closed subvariety
and an integer ¢. There are two types of edges between effective pairs:

1. (functoriality) For every morphism f: X — X’ with f(Y) C Y’ an edge
[ (XLY ) — (X, Y0 .
2. (coboundary) For every chain X DY D Z of closed k-subschemes of X

an edge
0:(Y,Z,i) > (X,)Y,i+1).

The diagram has identities (see Definition|[6.1.1]) given by the identity morphism.
The diagram is graded (see Definition [7.1.3) by |(X,Y, )| = i.

187
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Proposition 8.1.2. The assignment
H* : Pairs®® — Z—Mod

which maps to (X,Y,i) relative singular cohomology H'(X(C),Y(C),Z) is a
representation in the sense of Definition|6.1.4. It maps (G,,,{1},1) to Z.

Proof. Relative singular cohomology was defined in 2.1.1] By definition, it is
contraviantly functorial. This defines H* on edges of type 1. The connecting
morphism for triples, see Corollary defines the representation on edges of
type 2. We compute H'(G,,,{1},Z) via the sequence for relative cohomology

H°(C*,zZ) — H°({1},Z) — H'(C*,{1},Z) — H'(C*,Z) — H' ({1}, Z)

The first map is an isomorphism. The last group vanishes for dimension reasons.
Finally, H!(C*,Z) = Z because C* is homotopy equivalent to the unit circle. [

Definition 8.1.3. 1. The category of effective mized Nori motives MMSE . =

MMSE (k) is defined as the diagram category C(Pairs®®, H*) from The-

Nori

orem [0.1. 15!

2. For an effective pair (X,Y, 1), we write Hi,(X,Y) for the corresponding
object in MMSE .. We put

1(=1) = Houi (G, {1}) € MMy
the Lefschetz motive.

3. The category MMpori = MMnori(k) of Nori motives is defined as the
localization of MMSE . with respect to Z(—1).

4. We also write H* for the extension of H* to MMyoyi.

Remark 8.1.4. This is equivalent to Nori’s orginal definition by Theorem|[8.3.4]

8.1.2 Main results

Theorem 8.1.5 (Nori). 1. MMSE . has a natural structure of commutative
tensor category with unit such that H* is a tensor functor.

2. MMyori s a rigid tensor category.

8. MMy is equivalent to the category of representations of a pro-algebraic
group scheme Guot(k,Z) over Z.

For the proof see Section [8.3.1

Definition 8.1.6. The group scheme Gpot(k,Z) is called the motivic Galois
group in the sense of Nori.
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Remark 8.1.7. The first statement also holds with the coefficient ring Z re-
placed by any noetherian ring R. The other two hold if R is a Dedekind ring R
or field. Of particular interest is the case R = Q.

The proof of this theorem will take the rest of the chapter. We now explain the
key ideas. In order to define the tensor structure, we would like to apply the
abstract machine developed in Section However, the shape of the Kiinneth
formula
H"X xY,Q = P H'(X,Q e H(Y,Q)
i+j=n

is not of the required kind. Nori introduces a subdiagram of good pairs where
relative cohomology is concentrated in a single degree and free, so that the
Kiinneth formula simplifies. The key insight now becomes that it is possible to
recover all pairs from good pairs. This is done via an algebraic skeletal filtration
constructed from the Basic Lemma as discussed in Section As a byproduct,
we will also know that MMSE - and MMyon are given as representations of
an algebra monoid. In the next step, we have to verify rigidity, i.e., we have
to show that the monoid is an algebraic group. We do this by verifying the
abstract criterion of Section [Z.3

On the way, we need to establish a general "motivic” property of Nori motives.

Theorem 8.1.8. There is a natural contravariant triangulated functor
R : Ky(Z[Var]) — D*(MMSE )

on the homotopy category of bounded homological complezxes in Z[Var] such that
for every effective pair (X,Y,1) we have

H'(R(Cone(Y — X)) = Hii(X,Y).

For the proof see Section [8.3.1] The theorem allows, for example, to define
motives of simplicial varieties or motives with support.

The category of motives is supposed to be the universal abelian category such
that all cohomology theories with suitable properties factor via the category of
motives. We do not yet have such a theory, even though it is reasonable to
conjecture that MM, is the correct description. In any case, it does have a
universal property which is good enough for many applications.

Theorem 8.1.9 (Universal property). Let A be an abelian category with a
faithful exact functor f: A — R—Mod for a noetherian ring R. Let

H'* : Pairs®™ — A

be a representation. Assume that there is an extension R — S such that S is
faithfully flat over R and Z and an isomorphism of representations

®: HE — (foH™)s.



190 CHAPTER 8. NORI MOTIVES

Then H'* extends to MMunoyi:
Pairs® — MMnon — A[H™(1(-1))]7%

More precisely, there exists a functor L(H'*) : MMyon — A[1(=1)]7! and an
isomorphism of functors

®: (fu)s — fso L(H™)

such that
MMNori

(fu=)s
L(H™)

S—Mod

fs

|

|

|

|
v

AH™(1(=1))]

commutes up to ¢ and ¢. The pair (L(H'*),d) is unique up to unique isomor-
phism of functors.

If, moreover, A is a tensor category, f a tensor functor and H™ a graded
multiplicative representation on Goodeﬂ, then L(H') is a tensor functor and ¢
18 an isomorphism of tensor functors.

For the proof see Section [8.3.11 This means that MMy is universal for all
cohomology theories with a comparison isomorphism to singular cohomology.
Actually, it suffice to have a representation of Good®® or VGood®®, see Defini-

tion B.2.11

Example 8.1.10. Let R = k, A = k—Mod, H'* algebraic de Rham cohomology
see Chapter |3 Let S = C, and let the comparison isomorphism ® be the period
isomorphism of Chapter By the universal property, de Rham cohomology
extends to MMyori- We will study this example in a lot more detail in Part IT1
in order to understand the period algebra.

Example 8.1.11. Let R = Z, A the category of mixed Z-Hodge structures,
H'’* the functor assigning a mixed Hodge structure to a variety or a pair. Then
S = 7Z and ® is the functor mapping a Hodge structure to the underlying Z-
module. By the universal property, H* factors canonically via MMpyer. In
other words, motives define mixed Hodge structures.
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Example 8.1.12. Let ¢ be a prime, R = Zy, and A the category of finitely
generated Z,-modules with a continuous operation of Gal(k/k). Let H"* be /-
adic cohomology over k. For X a variety and Y C X a closed subvariety with
open complement j : U — X, we have

(X, Y,0) = Hy(Xg, i)

In this case, we let S = Z; and use the comparison isomorphism between f-adic
and singular cohomology.

Corollary 8.1.13. The category MMunori is independent of the choice of em-
bedding o : k — C. More precisely, o’ : k — C be another embedding. Let
H'™* be singular cohomology with respect to this embedding. Then there is an
equivalence of categories

MMNori(U) — MMNori(O'/).

Proof. Use S = Zy and the comparison isomorphism given by comparing both
singular cohomology functors with ¢-adic cohomology. This induces the functor.
O

Remark 8.1.14. Note that the equivalence is mot canonical. In the argument
above it depends on the choice of embeddings of k into C extending ¢ and o”,
respectively. If we are willing to work with rational coefficients instead, we can
compare both singular cohomologies with algebraic de Rham cohomology (with
S = k). This gives a compatible system of comparison equivalences.

8.2 Yoga of good pairs
eff

We now turn to alternative descriptions of MMY,,,; better suited to the tensor
structure.

8.2.1 Good pairs and good filtrations
Definition 8.2.1. Let k be a subfield of C.

1. The diagram Good®™ of effective good pairs is the full subdiagram of
Pairs®™ with vertices the triples (X,Y,4) such that singular cohomology
satisfies

HY(X(C),Y(C);Z) =0, unless j = i.

and is free for j = 1.

2. The diagram VGood®™ of effective very good pairs is the full subdiagram
of those effective good pairs (X,Y,4) with X affine, X \'Y smooth and
either X of dimension ¢ and Y of dimension ¢ — 1, or X =Y of dimension
less than 3.
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We will later (see Definition [8.3.2) also introduce the diagrams Pairs of pairs,
Good of good pairs and VGood of very good pairs as localization (see Definition

7.2.1)) with respect to (G, {1},1).

Good pairs exist in abundance by the basic lemma, see Theorem [2.5.2]

Our first aim is to show that the diagram categories attached to Pairs®®, Good®®
and VGood®® are equivalent. By the general principles of diagram categories
this means that we have to represent the diagram Pairs®® in C(VGood®™, H*).
We do this in two steps: a general variety is replaced by the Cech complex at-
tached to an affine cover; affine varieties are replaced by complexes of very good
pairs using the key idea of Nori. The construction proceeds in a complicated
way because both steps involve choices which have to be made in a compatible
way. We handle this problem in the same way as in [Hu3].

We start in the affine case. Using induction, one gets from the Basic Lemmal[2.5.2}

Proposition 8.2.2. Every affine variety X has a filtration
0)=F . XCFhXcC ---CF, /. XCF,X=X,
such that (F;X,F;_1X, j) is very good.

Filtrations of the above type are called very good filtrations.

Proof. Let dim X = n. Put F,, X = X. Choose a subvariety of dimension n — 1
which contains all singular points of X. By the Basic Lemma there is a
subvariety F,,_1X of dimension n — 1 such that (F,X, F,_1X,n) is good. By
construction F,_1X \ F,,_1X is smooth and hence the pair is very good. We
continue by induction. O

Corollary 8.2.3. Let X be an affine variety. The inductive system of all very
good filtrations of X is filtered and functorial.

Proof. Let F,. X and F,X be two very good filtrations of X. F, 1 X UF ;X
has dimension n—1. By the Basic Lemmal[2.5.2] there is subvariety G,—1 X C X
of dimension n — 1 such that (X, G,_1X,n) is a good pair. It is automatically
very good. We continue by induction.

Consider a morphism f : X — X’. Let F,.X be a very good filtration. Then
f(F;X) has dimension at most 4. As in the proof of Corollary we construct
a very good filtration F, X’ with the additional property f(F;X) C F;X'. O

Remark 8.2.4. This allows to construct a functor from the category of affine
varieties to the diagram category C (VGoodeH, H*) as follows: Given an affine
variety X, let F, X be a very good filtration. The boundary maps of the triples
F, 1X C F;X C F;;1X define a complex in C(VGoodeﬂ,H*)

= Hyow(FiX, Fiq X) — HEL(Fip X, FiX) — .
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Taking i-th cohomology of this complex defines an object in C(VGoodeﬁ, H*)
whose underlying Z-module is nothing but singular cohomology H*(X,Z). Up
to isomorphism it is independent of the choice of filtration. In particular, it is
functorial.

We are going to refine the above construction such that is also applies to com-
plexes of varieties.

8.2.2 Cech complexes

The next step is to replace arbitrary varieties by affine ones. The idea for the
following construction is from the case of étale coverings, see [F] Definition 4.2.

Definition 8.2.5. Let X a variety. A rigidified affine cover is a finite open
affine covering {U;};cr together with a choice of an index i, for every closed
point z € X such that z € U;,. We also assume that in the covering every index
1 € I occurs as i, for some z € X.

Let f: X — Y be a morphism of varieties, {U; };cs a rigidified open cover of X
and {V;};es a rigidified open cover of Y. A morphism of rigidified covers (over

f)
¢ {Uitier — {Vj}jeJ

is a map of sets ¢ : I — J such that f(U;) C V() and for all 2 € X we have

Remark 8.2.6. The rigidification makes ¢ unique if it exists.

Lemma 8.2.7. The projective system of rigidified affine covers is filtered and
strictly functorial, i.e., if f : X — Y is a morphism of varieties, pull-back
defines a map of projective systems.

Proof. Any two covers have their intersection as common refinement with index
set the product of the index sets. The rigidification extends in the obvious way.
Preimages of rigidified covers are rigidified open covers. O

We need to generalize this to complexes of varieties. Recall from Definition
the additive categories Z[Aff] and Z[Var] with objects (affine) varieties
and morphisms roughly Z-linear combinations of morphisms of varieties. The
support of a morphism in Z[Var] is the set of morphisms occuring in the linear
combination.

Definition 8.2.8. Let X, be a homological complex of varieties, i.e., an object
in Cy(Z[Var]). An affine cover of X, is a complex of rigidified affine covers,
i.e., for every X,, the choice of a rigidified open cover U x, and for every g :
X, = X,,—1 in the support of the differential X,, — X,,_1 in the complex X, a
morphism of rigidified covers § : U X, — 0Xn71 over g.
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Let F, : X, — Y, be a morphism in Cy(Z[Var]) and Ux,, Uy. affine covers of
X, and Yi. A morphism of affine covers over Fi is a morphism of rigidified
affine covers f,, : Ux,  — Uy, over every morphism in the support of F,.

Lemma 8.2.9. Let X, € Cy(Z[Var]). Then the projective system of rigidified
affine covers of X, is non-empty, filtered and functorial, i.e., if fx : X — Y,
is a morphism of compleres and UX* an affine cover of X, then there is an
affine cover Uy* and a morphism of complexes of rigidified affine covers. Any
two choices are compatible in the projective system of covers.

Proof. Let n be minimal with X,, # 0. Choose a rigidified cover of X,. The
support of X, 11 — X, has only finitely many elements. Choose a rigidified
cover of X, 11 compatible with all of them. Continue inductively.

Similar constructions show the rest of the assertion. O
Definition 8.2.10. Let X be a variety and Uy = {Ui}ier a rigidified affine

cover of X. We put y
C,(Ux) € C_(Z[AfT)]),

the Cech complex associated to the cover, i.e.,

Cn(UX) = H nUi,

i€l 1€

where I, is the set of tuples (ig,...,i,). The boundary maps are the ones
obtained by taking the alternating sum of the boundary maps of the simplicial
scheme.

If X, € Cy(Z[Var]) is a complex, and Uy, a rigidified affine cover, let

C.(Ux,) € C_ y(Z[Aff])

be the double complex C;(U X;)-

Note that all components of C*(UX*) are affine. The projective system of these
complexes is filtered and functorial.

Definition 8.2.11. Let X be a variety, {U;}ics a rigidified affine cover of X.
A wery good filtration on Uy is the choice of very good filtrations for

K
icJ
for all J C I compatible with all inclusions between these.

Let f: X — Y be a morphism of varieties, ¢ : {U;};er = {V;}jes a morphism
of rigidified affine covers above f . Fix very good filtrations on both covers. The
morphism ¢ is called filtered, if for all J C I the induced map

ﬂ Ui — ﬂ V¢>(i)

iel’ iel’
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is compatible with the filtrations.

Let X, € Cy(Z[Var]) be a bounded complex of varieties, Ux. an affine cover of
X.. A very good filtration on Ux, is a very good filtration on all Ux, compatible
with all morphisms in the support of the boundary maps.

Note that the Cech complex associated to a rigidified affine cover with very
good filtration is also filtered in the sense that there is a very good filtration on
all C’n(U x) and all morphisms in the support of the differential are compatible
with the filtrations.

Lemma 8.2.12. Let X be a variety, Ux a rigidified affine cover. Then the
inductive system of very good filtrations on Ux is non-empty, filtered and func-
torial.

The same statement also holds for a complex of varieties X, € Cy(Z[Var]).

Proof. Let Ux = {U;}ier be the affine cover. We choose recursively very good
filtrations on (), ; U; with decreasing order of .J, compatible with the inclusions.
We extend the construction inductively to complexes, starting with the highest
term of the complex. O

Definition 8.2.13. Let X, € C_(Z[Aff]). A very good filtration of X, is given
by a very good filtration F X, for all n which is compatible with all morphisms
in the support of the differentials of X,.

Lemma 8.2.14. Let X, € Cy(Z[Var]) and Ux, an affine cover of X, with a
very good filtration. Then the total complex of C,(Ux,) carries a very good
filtration.

Proof. Clear by construction. O

8.2.3 Putting things together

Let A be an abelian category with a faithful forgetful functor f: 4 — R—Mod
with R noetherian. Let 7' : VGood®™ — A be a representation of the diagram
of very good pairs.

Definition 8.2.15. Let o X be an affine variety X together with a very good
filtration F,. We put R(F,X) € C*(A)

e — T(FjX*,Fj_lX*) — T(Fj+1X*,FjX*) — ...

Let FoX. be a very good filtration of a complex X, € C_ (~Z[Aﬁ]) We put
R(F,X,) € CT(A) the total complex of the double complex R(F X, )nez.

Proposition 8.2.16. Let A be an R-linear abelian category with a faithful
forgetful functor f to R—Mod. Let T : VGood®™ — A be a representation such
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that f o T is singular cohomology with R-coefficients. Then there is a natural
contravariant triangulated functor

R : Cy(Z[Var]) — D°(A)

on the category of bounded homological complezes in Z[Var| such that for every
good pair (X,Y,i) we have

HI(R(Cone(Y — X)) = {;(X Y1) z iz’

Moreover, the image of R(X) in D*(R—Mod) computes singular cohomology of
X(C).

Proof. We first define R : C*(Z[Var]) — D®(A) on objects. Let X, € Cy(Z[Var]).
Choose a rigidified affine cover Ux. of X,. This is possible by Lemma
Choose a very good filtration on the cover. This is possible by It induces
a very good filtration on TotC, (Ux, ). Put

R(X,) = R(TotC, (Ux.)).

Note that any other choice yields a complex isomorphic to this one in D*(A) be-
cause f is faithful and exact and the image of R(X,) in D*(R—Mod) computes
singular cohomology with R-coefficients.

Let f : X, — Y, be a morphism. Choose a refinement US( of (N]X* which
maps to Uy* and a very good filtration on U %.- Choose a refinement of the
filtrations on Ux. and Uy, compatible with the filtration on U %.- This gives a
little diagram of morphisms of complexes R which defines R(f) in DT(A). O

Remark 8.2.17. Nori suggests working with Ind-objects (or rather pro-object
in our dual setting) in order to get functorial complexes attached to affine va-
rieties. However, the mixing between inductive and projective systems in our
construction does not make it obvious if this works out for the result we needed.
In order to avoid this situation, it might, however, be possible to do the con-
struction in two steps. This approach is used in Harrer’s generalization to
complexes of smooth correspondences, [Ha], which completely avoids discussing
Cech complexes.

As a corollary of the construction in the proof, we also get:

Corollary 8.2.18. Let X be a variety, Ux a rigidified affine cover with Cech
complex Cy(Ux). Then .
R(X) = R(C(Ux))

is an isomorphism in DT (A).

We are mostly interested in two explicit examples of complexes.
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Definition 8.2.19. Consider the situation of Proposition [8.2.16] Let Y C X
be a closed subvariety with open complement U, ¢ € Z. Then we put

R(X,Y) = R(Cone(Y — X)), Ry(X) = R(Cone(U — X)) € D"(A)
H(X,Y,i) = H(R(X,Y)), Hy(X,i)=H(Ry(X))c A

H(X,Y,i) is called relative cohomology. Hy (X,i) is called cohomology with
support.

8.2.4 Comparing diagram categories

We are now ready to proof the first key theorems.
Theorem 8.2.20. The diagram categories C(Pairs®™, H*), C(Good®, H*) and
C(VGood®™, H*) are equivalent.

Proof. The inclusion of diagrams induces faithful functors
i : C(VGoodeff, H*) — C(Good®™, H*) — C(Pairs®™, H*).

We want to apply Corollary [6.1.18] Hence it suffices to represent the diagram
Pairs®® in C(VGood®®, H*) such that the restriction of the representation to
VGood®™ gives back H* (up to natural isomorphism).

We turn to the construction of the representation of Pairs®® in C(VGood®™, H*).
We apply Proposition [8:2.16] to

H* : VGood®™ — C(VGood®™®, H*)
and get a functor
R : Cy(Z[Var]) — Db(C(VGood®™, H*)).
Consider an effective pair (X,Y,4) in D. It is represented by
H(X,Y,i) = H'(R(X,Y)) € C(VGood®™, H*)

where

R(X,Y) = R(Cone(Y — X)) .
The construction is functorial for morphisms of pairs. This allows to represent
edges of type f*.

Finally, we need to consider edges corresponding to coboundary maps for triples
X DY D Z. In this case, it follows from the construction of R that there is a
natural exact triangle

R(X,Y) = R(X,Z) — R(Y, Z).

We use the connecting morphism in cohomology to represent the edge (Y, Z,i) —
(X,Y,i+1). O
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For further use, we record a number of corollaries.

Corollary 8.2.21. Every object of MMefo)ri is a subquotient of a direct sum of
objects of the form Hy ;(X,Y) for a good pair (X,Y,i) where X = W \ Wy
and Y = Wy~ (Wo N W) with W smooth projective, Wo, U Wy a divisor with
normal crossings.

Proof. By Proposition |6.1.15] every object in the diagram category of VGood®f
(and hence MMyeyi) is a subquotient of a direct sum of some Hy,(X,Y) with
(X,Y,4) very good. In particular, X \Y can be assumed smooth.

We follow Nori: By resolution of singularities, there is a smooth projective
variety W and a normal crossing divisor Wy U W, C W together with a proper,
surjective morphism 7 : W ~\ W, — X such that one has 77_1(Y) =Wy~ W4
and 7: W~ 77 }(Y) - X \ Y is an isomorphism. This implies that

HKTori(W ~ W007 WO N (WO N WOO)) — Hl*\lori(X7 Y)
is also an isomorphism by proper base change, i.e., excision. O

Remark 8.2.22. Note that the pair (W ~ W, Wy ~ (Wy N W) is good, but
not very good in general. Replacing Y by a larger closed subset Z, one may,
however, assume that Wy ~ (Wy N Wy,) is affine. Therefore, by Lemma
the dual of each generator can be assumed to be very good.

It is not clear to us if it suffices to construct Nori’s category using the diagram
of (X,Y,4) with X smooth, Y a divisor with normal crossings. The corollary
says that the diagram category has the right ”generators”, but there might be
too few "relations”.

Corollary 8.2.23. Let Z C X be a closed immersion. Then there is a natural
object Hy(X) in MMuyoy representing cohomology with supports. There is a
natural long exact sequence

S HZZ(X) - HliTori(X) - Hli\fori(X N Z) - H1Z+1(X) —
Proof. Let U =X \ Z. Put

Rz(X) = R(Cone(U — X)), HL(X)=H'(Rz(X)) .

8.3 Tensor structure

We now_introduce the tensor structure using the formal set-up developed in
Section Recall that Pairs®®, Good™™ and VGood™™ are graded diagrams
with |(X,Y,1)| = 1.
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Proposition 8.3.1. The graded diagrams Good and VGood®® carry a weak
commutative product structure (see Deﬁm’tion defined as follows: for all
vertices (X,Y, ), (X', Y, i)
(X,Y, i) x (XY, i') = (X x X', X xY'UY x X" i+1).
with the obvious definition on edges. Let also
a: (X,Y,0) x (XY = (X', Y',d') x (X,Y,4)
B: (XY, i) x (X, Y4 x (X", V") = (X,Y,i) x (X", Y',i") x (X", Y" i)
B (X, Yd) < (XY 4) < (X7, Y7,47) — (X, Y0) x (X, Y78 < (X7, Y7,i"))
be the edges given by the natural isomorphisms of varieties.
There is a unit given by (Spec k,0,0) and
uw: (X,Y,4) — (Spec k,0,0) x (X,Y,i) = (Spec k x X,Spec k x Y, i)

be given by the natural isomorphism of varieties.
Moreover, H* is a weak graded multiplicative representation (see Definition
Remark [?]) with
T HT (X x X' X xY' UX'xY,Z) = H(X,Y,Z) @ H (X', Y, Z)
the Kiinneth isomorphism (see Theorem .

Proof. Tf (X,Y,4) and (X', Y’,4’) are good pairs, then by the Kiiennth formula
sois (X x X', X xY'UY x X' i+ ). If they are even very good, then so
is their product. Hence x is well-defined on vertices. Recall that edges id
Good®™ x Good®® are of the form v x id or id x ~ for an edge v of Good®®. The
definition of x on these edges is the natural one. We explain the case § X id in
detail. Let X DY C Z and A D B. We compose the functoriality edge for

YxAZxAUY xB)—= (Y xAUX xB,ZxAUY x B)
with the boundary edge for
XXxADY XAUXXxBDZxAUY xB

and obtain

o0xid: (Y, Z,n)x (A, B,m)=(Y x A ZxAUY x B,n+m)
S (X xAYXxAUX xBn+m+1)=(X,Y,n+1) x (4, B,m)

as a morphism in the path category P(Good®™).

We need to check that H* satisfies the conditions of Definition This is
tedious, but straightforward from the properties of the Kiinneth formula, see in
particular Proposition for compatibility with edges of type 0 changing the
degree.

Associativity and graded commutativity are stated in Proposition [2.4.2 O
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Definition 8.3.2. Let Good and VGood be the localizations (see Definition
7.2.1) of Good®™ and VGood®®, respectively, with respect to the vertex 1(—1) =

(Gm, {1}, 1).
Proposition 8.3.3. Good and VGood are graded diagrams with a weak com-

mutative product structure (see Remark , Moreover, H* is a graded mul-
tiplicative representation of Good and VGood.

Proof. This follows formally from the effective case and Lemma [7.2.4] The
Assumption that H*(1(—1)) = Z is satisfied by Proposition O

Theorem 8.3.4. 1. This definition of MMyori s equivalent to Nori’s orig-
inal definition.

2. MMQN%H C MMyori are commutative tensor categories with a faithful
fiber functor H*.

3. MMnyori is equivalent to the digram categories C(Good, H*) and C(VGood, H*).

Proof. We already know by Theorem [8.2.20] that
C(VGood™™ H*) — C(Good*™, H*) — C(Pairs®, H*) = MMSE .

are equivalent. Moreover, this agrees with Nori’s definition using either Good®®

or Pairset.

By Proposition 8.3.1] the diagrams VGood®™ and Good®® carry a mulitplicative
structure. Hence by Proposition the category MMefo)ri carries a tensor
structure.

By Proposition the diagram categories of the localized diagrams Good
and VGood also have tensor structure and can be equivalently defined as the
localization with respect to he Lefschetz object 1(—1).

In |LI], the category of Nori motives is defined as the category of comodules of
finite type over Z for the localization of the ring A with respect to the element
X € A(1(—1)) considered in Proposition By this same Proposition, the
category of A;ﬁ—comodules agrees with MMyoyi. O

Our next aim is to establish rigidity using the criterion of Section Hence
we need to check that Poincaré duality is motivic, at least in a weak sense.

Remark 8.3.5. An alternative argument using Harrer’s realization functor
from geometric motives (see Theorem [10.3.5)) is explained in [Ha].

Definition 8.3.6. Let 1(—1) = HY_;(G,,) and 1(—n) = 1(-1)®".
Lemma 8.3.7. 1. HZ (PY) =1(-n) for N >n > 0.

~

2. Let Z be a projective variety of dimension n. Then HZ' .(Z) = 1(—n).
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3. Let X be a smooth variety, Z C X a smooth, irreducible, closed subvariety
of pure codimension n. Then the motive with support of Corollary|8.2.23
satisfies

HZ'(X) = 1(—n).

Proof. 1. Embedding projective spaces linearly into higher dimensional projec-
tive spaces induces isomorphisms on cohomology and hence motives. Hence it
suffices to check the top cohomology of PV .

We start with P'. Consider the standard cover of P! by U; = A! and U, =
P! < {0}. We have U; N Uy = G,,. By Corollary [8.2.18

R(P') — Cone <R(U1) @ R(Us) — R(Gm)) [~1]

is an isomorphism in the derived category. This induces the isomorphism
HZ . (PY) — H :(Gy,). Similarly, the Cech complex (see Definition [8.2.10)
for the standard affine cover of PV relates HZN.(PV) with HY (GY).

2. Let Z C PV be a closed immersion with N large enough. Then HZ' . (Z) —
Hf{gri(PN ) is an isomorphism in MMy because it is in singular cohomology.

3. We note first that under our assumptions 3. holds in singular cohomology
by the Gysin isomorphism

HY(2)=HZ(X).

For the embedding Z C X one has the deformation to the normal cone [Ful, Sec.
5.1], i.e., a smooth scheme D(X, Z) together with a morphism to A! such that
the fiber over 0 is given by the normal bundle Nz X of Z in X, and the other
fibers by X. The product Z x A! can be embedded into D(X,Z) as a closed
subvariety of codimension n, inducing the embeddings of Z C X as well as the
embedding of the zero section Z C Nz X over 0. Hence, using the three Gysin
isomorphisms and homotopy invariance, it follows that there are isomorphisms

HZ'(X) + HZ 1 (D(X, Z)) = HZ"(NzX)

in singular cohomology and hence in our category. Thus, we have reduced the
problem to the embedding of the zero section Z — Nz X. However, the normal
bundle w : NzX — Z trivializes on some dense open subset U C Z. This
induces an isomorphism

H7'(NzX) — Hy"(r~(U)),

and we may assume that the normal bundle Nz X is trivial. In this case, we
have
Nz(X) = Nzx(o}(Z x A") = Nyoy(A"™),

so that we have reached the case of Z = {0} C A™. Using the Kiinneth formula
with supports and induction on n, it suffices to consider H?o} (A') which is

isomorphic to H!(G,,) = 1(—1) by Corollary O
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The following lemma (more precisely, its dual) is formulated implicitly in [N] in
order to establish rigidity of MMyoyi-

Lemma 8.3.8. Let W be a smooth projective variety of dimension i, Wy, W, C
W divisors such that Wy U W, is a normal crossing divisor. Let

X =W~ W4
Y:WQ\WoﬁWOO
X/:W\W()

Y =Wo ~ WoNWo

We assume that (X,Y) is a very good pair.
Then there is a morphism in MMy

q: 1— Hlilori(X7 Y) ® HIZ;Iori(X/v Y/)(Z)
such that the dual of H*(q) is a perfect pairing.

Proof. We follow Nori’s construction. The two pairs (X,Y) and (X',Y”’) are
Poincaré dual to each other in singular cohomology, see Proposition for
the proof. This implies that they are both good pairs. Hence

Hlilori(va) ® Hlilori(leyl) - Hl%i)ri(X X leX xY'UY x X/)

is an isomorphism. Let A = A(W ~ (Wy U Wy)) via the diagonal map. Note
that
XxY'UX'xY CXxX VA

Hence, by functoriality and the definition of cohomology with support, there is
a map ‘ _
HE (X x X', X xY'UY x X') « HZ(X x X').

ori

Again, by functoriality, there is a map
H(X x X') < HY(W x W)

with A = A(W). By Lemma m it is isomorphic to 1(—¢). The map ¢
is defined by twisting the composition by (¢). The dual of this map realizes
Poincaré duality, hence it is a perfect pairing. O

Theorem 8.3.9 (Nori). MMy is rigid, hence a neutral Tannakian category.
Its Tannaka dual is given by Gpot = Spec(A(Good, H*)).

Proof. By Corollary [8:2:21] every object of MMy is a subquotient of M =
Hi;(X,Y)(j) for a good pair (X,Y,4) of the particular form occurring in
Lemma [8.3.8] By this Lemma, they all admit a perfect pairing.

By Proposition the category MMuneri is neutral Tannakian. The Hopf
algebra of its Tannaka dual agrees with Nori’s algebra by Theorem O
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8.3.1 Collection of proofs

We go through the list of theorems of Section [8.] and give the missing proofs.

Proof of Theorem [8.1.5, By Theorem|8.3.4] the categories MM . and MMyori
are tensor categories. By construction, H* is a tensor functor. The category
MMuNoyi is rigid by Theorem [8.3.9] By loc. cit., we have a description of its
Tannaka dual. O

Proof of Theorem[8.1.8, We apply Proposition [8.2.16 with A = MM . and
T—H* R=7. 0

Proof of Theorem|[8.1.9. We apply the universal property of the diagram cate-
gory (see Corollary[6.1.14]) to the diagram Good®™, T'= H* and F = H'*. This
gives the universal property for MMSE .

Note that H*(1(—1)) & R by comparison with singular cohomology. Hence
everything extends to MMy by localizing the categories.

If A is a tensor category and H'x a graded multiplicative representation, then
all functors are tensor functors by construction. O
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Chapter 9

Periods of varieties

A period, or more precisely, a period number may be thought of as the value of
an integral that occurs in a geometric context. In their papers [KI] and [KZ],
Kontsevich and Zagier list various ways of how to define a period.

It is stated in their papers without reference that all these variants give the same
definition. We give a proof of this statement in the Period Theorem [11.2.1

9.1 First definition

We start with the simplest definition. In this section, let & C C be a subfield.
For this definition the following data is needed:

e X a smooth algebraic variety of dimension d, defined over k,
e D a divisor on X with normal crossings, also defined over k,
o weT(X, Q?{/k) an algebraic differential form of top degree,

e ' a rational d-dimensional C'*°-chain on X" with dI" on D?", i.e.,

n
I'= Z i
i=1

with a; € Q, v; : Ay — X a C*°-map for all ¢ and IT" a chain on D?*"
as in Definition 2.2.2

As before, we denote by X" the analytic space attached to X (C).

Definition 9.1.1. Let £ C C be a subfield.

207
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1. Let (X,D,w,T') as above. We will call the complex number

n
/w = g a; flw .
r = Jag

the period (number) of the quadruple (X, D,w,T).

2. The algebra of effective periods P = P (k) over k is the set of all period
numbers for all (X, D,w,I") defined over k.

3. The period algebra Py = Pye(k) over k is the set of numbers of the form
(2mi)"a with n € Z and a € Pef

Remark 9.1.2. 1. The subscript nc refers to the normal crossing divisor D
in the above definition.

2. We will show a bit later (see Proposition [9.1.7) that P¢¥ (k) is indeed an
algebra.

3. Moreover, we will see in the next example that 27i € Pf. This means
that Py, is nothing but the localization

P, = Peff L
e 2

4. This definition was motivated by Kontsevich’s discussion of formal effec-
tive periods [K1l def. 20, p. 62]. For an extensive discussion of formal
periods and their precise relation to periods see Chapter

Example 9.1.3. Let X = Agj be the affine line, w = dt € Q'. Let D =
V(3 —2t). Let v :[0,1] = A}(C) = C be the line from 0 to v2. This is a
singular chain with boundary in D(C) = {0, ++v/2}. Hence it defines a class in
H"E(AY(C)*, D>, Q). We obtain the period

Aw=4ﬂu=¢z

The same method works for all algebraic numbers.

Example 9.1.4. Let X = G,, = A\ {0}, D = 0 and w = dt. We choose
v : 8" = G,y (C) = C* the unit circle. It defines a class in HS"8(C*, Q). We

obtain the period
/ t~'dt = 2mi .
Sl

In particular, 7 € P (k) for all k.
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Example 9.1.5. Let X = G,,,, D = V((t — 2)(t — 1)), w = t~1d¢t, and ~ the
line from 1 to 2. We obtain the period

2
/ t~tdt = log(2) .

1

For more advanced examples, see Part IV.

Lemma 9.1.6. Let (X,D,w,I") as before. The period number wa depends
only on the cohomology classes of w in relative de Rham cohomology and of T’
i relative singular homology.

Proof. The restriction of w to the analytification D" of some irreducible compo-

nent D7 of D is a holomorphic d-form on a complex manifold of dimension d—1,
hence zero. Therefore the integral | A w evaluates to zero for smooth singular

simplices A that are supported on D. Now if IV, T are two representatives of
the same relative homology class, we have

TG =13~ 0Tar1)

modulo simplices living on some D3" for a smooth singular chain I' of dimension
d+1
I e C, (X™, D™ Q).

Using Stokes’ theorem, we get

/w—/ w:/ w:/ dw =0,
4 7 O(Tat1) TCat1

since w is closed. O

In the course of the chapter, we are also going to show the converse: every pair
of relative cohomology classes gives rise to a period number.

Proposition 9.1.7. The sets P (k) and P,.(k) are k-algebras. Moreover,
P (K) = P (k) if K/k is algebraic.

Proof. Let (X, D,w,T') and (X', D',w’,T") be two quadruples as in the definition
of normal crossing periods.

By multiplying w by an element of k, we obtain k-multiples of periods.

The product of the two periods is realized by the quadruple (X x X', D x X' U
XxD,wew T xI).

Note that the quadruple (A!,{0,1},t,[0,1]) has period 1. By multiplying with
this factor, we do not change the period number of a quadruple, but we change
its dimension. Hence we can assume that X and X’ have the same dimension.
The sum of their periods is then realized on the disjoint union (X U X', D U
D\iw+w T +T).
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If K/k is finite algebraic, then we obviously have P (k) ¢ P (K). For the
converse, consider a quadruple (X, D,w,T") over K. We may also can view X as
k-variety and write Xy, for distinction. By Lemma [3.1.13| or more precisely its
proof, w can also be viewed as a differential form on X /k. The complex points
Y5 (C) consist of [K : k| copies of the complex points Y (C). Let I';, be the cycle
I' on one of them. Then the period of (X, D,w,I") is the same as the period of
(Xk, Dg,w, T')). This gives the converse inclusion.

If K/k is infinite, but algebraic, we obviously have PeT(K) = (J, P (L) with
L running through all fields K D L D k finite over k. Hence, equality also holds
in the general case. O

9.2 Periods for the category (k,Q)—Vect

For a clean development of the theory of period numbers, it is of advantage
to formalize the data. Recall from Section the category (k,Q)—Vect. Its
objects are a pair of k-vector space Vi and Q-vector space Vg linked by an
isomorphism ¢¢ : Vi ®; C — Vg ®g C. This is precisely what we need in order
to define periods abstractly.

Definition 9.2.1. 1. Let V = (V4, Vip, ¢¢) be an object of (k, Q)—Vect. The
period matriz of V' is the matrix of ¢¢ in a choice of bases vy, ..., v, of Vi
and wi, ..., w, of Vg, respectively. A complex number is a period of V' if
it is an entry of a period matrix of V' for some choice of bases. The set
of periods of V' together with the number 0 is denoted P(V'). We denote
by P(V') the k-subvector space of C generated by the entries of the period
matrix.

2. Let C C (k,Q)—Vect be a subcategory. We denote by P(C) the set of
periods for all objects in C.

Remark 9.2.2. 1. The object V' = (V4, Viy, ¢c) gives rise to a bilinear map
Vi x Vo = C,  (v,A) = Aoz (v),

where we have extended A : Vg — Q C-linearly to Vg ®g C — C. The
periods of V' are the numbers in its image. Note that this image is a set,
not a vector space in general. The period matrix depends on the choice
of bases, but the vector space P(V') does not.

2. The definition of P(C) does not depend on the morphisms. If the category
has only one object, the second definition specializes to the first.

Lemma 9.2.3. Let C C (k,Q)—Vect be a subcategory.

1. P(C) is closed under multiplication by k.
2. If C is additive, then P(C) is a k-vector space.
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3. If C is a tensor subcategory, then P(C) is a k-algbra.

Proof. Multiplying a basis element w; by an element « in k multiplies the periods
by «. Hence the set is closed under multiplication by elements of k*.

Let p be a period of V and p’ a period of V’. Then p+ p’ is a period of V@ V',
If C is additive, then V,V’ € C implies V & V' € C. Moreover, pp’ is a period
of V@ V'. If C is a tensor subcategory of (k,Q)—Vect, then V' ® V' is also in
C. O

Proposition 9.2.4. Let C C (k,Q)—Vect be a subcategory.

1. Let (C) be the smallest full abelian subcategory of (k,Q)—Vect closed under
subquotients and containing C. Then P((C)) is the abelian subgroup of C
generated by P(C).

2. Let (C)® be the smallest full abelian subcategory of (k,Q)—Vect closed
under subquotients and tensor products and containing C. Then P((C)®)
is the (possibly non-unital) subring of C generated by P(C).

Proof. The period algebra P(C) only depends on objects. Hence we can replace
C by the full subscategory with the same objects without changing the period
algebra.

Moreover, if V € C and V/ C V in (k,Q)—Vect, then we can extend any basis
for V' to a basis to V. In this form, the period matrix for V is block triangular
with one of the blocks the period matrix of V’. This implies

P(V') C P(V) .

Hence, P(C) does not change, if we close it up under subobjects in (k, Q)—Vect.
The same argument also implies that P(C) does not change if we close it up
under quotients in (k, Q)—Vect.

After these reductions, the only thing missing to make C additive is closing it up
under direct sums in (k,Q)—Vect. If V and V' are objects of C, then the periods
of V@ V' are sums of periods of V' and periods of V' (this is most easily seen
in the pairing point of view in Remark . Hence closing the category up
under direct sums amounts to passing from P(C) to the abelian group generated
by it. It is automatically a k-vector space.

If V and V' are objects of C, then the periods of V ® V' are sums of products
of periods of V' and periods of V’ (this is again most easily seen in the pairing
point of view in Remark . Hence closing C up under tensor products (and
their subquotients) amounts to passing to the ring generated by P(C). O

So far, we fixed the ground field k. We now want to study the behaviour under
change of fields.
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Definition 9.2.5. Let K/k be a finite extension of subfields of C. Let
®kK : (k’ Q)fVeCt — (Kv Q)fveCt P (Vka VQa ¢<C) = (Vk Rk Ka VQ7 ¢C)

be the extension of scalars.

Lemma 9.2.6. Let K/k be a finite extension of subfields of C. Let V €
(k,Q)—Vect. Then
P(V e, K)=PV)e, K .

Proof. The period matrix for V agrees with the period matrix for V @ K. On
the left hand side, we pass to the K-vector space generated by its entries. On
the right hand side, we first pass to the k-vector space generated by its entries,
and then extend scalars. O

Conversely, there is a restriction of scalars where we view a K-vector space Vi
as a k-vector space.

Lemma 9.2.7. Let K/k be a finite extension of subfields of C. Then the functor
®RrK has a right adjoint

Ry, : (K, Q)—Vect — (k, Q)—Vect
For W € (K,Q)—Vect we have
P(W) = P(Rg /W) .
Proof. Choose a k-basis eq, ..., e, of K. We put
Rii, : (K,Q)—Vect — (k,Q)—Vect , (Wi, Wa, éc) — (Wi, W™, ve)
where
Yo Wi @5 C=Wgk @) K @k C= (Wi @k C)IFH 5 (Wo ©g C)IFH

maps elements of the form w ® e; to ¢c(w ® e;) in the i-component.

It is easy to check the universal property. We describe the unit and the counit.
The natural map
V — RK/k(V (g K)

is given on the component Vi, by the natural inclusion Vi — Vi ® K. In order
to describe it on the Q-component, decompose 1 = 3" | a;e; in K and put

Vo= Vg v (av)iq .

The natural map
(Rg/eW) @ K = W

is given on the K-component as the multiplication map

Wi @ K — Wk
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and on the Q-component
W(S — WQ
by summation.

This shows existence of the right adjoint. In particular, Rg/,W is functorial
and independent of the choice of basis.

In order to compute periods, we have to choose bases. Fix a Q-basis z1,...,z,
of Wg. This also defines a Q-basis for W in the obvious way. Fix a K-basis
Y1, - - -, Yn Of Wk, Multiplying by eq,...,e,, we obtain a k-basis of Wy. The
entries of the period matrix of W are the coefficients of ¢¢(y;) in the basis z;
The entries of the period matrix of R ,,W are the coefficients of ¢c(eiy;) =
in the basis z;. Hence, the K-linear span of the former agrees with the k-linear
span of the latter. O

Recall from Example the object L(a) € (k,Q)—Vect for a complex number
a € C*. Tt is given by the data (k, Q, ). It is invertible for the tensor structure.

Definition 9.2.8. Let L(a) € (k,Q)—Vect be invertible. We call a pairing in
(k,Q)—Vect
VXW = L)

perfect, if it is non-degenerate in the k- and Q-components. Equivalently, the
pairing induces an isomorphism

VWY ® L)
where -V denotes the dual in (k, Q)—Vect.
Lemma 9.2.9. Assume that

VxW — L(a)
s a perfect pairing. Then

PV, W, VY, W¥)&E C P(V,IWV)®E[a™] .
Proof. The left hand side is the ring generated by P(V), P(W), P(VV) and
P(WVY). Hence we need to show that P(V") and P(WV) are contained in the

right hand side. This is true because WV 2V @ L(a™!) and P(V ® L(a™!) =
a™P(V) O

9.3 Periods of algebraic varieties

9.3.1 Definition

Recall from Definition the directed graph of effective pairs Pairs®®. Its
vertices are triples (X, D, j) with X a variety, D a closed subvariety and j an
integer. The edges are not of importance for the consideration of periods.
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Definition 9.3.1. Let (X, D, j) be a vertex of the diagram Pairs®?.

1. The set of periods P(X, D, j) is the image of the period paring (see Defi-
nition and [£.3.1] and (£.5.4]

per : Hip (X, D) x H;" (X" D™) — C .

2. In the same situation, the space of periods P(X, D, j) is the Q-vector space
generated by P(X, D, j).

3. Let S be a set of vertices in Pairs® (k). We define the set of periods P(S)
as the union of the P(X, D, j) for (X, D, j) in S and the k-space of periods
P(S) as the sum of the P(X, D) for (X, D, j) € S.

4. The effective period algebra P (k) of k is defined as P(S) for S the set of
(isomorphism classes of) all vertices (X, D, j).

5. The period algebra P(k) of k is defined as the set of complex numbers of
the form (27i)"a with n € Z and o € P (k).

Remark 9.3.2. Note that P(X, D, j) is closed under multiplication by elements
in k& but not under addition. However, P*f (k) is indeed an algebra by Corol-
lary This means that P(k) is nothing but the localization

21

P(k) = P (k) [1} :

Passing to this localization is very natural from the point of view of motives: it
corresponds to passing from periods of effective motives to periods of all mixed
motives. For more details, see Chapter

Example 9.3.3. Let X = P?. Then (P?,0,25) has period set (27i)7k*. The
easiest way to see this is by computing the motive of P}, e.g., in Lemma It
is given by 1(—j). By compatibility with tensor product, it suffices to consider
the case j = 1 where the same motive can be defined from the pair (G, 0,1).
It has the period 27 by Example The factor k* appears because we may
multiply the basis vector in de Rham cohomology by a factor in k*.

Recall from Theorem and Theorem that we have an explicit descrip-
tion of the period isomorphism by integration.

Lemma 9.3.4. There are natural inclusions P (k) ¢ P (k) and Pu.(k) C
P(k).

Proof. By definition, it suffices to consider the effective case. By Lemma[9.1.6
the period in P¢f (k) only depends on the cohomology class. By Theorem (3.3.19
the period in P* (k) is defined by integration, i.e., by the formula in the defini-
tion of P (k). O

nc

The converse inclusion is deeper, see Theorem [9.4.2
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9.3.2 First properties
Recall from Definition [5.4.2] that there is a functor
H : Pairs®™ — (k, Q)—Vect

where the category (k, Q)—Vect was introduced in Section By construction,
we have

P(Xvaj) = P(H(XaD7j))7
P(X,D,j) =PH(X, D, j)),
P (k) = P(H(Pairs®™)) .

This means that we can apply the abstract considerations of Section to our
periods algebras.

Corollary 9.3.5. 1. Pi(k) and P(k) are k-subalgebras of C.

2. If K/k is an algebraic estension of subfields of K, then P*T(K) = P (k)
and P(K) = P(k).

3. If k is countable, then so is P(k).

Proof. Tt suffices to consider the effective case. The image of H is closed under
direct sums because direct sums are realized by disjoint unions of effective pairs.
As in the proof of Proposition we can use (A!,{0,1},1) in order to shift
the cohomological degree without changing the periods.

The image of H is also closed under tensor product. Hence its period set is a
k-algebra by Lemma [9.2.3

Let K/k be finite. For (X, D,i) over k, we have the base change (Xk, Dk, 1)
over K. By compatibility of the de Rham realization with base change (see

Lemma [3.2.14)), we have
H(X,D,i)® K =H(Xg, Dk, j) .

By Lemma this implies that the periods of (X, D, j) are contained in the
periods of the base change. Hence P (k) C P (K).

Conversely, if (Y, E,m) is defined over K, we may view it as defined over k
via the map SpecK — Speck. We write (Y, Fx,m) in order to avoid confu-
sion. Note that Y;(C) consists of [K : k] many copies of Y (C). Moreover, by
Lemma de Rham cohomology of Y/K agrees with de Rham cohomology
of Vi /k. Hence

H(Yk, Bk, m) = Rgp H(Y, E,m)

and their period sets agree by Lemma Hence, we also have P*f(K) C
P (k).
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Let k be countable. For each triple (X, D, j), the cohomologies HgR(X) and
H;ing(Xan,Dan,Q) are countable. Hence, the image of period pairing is also
countable. There are only countably many isomorphism classes of pairs (X, D, j),
hence the set P (k) is countable. O

9.4 The comparison theorem

We introduce two more variants of period algebras. Recall from Corollary [5.5.2]
the functor

RD: K~ (Z8Sm) — D o,

and 4
H': K~ (ZSm) — (k,Q)—Vect .

Definition 9.4.1. e Let C(Sm) be the full abelian subcategory of (k, Q)—Vect
closed under subquotients generated by H'(X,) for X, € K~ (ZSm). Let
Psim (k) = P(C(Sm)) be the algebra of periods of complexes of smooth va-
rieties.

e Let C(SmAfl) be the full abelian subcategory of (k,Q)—Vect closed un-
der subquotients and generated by H(X,) for X, € K~ (ZSmAff) with
SmAff the category of smooth affine varieties over k. Let Psmag(k) =
P(C(SmAfT)) be the algebra of periods of complexes of smooth affine vari-
eties.

Theorem 9.4.2. Let k C C be a subfield. Then all definitions of period algebras
given so far agree:
P (k) = Psm (k) = Psmas (k)

and
P(k) = Poc (k)

Remark 9.4.3. This is a simple corollary of Theorem[8.2.20|and Corollary[3.2.21]
once we will have discussed the formal period algebra, see Corollary[12.1.9] How-
ever, the argument does not use the full force of Nori’s machine, hence we give
the argument directly. Note that the key input is the same as the key input
into Nori’s construction: the existence of good filtrations.

Remark 9.4.4. We do not know whether P°f(k) = P¢ff(k). The concrete
definition of P¢ff (k) only admits de Rham classes which are represented by a
global differential form. This is true for all classes in the affine case, but not in
general.

Proof. We are going to prove the identities on periods by showing that the
subcategories of (k,Q)—Vect appearing in their definitions are the same.

Let C (Pairseﬂ) be the full abelian subcategory closed under subquotients and
generated by H(X, D, ) for (X, D) € Pairs®®. Furthermore, let C(nc) be the
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full abelian subcategory closed under subquotients and generated by H?(X, D)
with X smooth, affine of dimension d and D a divisor with normal crossings.

By definition
C(nc) C C(Pairs®™) .

By the construction in Definition |3.3.6] we may compute any H(X, D, j) as
H7(C,) with Cy in C~(ZSm). Actually, the degree cohomology only depends
on a bounded piece of C,. Hence

C(Pairs®™) ¢ C(Sm) .

We next show that
C(Sm) C C(SmAff) .

Let X, € C7(ZSm). By Lemma there is a rigidified affine cover ﬁX. of
Xo. Let Cy = C.(ffx_) be the total complex of the associated complex of Chech
complexes (see Definition . By construction, Cy € C~(ZSmAfl). By the
Mayer-Vietoris property, we have

H(X,) = H(C,).

We claim that C(SmAfF) C C(Pairs®™). It suffices to consider bounded complexes
because the cohomology of a bounded above complex of varieties only depends
on a bounded quotient. Let X be smooth affine. Recall (see Proposition
that a very good filtration on X is a sequence of subvarieties

FEXCFRXC..F,X=X

such that F; X ~\ F;_; X is smooth, with F;X of pure dimension j, or F;X =
F;_1X of dimension less that j and the cohomology of (F;X, F;_1X) being
concentrated in degree j. The boundary maps for the triples F;_»X C F;_1X C
F;X define a complex R(F X) in C(Pairs®™)

v s TN X FjooX) — B (FjX, Fj1 X) —» WP (F i X, FX) — .

whose cohomology agrees with H®(X).

Let X, € C*(ZSmAff). By Lemma we can choose good filtrations on all
X, in a compatible way. The double complex R(F X) has the same cohomology
as X,. By construction, it is a complex in C (Pairseff)7 hence the cohomology is
in C(Pairs®™).

Hence, we have now established that
Pﬁg(k) C Peg(k) = PSm(k) = IP)SmAff(k) .

We refine the argument in order to show that Pgpmag(k) C Puc(k). By the
above computation, this will follow if periods of very good pairs are contained
in Py (k). We recall the construction of very good pairs (X, Y, n) by the direct
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proof of Nori’s Basic Lemma I in Section We let X, Dy and Do, be as
in Lemma In particular, there is a proper surjective map X \De = X
and Dy \ Dy N Do, = =Y. Hence the periods of (X,Y,n) are the same as
the periods of (X \ Dy, Do \ Do N Dog,n). The latter cohomology is Poincaré
dual to the cohomology of the pair (X’,Y’,n) = (X \ Duo, Do \ Do N Dy, n)
by Theorem In particular, all three are very good pairs with cohomology
concentrated in degree n and free. Indeed, there is a natural pairing in C

HY(X,Y) x H(X',Y') — L((2mwi)%).

This is shown by the same arguments as in the proof of Lemma [8:3.§ but with
the functor H instead of Hy, ;. By Lemma the periods of (X,Y") agree up
to multiplication by (27i)¢ with the periods of (X', Y"). We are now in the situ-
ation where X’ is smooth affine of dimension n and Y is a divisor with normal
crossings. By Proposition|3.3.19} every de Rham cohomology class in degree n is
represented by a global differential form on X. Hence all cohomological periods
of (X’,Y’,n) are normal crossing periods in the sense of Definition O



Chapter 10

Categories of mixed motives

There are different candidates for the category of mixed motives over a field k
of characteristic zero. The category of Nori motives of Chapter [§|is one of them.
We review two more.

10.1 Geometric motives

We recall the definition of geometrical motives first introduced by Voevodsky,
see [VSE] Chapter 5.

As before let k C C be a field (most of the time suppressed in the notation).

Definition 10.1.1 ([VSE] Chap. 5, Sect. 2.1). The category of finite corre-
spondences SmCor has as objects smooth k-varieties and as morphisms from
X to Y the vector space of Q-linear combinations of integral correspondences
I' C X x Y which are finite over X and dominant over a component of X.

The composition of ' : X — Y and I : Y — Z is defined by push-forward of
the intersection of I' x Z and X x IV in X XY X Z to X x Z. The identity
morphism is given by the diagonal. There is a natural covariant functor

Sm; — SmCory,

which maps a smooth variety to itself and a morphism to its graph.

The category SmCory, is additive, hence we can consider its homotopy category
K®(SmCory,). The latter is triangulated.

Definition 10.1.2 ([VSE] Ch. 5, Defn. 2.1.1). The category of effective geomet-
rical motives DMEN = DMER (k) is the pseudo-abelian hull of the localization
of K*(SmCory,) with respect to the thick subcategory generated by objects of

the form
(X x A2 X]

219
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for all smooth varieties X and
UNV -UNV - X]

for all open covers U UV = X for all smooth varieties X.
Remark 10.1.3. We think of DMge,.rff1 as the bounded derived category of the
conjectural abelian category of effective mixed motives.
We denote by
M : SmCory — DM;?1

the functor which views a variety as a complex concentrated in degree 0. By
[VSF] Ch. 5 Section 2.2, it extends (non-trivially!) to a functor on the category
of all k-varieties.

DZWgef]fl is tensor triangulated such that
MX)MY)=M(X xY)
for all smooth varieties X and Y. The unit of the tensor structure is given by

Q(0) = M (Speck) .

The Tate motive Q(1) is defined by the equation
M(P') = Q(0) ® Q(1)[2] -

We write M(n) = M @ Q(1)®" for n > 0. By [VSE], Chap. 5 Section 2.2, the
functor
(n) : DMZR — DMZR

is fully faithful.

Definition 10.1.4. The category of geometrical motives DMy, is the stabi-
lization of DMES with respect to Q(1). Objects are of the form M (n) for n € Z
with

Hompay,,, (M(n), M'(n')) = Homp e (M (n + N), M'(n + N)) N>0.
Remark 10.1.5. We think of DM, as the bounded derived category of the

conjectural abelian category of mixed motives.

The category DM,y is rigid by [VSE], Chap. 5 Section 2.2, i.e., every object
M has a strong dual M"Y such that

HOInD]\/[gm (A ® B7 C) = HomD]ng (147 Bv ® C)
AV @ BY = (A® B)Y
(AV)V =4

for all objects A, B, C.
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Remark 10.1.6. Rigidity is a deep result. It depends on a moving lemma for
cycles and computations in Voevodsky’s category of motivic complexes.

Example 10.1.7. If X is smooth and projective of pure dimension d, then

M(X)Y = M(X)(~d)[-2d] .

10.2 Absolute Hodge motives

The notion of absolute Hodge motives was introduced by Deligne ([DMOS]
Chapter IT in the pure case), and independently by Jannsen in ([Jal]). We follow
the presentation of Jannsen, also used in our own extension to the triangulated
setting ([Hul]). We give a rough overview over the construction and refer to
the literature for full details.

We fix a subfield & C C and an algebraic closure k/k. Let G) = Gal(_/li:). Let
S be the set of embeddings o : k — C and S the set of embeddings ¢ : k — C.
Restriction of fields induces a map S — S.

Definition 10.2.1 ([Hul] Defn. 11.1.1). Let MR = MR(k) be the additive
category of mized realizations with objects given by the following data:

e a bifiltered k-vector space Agr;

e for each prime [, a filtered Q;-vector space A; with a continuous operation
of Gk-;

o for each prime [ and each o € 5, a filtered Q;-vector space A, ;
e for each o € S, a filtered Q-vector space A,;
e for each o € S, a filtered C-vector space A, c;

e for each o € 5, a filtered isomorphism
IgRr,s; Adr ®6 C = Ag o ;

e for each o € 5, a filtered isomorphism
Ioc: A ®9C — Asc

e for each o € S and each prime [, a filtered isomorphism
Is1: As @ Q1 = Asy

e for each prime [ and each o € S, a filtered isomorphism

Lo : Ay ®o Qr — Asy



222 CHAPTER 10. CATEGORIES OF MIXED MOTIVES

These data are subject to the following conditions:

e For each o, the tuple (A,, Asc, I5,c) is a mixed Hodge structure;

e For each [, the filtration on A; is the filtration by weights: its graded pieces
gr!V A; extends to a model of finite type over Z which is pointwise pure
of weight n in the sense of Deligne, i.e., for each closed point with residue
field x, the operation of Frobenius has eigenvalues N (x)"/2.

Morphisms of mixed realizations are morphisms of this data compatible with
all filtrations and comparison isomorphisms.

The above has already used the notion of a Hodge structure as introduced by
Deligne.

Definition 10.2.2 (Deligne [D4]). A mized Hodge structure consists of the
following data:

e a finite dimensional filtered Q-vector space (Vo, W,);
e a finite dimensional bifiltered C-vector space (Vi, Wi, F*);
e a filtered isomorphism I¢ : (V, W) @ C — (V, Wy)

sucht that for all n € Z the induced triple (gr}¥ Vo, gt Vi, grl I) satisfies

g Vo= @ Frer) Ve o Figr, Ve
ptg=n

with complex conjugation taken with respect to the R-structure defined by
grV Vo ®R.

A Hodge structure is called pure of weight n if W, is concentrated in degree n.
It is called pure if it is direct sum of pure Hodge structures of different weights.

A morphism of Hodge structures are morphisms of this data compatible with
filtration and comparison isomorphism.

By [D4] this is an abelian category. All morphisms of Hodge structures are
automatically strictly compatible with filtrations. This implies immediately:

Proposition 10.2.3 ([Hul] Lemma 11.1.2). The category MR is abelian. Ker-
nels and cokernels are computed componentwise.

The notation is suggestive. If X is a smooth variety, then there is a natural
mixed realization H = H} 1 (X) with

e Hyr = H}p(X) algebraic de Rham cohomology as in Chapter [3| Sec-

tion [31}
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H;, = H*(X3,Qy) the l-adic cohomology with its natural Galois operation;

H, = H*(X %, Spec(C), Q) singular cohomology;

HU,(C = HO‘ ® C and Hcr,l = Ha' ®@l;

I4r,o s the period isomorphism of Definition [5.3.1] .

1} + is induced by the comparison isomorphism between [-adic and singular
cohomology over C.

Remark 10.2.4. If we assume the Hodge or the Tate conjecture, then the
functor Hj g is fully faithful on the category of Grothendieck motives (with
homological or, under these assumptions equivalently, numerical equivalence).
Hence it gives a linear algebra description of the conjectural abelian category of
pure motives.

Jannsen ([Jal] Theorem 6.11.1) extends the definition to singular varieties. A
refined version of his construction is given in [Hul]. We sum up its properties.

Definition 10.2.5 ([Hu2] Defn. 2.2.2). Let CT be the category with objects
given by a tuple of complexes in the additive categories in Definition with
filtered quasi-isomorphisms between them. The category of mized realization
complezes Crqr is the full subcategory of complexes with strict differentials
and cohomology objects in MR. Let Daqgr be the localization of the homotopy
category of Car (see [Hull]) with respect to quasi-isomorphisms (see [Hul]
4.17).

By construction, there are natural cohomology functors:
H i :C MR — MR
factoring over D .

Remark 10.2.6. One should think of Dy r as the derived category of MR,
even though this is false in a literal sense.

The main construction of [Hul] is a functor from varieties to mixed realizations.

Theorem 10.2.7 ([Hul] Section 11.2, [Hu2] Thm 2.3.1). Let Smy, be the cate-
gory of smooth varieties over k. There is a natural additive functor

RM’R : Smk — CMR s

such that _ o
Hjp(X) = H' (Rmr(X)) -

This allows to extend R to the additive category Q[Smy| and even to the category
of complexes C~(Q[Smy]).
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Remark 10.2.8. There is a subtle technical point here. The category C is
additive. Taking the total complex of a complex in CT gives again an object
of C*. That the subcategory Caqr is respected is a non-trivial statement, see
[Hu2] Lemma 2.2.5.

Following Deligne and Jannsen, we can now define

Definition 10.2.9. An object M € MR is called an effective absolute Hodge
motive if it is a subquotient of an object in the image of

H*o R : C*(Q[Smy]) = MR .

Let MM, = MMSE (k) € MR be the category of all effective absolute
Hodge motives over k. Let MMag = MMau(k) € MR be the full abelian
tensor subcategory generated by MM®T and the dual of Q(—1) = H3 (P').
Objects in MMy are called absolute Hodge motives over k.

Remark 10.2.10. The rationale behind this definition lies in Remark [0.2.4]
Every mixed motive is supposed to be an iterated extension of pure motives.
The latter are conjecturally fully described by their mixed realization. Hence,
it remains to specify which extensions of pure motives are mixed motives.

Jannsen ([Jal] Definition 4.1) does not use complexes of varieties but only single
smooth varietes. It is not clear whether the two definitions agree, see also the
discussion in [Hul] Section 22.3. On the other hand, in [Hul] Definition 22.13
the varieties were allowed to be singular. This is equivalent to the above by the
construction in [Hu3] Lemma B.5.3 where every complex of varieties is replaced
by complex of smooth varieties with the same cohomology.

Recall the abelian category (k,Q)—Vect from Definition [5.1.1]
Fix ¢ : k — C. The projection

A (Adar, A, I ¢ ar,)
defines a faithful functor
MR — (k,Q)—Vect .
Recall the triangulated category D&)Q) from Definition The projection
K w— (Kar,K,, K, ¢, Lar., L.c)

defines a functor
CMR — C&@)

which induces also a triangulated functor

+

forget : Dyr — D(k,@) .
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Lemma 10.2.11. There is a natural transformation of functors

K™ (Z[Smy]) = Dy,

between forget o Ry and RI.

Proof. This is true by construction of the dR- and o-components of Ryr in
[Hul]. In fact, the definition of RI is a simplified version of the construction
given there. (They are not identical though because MR takes the Hodge and
weight filtration into account.) O

10.3 Comparison functors

We now have three candidates for categories of mixed motives: the triangulated
categories of geometric motives and the abelian categories of absolute Hodge
motives and of Nori motives (see Chapter [3).

Theorem 10.3.1. The functor Ryr factors via a chain of functors

C*(Q[Smg]) = DMy — D (MMyori) = D*(MMan) C Dur -

The proof will be given at the end of the section. The argument is a bit involved.

Theorem 10.3.2 ([Hu2|, [Hu3]). There is a tensor triangulated functor
Rpur : DMy — Dar
such that for smooth X
H'Rpr(X) = Hyr(X) .
For all M € DMy, the objects H' Ry (M) are absolute Hodge motives.

Proof. This is the main result of [Hu2]. Note that there is a Corrigendum [Hu3].
The second assertion is [Hu2] Theorem 2.3.6. O

Proposition 10.3.3. Let k C C.
1. There is a faithful tensor functor
f : MMNori — MMAH

such that the functor Ry : C°(Q[Smy]) — Dar factors via D*(MMyor) —
DY (MM an).

2. Every object in MMan is a subquotient of an object in the image of
MMNOI'i'
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Proof. We want to use the universal property of Nori motives. Let ¢ : £k C C
be the fixed embedding. The assignment A — A, (see Definition is a
fibre functor on the neutral Tannakian category MMapn. We denote it Hf,,
because it agrees with singular cohomology of X @5 C on A = H} 1 (X).

We need to verify that the diagram Pairs®® of effective pairs from Chap. [8 can
be represented in MMy in a manner compatible with singular cohomology.
More explicitly, let X be a variety and Y C X a subvariety. Then [V — X] is
an object of DMgy,. Hence for every ¢ > 0 there is

Hix(X,Y)=HRmr(X,Y) € MMay .
By construction, we have

The edges in Pairs®® are also induced from morphisms in DM,gy,. Moreover, the
representation is compatible with the multiplicative structure on Good®T.

By the universal property of Theorem this yields a functor MMpyeori —
MR. Tt is faithful, exact and a tensor functor. We claim that it factors via
MMpg. As MMy is closed under subquotients in MR, it is enough to check
this on generators. By Corollary the category MMefo,ri is generated by
objects of the form HY . (X,Y) for X = W \ W4 with X smooth and Y a
divisor with normal crossings. (In fact, it is generated by very good pairs; blow
up the singularities without changing the motive by excision.) Let Y, be the
Cech nerve of the cover of Y by its normalization. This is the simplicial scheme
described in detail in Section B.3.6l Let

Ce = Cone(Yy, — X)[—1] € C™(Q[Smy)).

Then Hi»(X,Y) = H'Rpr(C,) is an absolute Hodge motive.

Consider X, € C?(Q[Smy]). We apply Proposition to A = MMnori
and A = MMuag. Hence, there is Ryori(X«) € D*(MMyori) such that the
underlying vector space of H'Ryoi(X.) is singular cohomology. We claim that
there is a natural morphism

f : RNori(X*) — RMR(X*)

It will automatically be a quasi-isomorphism because both compute singular
cohomology of X,.

We continue as in the proof of Proposition We choose a rigidified affine
cover U x, of X, and a very good filtration on the cover. This induces a very
good filtration on TotC,(Ux.). This induces a double complex of very good
pairs. Each very good pair may in turn be seen as complex with two entries.
We apply Raqr to this triple complex and take the associated simple complex.
On the one hand, the result is quasi-isomorphic to Rayr(X.) because this is
true in singular cohomology. On the other hand, it agrees with f Rnori(Xy), also
by construction.
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Finally, we claim that every M € MMy it is subquotient of the image of a
Nori motive. By definition of absolute Hodge motives it suffices to consider M of
the form H' R (X,) for X, € C*°(Q[Smy]). We have seen that H! Ry (X.) =
H' f(RNori(X4)), hence M is in the image of f. O

Remark 10.3.4. It is very far from clear whether the functor is also full or
essentially surjective. The two properties are related because every object in
MMy is a subquotient of an object in the image of MMunori-

Theorem 10.3.5. There is a functor
DMy — DP(MMuyors)
such the composition
C*(Q[Smy]) = DMym — D" (MMyors)

agrees with the functor Rnow of Proposition [8.2.16,

Proof. This is a result of Harrer, see [Hal. O

Proof of Theorem[10.3.1. We put together Theorem[I0.3.5]and Theorem [10.3.3]
O

10.4 Weights and Nori motives

Let k£ C C be a subfield. We are now going to explore the connection between
Grothendieck motives and pure Nori motives and weights.

Definition 10.4.1. Let n € Ny. An object M € MMSE - is called pure of
weight n if it is a subquotient of a motive of the form H{,;(Y) with Y smooth
and projective.

A motive is called pure if it is a direct sum of pure motives of some weights.

In particular, HY;(Y) is pure if Y is smooth and projective.

Definition 10.4.2. 1. The category of effective Chow motives CHM? is
given by the pseudo-abelian hull of the category with objects given by
smooth, projective varieties and morphism form [X] to [Y] given by the
Chow group Ch¥™ X (Y x X) of algebraic cycles of codimension dim Y up
to rational equivalence. The category of Chow motives CHM is given by
the localization of the category of effective Chow motives with respect to
the Lefschetz motive L which is the direct complement of [Speck] in P*.

2. The category of effective Grothendieck motives GRM®® is given by the
pseudo-abelian hull of the category with objects given by smooth, projec-
tive varieties and morphism form [X] to [Y] given by the group A4™ X (Y x
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X) of algebraic cycles of codimension dimY up to homological equiva-
lence with respect to singular cohomology. The category of Grothendieck
motives GRM is given by the localization of the category of effective
Grothendieck motives with respect to the Lefschetz motive L.

In both cases, the composition is given by composition of correspondences.

Remark 10.4.3. There is a contravariant functor X +— [X] from the category
of smooth, projective varieties over k to Chow or Grothendieck motives. It maps
a morphism f : Y — X to the transpose of its graph I'y. The dimension of Iy is
the same as the dimension of Y, hence it has codimension dim X in X x Y. On
the other hand, singular cohomology defines a well-defined covariant functor on
Chow and Grothendieck motives. Note that it is not a tensor functor due to
the signs in the Kiinneth formula.

This normalization is the original one, see e.g., [Man|. In recent years, it has
also become common to use the covariant normalization instead, in particular
in the case of Chow motives.

The category of Grothendieck motives is conjectured to be abelian and semi-
simple. Jannsen has shown in [Ja2] that this is the case if and only if homological
equivalence agrees with numerical equivalence.

Proposition 10.4.4. Singular cohomology on GRM factors naturally via a
faithful functor
GRM — MMnori

whose image is contained in the category of pure Nori motives.

If the Hodge conjecture holds, then the inclusion is an equivalence of semi-simple
abelian categories.

Proof. The opposite category of CHM is a full subcategory of the category of
geometric motives D Mgy, by [VSE) Chapter 5, Proposition 2.1.4]. Restricting
the contravariant functor

DMy — DY (MMyori) 2255 MMyons

to the subcategory yields a covariant functor
CHM — MMNori .

By definition, its image is contained in the category of pure Nori motives. Also
by definition, a morphism in CHM is zero in GRM if it is zero in singular co-
homology, and hence in M M. Therefore, the functor automatically factors
via GRM. The induced functor then is faithful.

We now assume the Hodge conjecture. By [Jall Lemma 5.5], this implies that
absolute Hodge cycles agree with cycles up to homological equivalence. Equiv-
alently, the functor GRM — MR to mixed realizations is fully faithful. As it
factors via MMyori, the inclusion GRM — MMy, has to be full as well.
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The endomorphisms of [Y] for Y smooth and projective can be computed in
MR. Hence it is semi-simple because H},% (Y') is polarizable, see [Hull, Propo-
sition 21.1.2 and 21.2.3]. This implies that its subquotients are the same as
its direct summands. Hence, the functor from GRM to pure Nori motives is
essentially surjective. O

Proposition 10.4.5. Every Nori motive M € MMori carries a unique bounded
increasing filtration (W, M),cz inducing the weight filtration in MR. FEvery
morphism of Nori motives is strictly compatible with the filtration.

Proof. As the functor MMy — MR is faithful and exact, the filtration on
M € MMuyori is indeed uniquely determined by its image in M. Strictness of
morphisms follows from the same property in MR.

We turn to existence. Bondarko [Bo| constructed what he calls a weight struc-
ture on DMyp. It induces a weight filtration on the values of any cohomological
functor. We apply this to the functor to MMyer. In particular, the weight
filtration on HY ,;(X,Y") is motivic for every vertex of Pairs®®. The weight filtra-
tion on subquotients is the induced filtration, hence also motivic. As any object
in MMSE is a subquotient of some HZ,_;(X,Y), this finishes the proof in the
effective case. The non-effective case follows immediately by localization. O

10.5 Periods of motives

Recall the chain of functors
DMy — D" (MMpyori) — D*(MMag) — D°((k, Q)—Vect)
constructed in the last section.

Definition 10.5.1. 1. Let C(gm) be the full subcategory of (k,Q)—Vect
closed under subquotients which is generated by H(M) for M € DMgy,.
Let Pgm = P(C(gm))) be the period algebra of geometric motives.

2. Let C(Nori) be the full subcategory of (k,Q)—Vect closed under subquo-
tients which is generated by H(M) for M € MMnori- Let Pnori(k) =
P(C(Nori)) be the period algebra of Nori motives.

3. Let C(AH) be the full subcategory of (k, Q)—Vect closed under subquo-
tients which is generated by H(M) for M € MMap. Let Pap(k) =
P(C(AH)) be the period algebra of absolute Hodge motives.

Proposition 10.5.2. We have

P(k) = Pgm(k) = Pxori(k) = Pan(k) .
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Proof. From the functors between categories of motives, we have inclusions of
subcategories of (k, Q)—Vect:

C(gm) C C(Nori) C C(AH) .

Moreover, the category C(Smy) of Definition is contained in C(gm). By

definition, we also have C(AH) = C(Smy). Hence, all categories are equal.
Finally recall, that P(k) = P(Smj) by Theorem O

This allows easily to translate information on motives into information on peri-
ods. Here is an example:

Corollary 10.5.3. Let X be an algebraic space, or, more generally, a Deligne-
Mumford stack over k. Then the periods of X are contained in P(k).

Proof. Every Deligne-Mumford stack defines a geometric motive by work of
Choudhury [Ch]. Their periods are therefore contained in the periods of geo-
metric motives. O



Chapter 11

Kontsevich-Zagier Periods

This chapter follows closely the Diploma thesis of Benjamin Friedrich, see [Ft].
The results are due to him.

We work over k = Q or equivalently Q throughout. Denote the integral closure
of Q in R by Q. Note that Q is a field.

In this section, we sometimes use Xy, wg etc. to denote objects over @ and X,
w etc. for objects over C.

11.1 Definition

Recall the notion of a @—semialgebraic set from Definition m
Definition 11.1.1. Let

e G C RR” be an oriented compact @—semi—algebraic set which is equidimen-
sional of dimension d, and

e w a rational differential d-form on R™ having coefficients in Q, which does
not have poles on G.

Then we call the complex number [, o w a naive period and denote the set of all
naive periods for all G and w by Py,.

This set Py, enjoys additional structure.

Proposition 11.1.2. The set P, is a unital Q-algebra.

Proof. Multiplicative structure: In order to show that P, is closed under mul-
tiplication, we write

pi i R™ xR™ — R™, §=1,2

231
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for the natural projections and obtain

(/ wl) : (/ W2> =/ piwi A pows € Pry
Gl G2 GIXG2

by the Fubini formula.
Multiplication by Q: We find every a € Q as naive period with G = [0,1] C R
with respect to the differential form adt. In particular, 1 € Py,.

Combining the last two steps, we can shift the dimension of the set G in the
definition of a period number. Let o = [,w. Represent 1 = f[O,l] dt and
la = fo[O,l] w A dt.

Additive structure: Let fGl w1 and fG2 ws € P, be periods with domains of
integration G; C R™ and Gy C R™. Using the dimension shift described
above, we may assume without loss of generality that dim G; = dim G5. Using
the inclusions

i1 :R™ =R™ x {1/2} x {0} CR™ xR xR™ and

ig : R™ 2 {0} x {—1/2} x R™ C R™ x R x R"2,
we can write i1(G1) U ia(G2) for the disjoint union of G; and Gy. With the
projections p; : R™ x R x R"2 — R"™ for j = 1,2, we can lift w; on R™ to pjw;
on R™ x R x R™. For ¢1,¢2 € Q we get

cn/ W1+q2/ ‘*’2:/ q1-(1/2+41)-piwi+qa-(1/2—1)-paws € Puy,
G1 Go i1(G1)Ui2(G2)

where ¢ is the Eoordinate of the “middle” factor R of R™* x R x R™2. This shows
that Py, is a Q-vector space.

O

The Definition [11.1.1| was inspired by the one given in [KZ| p. 772]:

Definition 11.1.3 (Kontsevich-Zagier). A Kontsevich-Zagier period is a com-
plex number whose real and imaginary part are values of absolutely convergent
integrals of rational functions with rational coefficients, over domains in R™
given by polynomial inequalities with rational coefficients.

We will show at the end of this section, that Kontsevich-Zagier periods agree
with naive periods in definition [I1.1.1] see Theorem [11.2.4
Examples of naive periods are

2 dt

o [ 210,
1t

) / drdy =7 and
z2+y2 <1
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dt
- = = elliptic integrals,

for G = {(t,s) € R?|1 <t <20< s, =

3+ 1}
As a problematic example, we consider the following identity.

Proposition 11.1.4 (cf. [K1l p. 62]). We have

dt1 A dts
— =((2). 11.1
/0<t1<t2<1(1f1)t2 ¢2) ( )

Proof. This equality follows by a simple power series manipulation: For 0 <

to < 1, we have
2 dty ot
= —log(l—t :E =
/0 =g - sl n

n=1

-1

Let € > 0. The power series Y -, t;n
and we get

/ dtl dtQ /1 e o0 tn—l it i (1 _ e)n
2 = -5 -
0<t;<ty<l—c (1—t)ts n n2

n=1

converges uniformly for 0 <o <1 —¢€

Applying Abel’s Theorem [F1, XTI, 438, 6°, p. 411] at (*), using >~ ; % < 00
gives us

dt, dt (1— ) o= 1

/ _M%2  _ qim 76 L Zi

0§t1St231(1_t1)t2 EHonfl n=1 n?
]

Equation is not a valid representation of {(2) as an integral for a naive
period in our sense, because the pole locus {t; = 1} U {t2 = 0} of dltl 2\1‘)#2 i

not disjoint with the domain of integration {0 < ¢; <ty < 1}. But gives
a valid period integral according to the original definition Kontsevich—Zagier —
see Definition We will show in Example how to circumvent directly
this difficulty by a blow-up. The general blow-up procedure which makes this
possible is used in the proof of Theorem This argument shows that

Kontsevich-Zagier periods and naive periods are the same.

11.2 Comparison of Definitions of Periods

Theorem 11.2.1 (Friedrich [FY]).

PF(Q) = PT(Q) = PF  and P(Q) = Ppo(Q) = P,y .
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The proof will take the rest of this section.

Lemma 11.2.2.
P (Q) C Pl .

Proof. By definition, its elements of P<(Q) are of the form fww where v €

H;ing(X an_ pan Q) with X a smooth variety of dimension d and D a divisor
with normal crossings and w € T'(X,Q%).

We choose an embedding
XC Py

and equip Pg with coordinates as indicated. Lemma @ provides us with a
map

¢ : CP" — RY
such that D*" and CP"™ become @-semi—algebraic subsets of RV. Then, by
Proposition 2.6.8 the cohomology class 1),y has a representative which is a
rational linear combination of singular simplices I';, each of which is Q-semi-
algebraic.

As P is a Q-algebra by Proposition [11.1.2] it suffices to prove that

/ w e pef,
¢=1(ImT;)

We drop the index i from now. Set G = ImI'. The claim will be clear as soon
as we find a rational differential form w’ on RY such that ¥*w’ = w, since then

/ w:/ ¢*w’:/w'€IP’f§.
P=HG) »=1(G) G

After eventually applying a barycentric subdivision to I', we may assume w.l.o.g.
that there exists a hyperplane in CP", say {xo = 0}, which does not meet
¥~ 1(G). Furthermore, we may assume that ¢»~1(Q) lies entirely in U*® for U
an open affine subset of D N {zg # 0}. (As usual, U*" denotes the complex
analytic space associated to the base change to C of U.) The restriction of w to
the open affine subset can be represented in the form (cf. [Ha2, 11.8.4A, 11.8.2.1,

I11.8.2A])
Z fJ('rO""vxn)d(zjl> /\.../\d(%)
To o
|J|=d
with fr(z1,--- ,2,) € Q(zo,- - ,x,) being homogenous of degree zero. This

expression defines a rational differential form on all of Py with coefficients in Q
and it does not have poles on ¥~ (G).

We construct the rational differential form «’ on RY with coefficients in Q(7)
as follows

Yoo + 1200

) . ) ) . .
Yoo + 2200 Yoo + 1200 Yoo + 2200

|J|=d

).
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where we have used the notation from the proof of Lemma [2.6.5] Using the
explicit form of v given in this proof, we obtain

w*fJ (1 Y10 + 1210 . Yno + iZno) _ fJ <$0$0 T1%0 l'n-’EO)

"yoo +iz00” " Yoo + 200 o[ Jao?’ |zo?
= fi(zo,21,. .., 2n)
and ) B
ou2)-462) (2
Yoo + 1200 |zo]? To
This shows that 1*w’ = w and we are done. O

Lemma 11.2.3.

]Pe{'f C Peff (Q) )

nv — nc

Proof. We will use objects over various base fields. We will use subscripts to
indicate which base field is used: A 0 for Q, a 1 for Q, a subscript R for R and
none for C. Furthermore, we fix an embedding Q C C.

Let [, wr € Py be a naive period with

e G C R™ an oriented @—semi—algebraic set, equidimensional of dimension
d, and

e wp a rational differential d-form on R™ with coefficients in Q, which does
not have poles on G.

The @—semi—algebraic set G C R” is given by polynomial inequalities and equal-
ities. By omitting the inequalities but keeping the equalities in the definition
of G, we see that G is supported on (the set of R-valued points of) a variety
Yr C AR of same dimension d. This variety Yg is already defined over @

Y =Y X@R

for a variety Yy C A% over @ Similarly, the boundary OG of G is supported on

a variety Fg, likewise defined over Q
Er = Ey X@ R.

Note that Fy is a divisor on Yy. By eventually enlarging Ey, we may assume
w.l.o.g. that Ey contains the singular locus of Y. In order to obtain an abstract
period, we need smooth varieties. The resolution of singularities according to
Hironaka [Hil] provides us with a Cartesian square

EyCY,
L Lo (112)
Ey C Yy

where
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) }N/O is smooth and quasi-projective,
e 7 is proper, surjective and birational, and

e [ is a divisor with normal crossings.

In fact, mp is an isomorphism away from FEj since the singular locus of Yj is
contained in Fy
0

Olﬁo . UO L) UO (113)
with [70 = )70 \ EO and UO = YO \ EQ.

We apply the analytification functor to the base change to C of the map 7 :
Yy — Yp and obtain a projection

Tan 1 Y — YO0,
We want to show that the “strict transform” of G
G =T (G \ Eon) C Y™

can be triangulated. Since CP" is the projective closure of C™, we have C™ C
CP™ and thus get an embedding

yst CCtcCpP™.
We also choose an embedding
ye c cpm
for some m € N. Using Lemma we may consider both Y?" and Yyen as
Q-semi-algebraic sets via some maps
Y™ Cc CP"—RY, and
Y :Y*™ C CP™ — RM.
In this setting, the induced projection
Tan : Y% — Y20

becomes a Q semi-algebraic map. The composition of 1 with the inclusion
G C Y?2"is a Q semi-algebraic map; hence G' C RY is Q semi-algebraic by Fact
Since E?" is also Q- seml—algebralc via v, we find that G\ E*" is Q-semi-

algebram Again by Fact [2 - LG\ E*) C RM is Q semi-algebraic. Thus

G CRM , being the closure of aNQ semi-algebraic set, is Q semi-algebraic. From
Proposition we see that G can be triangulated

G =U;A;, (11.4)

where the A; are (homeomorphic images of) d-dimensional simplices.
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Our next aim is to define an algebraic differential form w; replacing wg. We
first make a base change in 1' from Q to Q and obtain

E,CY,
Lodm
Fi1CY;.

The differential d-form wr can be written as

WR = Z fr(z,...,zp)dej, Ao Ndxj,, (11.5)
|J]|=d
where x1,...,z, are coordinates of R” and f; € Q(x1,...,2,). We can use

equation 1) to define a differential form w; on A%

w1 = Z fJ(l‘1,...,xn)dle /\.../\dl‘jd,
|7]=d

where now x1, ..., x, denote coordinates of A%. The pole locus of wy gives us
a variety Z; C A%. We set

X1 = Yl\Zl, D1 = El\Zl, and
Xl = 7T1_1(X1), 51 = 7T1_1(D1).

The restriction wy)x, of wi to X is a (regular) algebraic differential form on
X7; the pullback
@1 = Wf(wl‘xl)

is an algebraic differential form on X;.

We consider the complex analytic spaces X an 5"“‘, 72" associated to the base
change to C of X1, Dy, Z;. Since w; has no poles on G, we have G N Z%" = 0;
hence G N7, (Z%") = (). This shows G C X =Y \ m L (Z?).

Since G is oriented, so is m,,}(G \ E®"), because T, is an isomorphism away
from E*". Every d-simplex A; in intersects 7,1 (G \ E*") in a dense
open subset, hence inherits an orientation. As in the proof of Proposition [2.6.8
we choose orientation-preserving homeomorphisms from the standard d-simplex
Aztd to Aj

oj NS N

These maps sum up to a singular chain
I'=a;0; € C"8(X™;Q).

It might happen that the boundary of the singular chain [ is not supported on
JG. Nevertheless, it will always be supported on D*": The set 7 ,}(G\ E*") is
oriented and therefore the boundary components of 0A; that do not belong to
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dG cancel if they have non-zero intersection with ;1(G \ E*). Thus I' gives
rise to a singular homology class

¥ € H™(X™, D™ Q).

We denote the base change to C of w; and w; by w and @, respectively. Now

/“’1:/“:/ ¢

G G GNUan
1' . / ~

= Tw= [ W

ﬂfl(GmUan) GNUan
— - ~ o ~ eff /7y
- ~w_/~w_/wepnc((@)
r o

is a period for the quadruple ()?1, 151, W1,75)- O

Q

Proof of Theorem[11.2.1]. Tt suffices to consider the effective case. By Theorem
m we have PT(Q) = P¢(Q). By Corollary [9.3.5, this is also the same
as P®(Q). The result now follows by combining Lemma [11.2.2f and Lemma
023 O

Now, we show that naive periods and Kontsevich-Zagier periods coincide:

Theorem 11.2.4.

P(;gZ = Pl’reg = Peﬁ7 IP)KZ = P'rw =P

Proof. We will use that P = Peff = Peff (see Theorem and work with
effective periods only. We partially follow ideas of Belkale and Brosnan [BB].

First we show that P¢, C Pef: Assume we have given a period through an
n-dimensional absolutely convergent integral f AW, where w = H
rational function defined over Q and A a QQ-semialgebraic region defined by in-
equalities h; > 0. This defines a rational differential form w on A™. We can
extend w to a rational differential form on P" (also denoted by w) by adding
a homogenous variable y. The closure A of A in P*(R) is a compact semial-
gebraic region, defined by H; > 0 for some homogenous polynomials H;. Let

H =], H;. Now we use resolution of singularities and obtain a blow-up

is a

o: X — P,

such that we have the following properties:

1. o is an isomorphism outside the union of the pole locus of w and the zero
sets of all polynomials H;.

2. The strict transform of the zero locus of H is a normal crossing divisor in X.
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3. Near each point P € X, there are local algebraic coordinates z1,...,z, and
integers e, f; for each j = 1,...,n, such that

n n
. € . i
H oo = unit; x H xj'77 0w = unity X H xf’dxl A ANdxy,.
j=1 =1

Let A be the analytic closure of A N U, where U is the set where o is an
isomorphism. Then A is compact, since it is a closed subset of the compact set
o~ 1(A). The absolute convergence of f A w implies the local convergence of o*w
over regions {0 < x; < €} at point P € A. This is only possible, if all fi =0
Therefore, o*w is regular (holomorphic) at the point P, and hence on the whole
of A.

Now we show that P¢f C PSf: This argument is indicated in Kontsevich-Zagier
[KZ, pg. 773]. First, note that naive periods in P&, can also be defined with Q-
coefficients and the polynomials involved can be replaced by algebraic functions
without changing the set IP)?(HZ. A proof is not given in loc. cit., but this can be
achieved by using auxiliary variables and minimal polynomials as in the proof
that v/2 € IP’Ie(HZ. Assuming this, we now assume that we have given a smooth
algebraic variety X of dimension n, a regular differential from w of top degree
(hence closed), a normal crossing divisor D C X, all this data defined over Q,
and a singular chain v with boundary 0y C D. Now we can use the method of
Lemma [[1.2.2 and we can write

[ i

where G is a Q-semialgebraic subset of the required form, i.e., given by inequal-
ities, and w is a differential form with algebraic coefficients. O
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Chapter 12

Formal periods and the
period conjecture

Following Kontsevich (see [K1]), we now introduce another algebra P(k) of for-
mal periods from the same data we have used in order to define the actual period
algebra of a field in Chapter[J] It comes with an obvious surjective map to P(k).

The first aim of the chapter is to give a conceptual interpretation of ]f”(k) as
the ring of algebraic functions on the torsor between two fibre functors on Nori
motives: singular cohomomology and algebraic de Rham cohomology.

We then discuss the period conjecture from this point of view.

12.1 Formal periods and Nori motives

Definition 12.1.1. Let k£ C C be a subfield. The space of effective formal pe-
riods I@eﬂ(k) is defined as the Q-vector space generated by symbols (X, D,w,7),
where X is an algebraic variety over k, D C X a subvariety, w € Hiz (X, D),
v € Hy(X(C), D(C),Q) with relations

1. linearity in w and ~;
2. for every f: X — X' with f(D) Cc D’
(XD, f'w',y) = (X', D', fu7)
3. for every triple Z CY C X
Y, Z,w,0v) = (X,Y, dw, )

with 9 the connecting morphism for relative singular homology and ¢ the
connecting morphism for relative de Rham cohomology.

241
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We write [X, D, w,~] for the image of the generator. The vector space Iﬁ’eﬂr(k) is
turned into an algebra via

(X, D,w, V)X, D',w /) =(Xx X' Dx X' UD'x X,wAw',vx7v).

The space of formal periods is the localization P(k) of P (k) with respect to

(G, {1}, X, S1], where S is the unit circle in C*.

Remark 12.1.2. This is modeled after Kontsevich [K1] Definition 20, but does
not agree with it. We will discuss this point in more detail in Remark

Theorem 12.1.3. (Nori) Let k C C be subfield. Let Gmot(k) be the Tan-
nakian dual of the category of Nori motives with Q-coefficents (sic!), see Defini-
tion . Let X = Spec]f”(k), Then X is naturally isomorphic to the torsor of
isomorphisms between singular cohomology and algebraic de Rham cohomology
on Nori motives. It has a natural torsor structure under the base change of
Got(k, Q) to k (in the fpgc-topology on the category of k-schemes):

X Xk Gmot(kaQ)k — X.

Remark 12.1.4. This was first formulated in the case k = Q without proof by
Kontsevich as [K1, Theorem 6]. He attributes it to Nori.

Proof. Consider the diagram Pairs®® of Definition and the representations
Ty = H}z(—) and Ty = H*(—, k) (sic!). Note that Hgq(X(C), D(C),Q) is dual
to HY(X(C), D(C),Q).

By the very definition, P (k) is the module P; o(Pairs®™) of Definition [7.4.19
By Theorem it agrees with the module A; »(Pairs®™) of Definition [7.4.2
We are now in the situation of Section [7.4] and apply its main result, Theorem

7.4.10] In particular,

Aj o (Pairs®™) = A; o (MM ).

Recall that by Theorem [8.2.20] the diagram categories of Pairs®® and Good®®
agree. This also shows that the modules

Aj o(Pairs®™) = A 5(Good®™)

agree. From now on, we may work with the diagram Good®® which has the ad-
vantage of admitting a commutative product structure. The algebra structures
on Aj 5(Good®™) = Py 5(CGood®™) = P (k) agree.

We can apply the same considerations to the localized diagram Good. As in
Proposition localization on the level of diagrams or categories amounts to
localization on the algebra. Hence,

A; 5(Good) = Py 2(Good) = P(k)

and
X = SpecA; 2(Good).
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Also, by definition, G2(Good) is the Tannakian dual of the category of Nori
motives with k coefficients. By base change Lemma [6.5.6] it is the base change
of the Tannaka dual of the category of Nori motives with Q-coefficients. After
these identifications, the operation

X Xk Gmot(k7Q)k —+ X

is the one of Theorem [T.4.71
By Theorem it is a torsor because MMpqyi is rigid. O

Remark 12.1.5. There is a small subtlety here because our to fibre functors
take values in different categories, Q—Mod and k—Mod. As H*(X,Y,k) =
H*(X,Y,Q)®qk and ]f"(k) already is a k-algebra, the algebra of formal periods
does not change when replacing Q-coefficients with k-coefficients.

We can also view X as torsor in the sense of Definition The description
of the torsor structure was discussed extensively in Section [7.4] in particular
Theorem [7.4.10] In terms of period matrices, it is given by the formula in [K1]:

P — Zpik ® Pt @ Py
Kl

Corollary 12.1.6. 1. The algebra of effective formal periods I@eﬁ(k) TEMAINSs
unchanged when we restrict in Definition to (X,D,w,~) with X
affine of dimension d, D of dimension d — 1 and X ~ D smooth, w €
Hi (X, D), 7 € Ha(X (C), D(C), Q).

2. ]f"eﬂ(k) is generated as Q-vector space by elements of the form [X, D,w,~]
with X smooth of dimension d, D a divisor with normal crossings w €
H{x(X, D), v € Hy(X(C), D(C),Q).

Proof. In the proof of Theorem we have already argued that we can
replace the diagram Pairs®T by the diagram Good®™. The same argument also
allows to replace it by VGood®.

By blowing up X, we get another good pair ()~( ,D,d). By excision, they have the
same de Rham and singular cohomology as (X, D,d). Hence, we may identify
the generators. O

Remark 12.1.7. We do not know whether it is enough to work only with
formal periods of the form (X, D,w,~) with X smooth and D a divisor with
normal crossings in Definition as Kontsevich does in [KIl Definition 20].
By the Corollary, these symbols generate the algebra, but it is not clear to us
if they also give all relations. Indeed, Kontsevich in loc. cit. only imposes the
relation given by the connecting morphism of triples in an even more special
case.

Moreover, Kontsevich considers differential forms of top degree rather than co-
homology classes. They are automatically closed. He imposes Stokes’ formula
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as an additional relation, hence this amounts to considering cohomology classes.
Note, however, that not every de Rham class is of this form in general.

All formal effective periods (X, D,w,v) can be evaluated by ”integrating” w
along . More precisely, recall (see Definition the period pairing

H4: (X, D) x Hy(X(C),D(C)) — C
It maps (G,,, {1},dX/X,S1) to 2mi.
Definition 12.1.8. Let B
ev:P(k) — C,

be the ring homomorphism induced by the period pairing. We denote by per
the C-valued point of X = SpecP(k) defined by ev.

The elements in the image are precisely the element of the period algebra P(k)
of Definition 0.3.1] By the results in Chapters [9] and [11] (for k = Q), it
agrees with all other definitions of a period algebra. From this perspective, per
is the C-valued point of the torsor X of Theorem [12.1.3| comparing singular
and algebraic de Rham cohomology. It is given by the period isomorphism per
defined in Chapter

The following statement of period number is a corollary from our previous results
on formal periods.

Corollary 12.1.9. The algebra P(k) is Q-linearly generated by number of the
form (2mi)? o with j € Z, and « the period of (X, D,w,~) with X smooth affine,
D a divisor with normal crossings, w € Q% (X).

This was also proved without mentioning motives as Theorem

Proof. Recall that 2mi is itself a period of such a quadruple.

By Corollary [8.2.21} the category MMefo)ri is generated by motives of good
pairs (X, Y, d) of the form X = W\ W, Y = Wy \ (W NWp) with W smooth
projective of dimension d, Wy U W, a divisor with normal crossings, X' = \Wj
affine. Hence, their periods generated P (k) as a Q-vector space.

Let Y/ = W \ Wy N Wy,). By Lemma the motive HZ_.(X,Y) is dual
to H¢.;(X',Y")(d). By Lemma this implies that the periods of the first
agree with the periods of the latter up to a factor (27i)?.

As X' is affine and Y’ a divisor with normal crossings, Hig (X', Y”) is generated
by Q%,(X’) by Proposition [3.3.19 O

Proposition 12.1.10. Let K/k be algebraic. Then
P(K) =P(k) ,

and hence also
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The second statement was already proved directly Corollary

Proof. Tt suffices to consider the case K/k finite. The general case follows by
taking limits.

Generators of P(k) also define generators of P(K) by base change for the field
extension K /k. The same is true for relations, hence we get a well-defined map
P(k) = P(K).

We define a map in the opposite direction by viewing a K-variety as k-variety.
More precisely, let (Y, E,m) be vertex of Pairs®® (K) and (Y, Ey, m) the same
viewed as vertex of Pairs® (k). As in the proof of Corollary we have

H(Yka Ek7m) = RK/k:H(K Ea m)

with Rg/;, as defined in Lemma The same proof as in Lemma
(treating actual periods) also shows that the formal periods of (Y%, Ej, m) agree
with the formal periods (Y, E, m): O

12.2 The period conjecture

We exlore the relation to transcendence questions from the point of view of of
Nori motives and their periods. We only treat the case where k/Q is algebraic.
For more general fields, see Ayoub’s remarks in [Ay].

Recall that P(Q) = P(k) = P(Q) under this assumption.

Conjecture 12.2.1 (Kontsevich-Zagier). Let k/Q be an algebraic field exten-
sion contained in C. The evaluation map (see Definition

ev : P(k) — P(k)
1s bijective.
Remark 12.2.2. We have already seen that the map is surjective. Hence

injectivity is the true issue. Equivalently, we can conjecture that P(k) is an
integral domain and ev a generic point.

In the literature [All [A2] [Ayl BCl [Wul, there are sometimes alternative for-
mulations of this conjecture, called ” Grothendieck conjecture”. We will explain
this a little bit more.

Definition 12.2.3. Let M € M Mo be a Nori motive. Let
X (M)

be the torsor of isomorphisms between singular and algebraic de Rham coho-
mology on the Tannaka category (M, MV)® generated by M and

P(M) = O(X(M))
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the associated ring of formal periods. If M = HY_,(Y) for a variety Y, we also
write P(Y').

Let Gmot(M) and Gt (Y) be the Tannaka duals of the category with respect
to singular cohomology.

These are the finite dimensional building blocks of P(k) and Gyt (k), respec-
tively.

Remark 12.2.4. By Theorem the space X (M) is a Gyot(M)-torsor.
Hence they share all properties that can be tested after a faithfully flat base
change. In particular, they have the same dimension. Moreover, X (M) is
smooth because G(M) is a group scheme over a field of characteristic zero.

Analogous to [Ay] and [A2] Prop. 7.5.2.2 and Prop. 23.1.4.1], we can ask:

Conjecture 12.2.5 (Grothendieck conjecture for Nori motives). Let k/Q be
an algebraic extension contained in C and M € MMyoi(k). The following
equivalent assertions are true:

1. The evaluation map ~
ev:P(M)—C

18 1njective.
2. The point evy; of Spec I@’(M) is a generic point, and X (M) connected.

3. The space X (M) is connected, and the transcendence degree of the sub-
field of C generated by the image of evys is the same as the dimension of
Guot(M).

Proof of equivalence. Assume that ev is injective. Then P(M) is contained in
the field C, hence integral. The map to C factors via the residue field of a
point. It ev is injective, this has to be the generic point. The subfield generated
by ev(M) is isomorphic to the function field. Its transcendence degree is the
dimension of the integral domain.

Conversely, if X (M) is connected, then it P(M) is integral because it is already
smooth. If ev factors the generic point, its function field embeds into C and
hence If”(M ) does. If the subfield generated by the image of ev in C has the
maximal possible transcendence degree, then ev has to be generic. O

Lemma 12.2.6. If Conjecture is true for all M, then Conjecture|12.2.1
holds.

Proof. By construction, we have
P(k) = colim/P(M).

Injectivity of the evaluation maps on the level of every M implies injectivity of
the transition maps and injectivity of ev on the union. O
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Remark 12.2.7. The converse is not obvious. It amounts to asking whether
P(M) is contained in P(k). In our description with generators and relations, this
means that all relations are given by relations within the category (M, MY)®.
This is not clear a priori. We have a conditional result in the pure case.

Proposition 12.2.8. Assume that the Hodge conjecture holds for all varieties.
Let M be a pure Nori motive. Then P(M) injects into P(k).

Proof. The algebra P(M) is generated by classes (w,7) with w € Hiz(M) @
Hix(M)Y and v € H.(M,Q) & H,(M,Q)" of the same cohomological degree.
The relations are given by chains of morphisms and morphisms in the opposite
direction

M— M <~ My — -+ M

in the tensor category generated by the direct sum of these Nori motives.

In ]13’(k)7 the relations between these same generators are given by chains in the
category of all Nori motives. A priori, there are more of these.

By Proposition we have a weight filtration on the category of Nori mo-
tives. Morphisms between pure motives of different weights vanish. We choose
our generators pure and we apply the weight filtration to the whole chain defin-
ing a relation. This implies that there are no relations between pure generators
of different weights. The relations between pure generators of the same weight
are already induced from relations of this fixed weight. We now apply the Hodge
conjecture again and in a semi-simple category. The only relations are the ones
given by the simple objects in the subcategory. O

The third version of Conjecture [[2.2.5]is very close to the point of view taken
originally by Grothendieck in the pure case. In order to understand the precise
relation, we have to establish some properties first.

We specialize to the case I@(Y) for Y smooth and projective. In this case,
singular cohomology H*(Y,Q) carries a pure Q-Hodge structure, see Defini-
tion Recall that the Mumford-Tate group MT(V) of a polarizable pure
Hodge structure V is the smallest Q-algebraic subgroup of GL(V') such that
Hodge representation h : S — GL(Vg) factors via G as h : S — Gg. Here,
S = Resc/rGp, is the Deligne torus. It is precisely the Q-algebraic subgroup
of GL(Vg) that fixes all Hodge tensors in all tensor powers @ V&™ g VVen
[M]. Alternatively, it can be understood as the Tannaka dual of the subcate-
gory of the category of Hodge structures generated by V. The group MT(V) is
a reductive Q-algebraic group by [GGK] Chap. I].

Proposition 12.2.9. Let k = Q and let Y be smooth and projective. Assume
that the Hodge conjecture holds for all powers of Y. Then Gunet(Y) is the same
as the Mumford-Tate group of Y.

Proof. By Proposition[I0.4.4] the Tannaka subcategory of M Myoyi generated by
H{.:(Y) agrees with the Tannaka subcategory of the category of Grothendieck
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motives GRM. Note that the statement of Proposition assumes the full
Hodge conjecture. The same argument also gives the statement on the subcat-
egories under the weaker assumption. For the rest of the argument we refer
to Lemme 7.2.2.1 and Remarque 23.1.4.2 of [A2]. It amounts to saying that
equivalent Tannaka categories have isomorphic Tannaka duals. O

Corollary 12.2.10 (Period Conjecture). Let Y be a smooth, projective variety
over Q. Assume Conjecture [12.2.5 for powers of Y and the Hodge conjecture.
Then every polynomial relation among the periods of Y are of motivic nature,
i.e., they are induced by algebraic cycles (correspondences) in powers of Y.

In the case of elliptic curves this was stated as conjecture by Grothendieck
[Grol].

Proof. By Conjecture [12:2.5] all Q-linear relations between periods are induced
by morphisms of Nori motives. Under the Hodge conjecture, the category of
pure Nori motives is equivalent to the category of Grothendieck motives by
Proposition By definition of Grothendieck motives (Definition
this means that morphisms are induced from algebraic cycles.

Polynomial relations are induced from the tensor structure, hence powers of
Y. O

Arnold [Arl pg. 93] remarked in a footnote that this is related to a conjecture
of Leibniz which he made in a letter to Huygens from 1691. Leibniz essentially
claims that all periods of generic meromorphic 1-forms are transcendental. Of
course, precisely the meaning of ”generic” is the essential question. The conjec-
ture of Leibniz can be rephrased in modern form as in [Wul:

Conjecture 12.2.11 (Integral Conjecture of Leibniz). Any period integral of
a rational algebraic 1-form w on a smooth projective variety X over a number
field k over a path ~ with Oy C D (the polar divisor of w) which does not come
from a proper mized k-Hodge substructure H C Hy(X \ D) is transcendental.

This is only a statement about periods of type i = 1, i.e., for H*(X, D) (or,
by duality Hy(X \ D)) on curves. The Leibniz conjecture follows essentially
from the period conjecture in the case ¢ = 1, since the Hodge conjecture holds
on HY(X)® HY(X) C H?(X). This conjecture is still open. See also [BC] for
strongly related questions.

Wiistholz [Wu] has related this problem to many other transcendance results.
One can give transcendance proofs assuming this conjecture:

Example 12.2.12. Let us show that log(«) is transcendental for every algebraic
a # 0,1 under the assumption of the Leibniz conjecture. One takes X = P!,
and w = dlog(z) and v = [1,a]. The polar divisor of w is D = {0,000}, and
the Hodge structure Hy(X \ D) = H1(C*) = 7Z(1) is irreducible as a Hodge
structure. Hence, log(«) is transcendental assuming Leibniz’s conjecture.
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There are also examples of elliptic curves in [Wu] related to Chudnovsky’s the-
orem we mention below.

The third form of Conjecture is also very useful in a computational sense.
In this case, assuming the Hodge conjecture for all powers of Y, the motivic Ga-
lois group Gt (Y) is the same as the Mumford-Tate group MT(Y') by Propo-
sition

André shows in [A2] Rem. 23.1.4.2):

Corollary 12.2.13. Let Y be a smooth, projective variety over Q and as-
sume that the Hodge conjecture holds for all powers of Y. Then, assuming
Grothendieck’s conjecture,

trdeggP(Y') = dimg MT(Y').

Proof. We view the right hand side as Gmot(Yg) by Proposition By [A2]
Paragraph 7.6.4], it is of finite index in Gpt(Y'), hence has the same dimen-
sion. It has also the same dimension as the torsor HB(Y) Under Grothendieck’s
conjecture, this is given by the transcendence degree of P(Y'), see Conjecture
12.2.9 O

This corollary give a reasonable, completely unconditional testing conjecture for
transcendence questions.

Example 12.2.14. (Tate motives) If the motive of Y is a Tate motives, e.g.,
Y = P", then the conjecture is true, since 273 is transcendant. The Mumford-
Tate group is the 1-torus here. More generally, the conjecture holds for Artin-
Tate motives, since the transcendance degree remains 1.

Example 12.2.15. (Elliptic curves) Let E be an elliptic curve over Q. Then the
Mumford-Tate group of E is either a 2-torus if E has complex multiplication, or
GLg,g otherwise (see [M]). Hence, the transcendence degree of P(E) is either 2
or 4. G. V. Chudnovsky [Ch| has proved that trdegoP(E) = 2 if E is an elliptic
curve with complex multiplication, and it is > 2 for all elliptic curves over Q.
Note that in this situation we have actually 5 period numbers w1, wa, 171, 172 and
m around (see Section for more details), but they are related by Legendre’s
relation wen; —winy = 27i, so that the transcendence degree cannot go beyond
4. Hence, it remains to show that the transcendence degree of the periods of an
elliptic curve without complex multiplication is precisely 4, as predicted by the
conjecture.

12.3 The case of 0-dimensional varieties

We go through all objects in the baby case of zero motives, i.e., the ones gener-
ated by 0-dimensional varieties.
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Definition 12.3.1. Let Pairs’ C Pairs®™ be the subdiagram of vertices (X, Y, n)
with dim X = 0. Let MM%Ori be its diagram category with respect to the repre-
sentation of Pairs®® given by singular cohomology with rational coefficients. Let
Var’ C Pairs’ be the diagram defined by the opposite category of 0-dimensional
k-varieties, or equivalently, the category of finite separable k-algebras.

If dim X = 0, then dimY = 0 and X decomposes into a disjoint union of Y
and X \'Y. Hence H*(X,Y,Q) = H*(X \ Y,Q) and it suffices to consider
only vertices with Y = (). Moreover, all cohomology is concentrated in degree
0, and the pairs (X,Y,0) are all good and even very good. In particular, the
multiplicative structure on Good restricts to the obvious multiplicative structure
on Pairs’ and Var?.

We are always going to work with the multiplicative diagram Var® in the sequel.
Definition 12.3.2. Let G _ (k) be the Tannaka dual of MM ; and P°(k)
be the space of periods attached to MM ;-

The notation is a bit awkward because G often denotes the connected compo-
nent of unity of a group scheme G. Our GO (k) is very much not connected.

mot
Our aim is to show that GO, (k) = Gal(k/k) and P°(k) = k with the natural

operation. In particular, the period conjecture (in any version) holds for 0-
motives. This is essentially Grothendieck’s treatment of Galois theory.

By construction of the coalgebra in Corollary we have
A(Var®, H%) = colimpEnd(H°|r)" |

where F runs through a system of finite subdiagrams whose union is D.

We start with the case when F has a single vertex SpecK, with K/k be a finite
field extension, Y = SpecK. The endomorphisms of the vertex are given by the
elements of the Galois group G' = Gal(K/k). We spell out H°(Y, Q). We have

Y (C) = Mory(SpecC, SpecK) = Homy_a1¢ (K, C)

the set of field embeddings of K into C, viewed as a finite set with the discrete
topology. Singular cohomology attaches a copy of Q to each point, hence

H°(Y(C),Q) = Maps(Y(C), Q) = Maps(Homy_a1¢ (K, C), Q).

As always, this is contravariant in Y, hence covariant in fields. The left operation
of the Galois group G on K induces a left operation on H°(Y (C), Q).
Let K/k be Galois of degree d. We compute the ring of endomorphisms of H®
on the single vertex SpecK (see Definition [6.1.8))

E = End(H°[speck)-

By definition, these are the endomorphisms of H°(SpecK, Q) commuting with
the operation of the Galois group. The set Y (C) has a simply transitive action of
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G. Hence, Maps(Y (C), Q) is a free Q[G]°P-module of rank 1. Its commutator E
is then isomorphic to Q[G]. This statement already makes the algebra structure
on E explicit.

The diagram algebra does not change when we consider the diagram Var®(K)
containing all vertices of the form A with A =@ | K;, K; C K.

There are two essential cases: If K/ C K is a subfield, we have a surjective map
Y (C) — Y'(C). The compatibility condition with respect to this map implies
that the value of the diagram endomorphism on K’ is already determined by its
value on K. If A = K@ K, then compatibility with the inclusion of the first
and the second factor implies that the value of the diagram endomorphism on
A is already determined by its value on K.

In more abstract language: The category Var’(K) is equivalent to the category
of finite G-sets. The algebra E is the group ring of the Galois group of this
category under the representation S — Maps(S, Q).

Note that K @ K = @, K, with ¢ running through the Galois group, is in
VarO(K ). The category has fibre products. In the language of Definition
the diagram Var’(K) has a commutative product structure (with trivial grad-
ing). By Proposition and its proof, the diagram category is a tensor
category, or equivalently, F carries a comultiplication.

We go through the construction in the proof of loc.cit. We start with an element
of E and view it as an endomorphism of H’(Y x Y(C),Q) = H(Y(C),Q) ®
H%(Y(C),Q), hence as a tensor product of endomorphisms of H%(Y (C), Q). The
operation of E = Q[G] on Maps(Y (C) xY (C), Q) is determined by the condition
that it has to be compatible with the diagonal map Y (C) — Y (C) x Y'(C). This
amounts to the diagonal embedding Q[G] — Q[G] ® Q[G].

Thus we have shown that F = Q[G] as bialgebra. This means that
Gmot(y) = SpeCEv = G

as a constant monoid (even group) scheme over Q.

Passing to the limit over all K we get

0
Gmot

(k) = Gal(k/k)

as proalgebraic group schemes of dimension 0. As a byproduct, we see that the
monoid attachted to /\/l/\/lONOri is a group, hence the category is rigid.

We now turn to periods, again in the case K/k finite and Galois. Note that
H{ (SpecK) = K and the period isomorphism

K®,C— Maps(Homk_alg(K, C), Q) (2%0) C,
v (f e f(v)

is the base change of the same map with values in K

K®p K — MapS(Homk—alg(Kv K),Q) ®q K.
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In particular, all entries of the period matrix are in K. The space of formal
periods of K is generated by symbols (w,7) where w runs through a k-basis of
K and v through the set Homy,_,1s (K, K) viewed as basis of a Q-vector space.
The relations coming from the operation of Galois group bring us down to a
space of dimension [K : k], hence the evaluation map is injective. Passing to
the limit, we get

P(k) = k.

(We would get the same result by applying Proposition and working only
over k.) The operation of Gal(k/k) on P°(k) is the natural one. More precisely,
g € Gal(k/k) operates by applying ¢! because the operation is defined via v,
which is in the dual space. Note that the dimension of ]f”o(k) is also 0.

We have seen from general principles that the operation of Gal(k/k) on X°(k) =
PY(k) defines a torsor. In this case, we can trivialize it already over k. We have

Mory,(Speck, X°(k)) = Homy, a1 (K, k).

By Galois theory, the operation of Gal(k/k) on this set is simply transitive.
When we apply the same discussion to the ground field k, we get G° . (k) =

_ AP — mot
Gal(k/k) and PO(k) = k. We see that the (formal) period algebra has not
changed, but the motivic Galois group has. It is still true that Speck is a
torsor under the motivic Galois group, but now viewed as k-schemes, where

both consist of a single point!
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Chapter 13

Elementary examples

13.1 Logarithms

In this section, we give one of the most simple examples for a cohomological
period in the sense of Chap. [9] Let

X :=AH\ {0} = SpecQlt,t7"]
be the affine line with the point 0 deleted and
D:={1,a} with a#0,1
a divisor on X. The singular homology of the pair (X (C), D(C)) = (C*,{1,a})
is generated by a small loop ¢ turning counter-clockwise around 0 once and
the interval [1,@]. In order to compute the algebraic de Rham cohomology of
(X, D), we first note that by Section H$: (X, D) is the cohomology of the
complex of global sections of the cone complex Q% ,, since X is affine and the

sheaves ﬁ_’;( p are quasi-coherent, hence acyclic for the global section functor.
We spell out the complex I'(X, ﬁkD) in detail

0

I

I'(X, 0% p) =I(X, 0k & P i.0p,) = Qlt.t |dt & 020

[a j

[(X,0x) =Q[t,t™"]

255
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and observe that the evaluation map

Q7] »QeQ

it
1
f@t) = (f(1), f(a))
is surjective with kernel
(t —1)(t — a)Qt,t "] = spang{t"™* — (a + D)t"*" + at™ | n € Z}.
Differentiation maps this kernel to
spang{(n + )" — (n+ 1) (a+ )t" —nat™ ' |n € Z}dt.
Therefore we get
Hg(X, D) =T'(Xo,x,p) /T (X, 0x)
=Qlt, ¢ ")dt ® Q ® Q/ d(Qt,t 1))
1 [
= Q[t,t~"]dt/ spang{(n + 2)t" ™" — (n+ 1)(a + 1)t" — nat" ' }dt.
By the last line, we see that the class of t"dt in Hly (X, D) for n # —1 is linearly
dependent of
o t"1dt and t"2dt, and
o t"tldt and t"2dt,
hence we see by induction that % and dt generate Hlp(X,D). Therefore,
Hp (X, D) is spanned by
dt 1
— and ——dt.
t a—1
We obtain the following period matrix P for H!(X, D):
d
=
[1,q] 1 log o (13.1)
o 0 27

In Section we have seen how the torsor structure on the periods of (X, D)
is given by a triple coproduct A in terms of the matrix P:

P”'—)Z-sz@)P]:el@P[]
kL

The inverse period matrix in this example is given by:

1 —loga
P—l _ 2711'i
0 5m

and thus we get for the triple coproduct of the most important entry log(«)

Aloga) =loga® 55 @2mi —1® L2 @271+ 101 loga . (13.2)
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13.2 More Logarithms

In this section, we describe a variant of the cohomological period in the previous
section. We define

Dy :={1,a,8} with a#0,1 and S8#0,1,q,
but keep X := Aé \ {0} = SpecQJ[t,t71].

Then, H™#(X, D; Q) is generated by the loop o from the first example and the
intervals [1, ] and [«, 8]. Hence, the differential forms %, dt and 2t dt give a
basis of Hig (X, D): If they were linearly dependent, the period matrix P would
not be of full rank

- dt 2t dt
o 2mi 0 0
[1,a] | loga a—-1 a?-1

.8 | 1og (£) B-a  B2-al.

We observe that det P = 27mi(a — 1)(8 — «)(8 — 1) # 0.

We have
=L 0 0
P_l o logﬁ(azfl)floga(ﬁzfl) a4+ a+1
- 27i(f—a)(a—1)(8-1) (a=1)(B-1) (a=p)(B-1) | °
—log B(a—1)+log a(B—1) -1 -1
27mi(B—a)(a—1)(B-1) (a=1)(B-1) (a=Pp)(B-1)

and therefore we get for the triple coproduct for the entry log(a):

1
A(loga) =loga ® — ® 2mi
2mi
~logB(a? — 1) + loga(8? — 1)

+(a—1)® 2mi(B — a)(a —1)(B — 1) o
a+pj
tla=1)® m—gyg—y © loga
a+1 B
—i—(a—l)@(aﬁ)(ﬂl)@bg(a)
ogBla—1) —loga(8=1) _, .
+(@*-1)® 2mi(8 — a)(a —1)(B — 1) e
+(a2—1)®m®10g0‘
+(a2—1)®_—1®10 .
@ E-1 *\a
zloga®%®2m—1®k§%®2ﬂ+l®l®loga'

Compare this with Equation [13.2]!
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13.3 Quadratic Forms

Let
Qz) : Q? —  Q

z = (v, 71,22) +— xzAzxT

be a quadratic form with A € Q3*3 being a regular, symmetric matrix.
The zero-locus of Q(z)

X :={zeP*Q)|Qz) =0}
is a quadric or non-degenerate conic. We are interested in its affine piece

X =X n{zy # 0} c Q? c P*(Q).

We show that we can assume Q(z) to be of a particular nice form. A non-zero
vector v € Q3 is called Q-anisotropic, if Q(v) # 0. Since char Q # 2, there exist
such vectors, just suppose the contrary:

Q(1,0,0) =0 gives A =0,

Q(0,1,0) =0 gives Aoy =0,
Q(1,1,0) =0 gives 2-A;2=0

and A would be degenerate. In particular
Q(1,X,0) = Q(1,0,0) + 2AQ(1,1,0) + X*Q(0, 1,0)

will be different form zero for almost all A € Q. Hence, we can assume that
(1,0,0) is anisotropic after applying a coordinate transformation of the form

I I I
Ty =T, X = —ATo+T1, Ty = Ta.

After another affine change of coordinates, we can also assume that A is a
diagonal matrix. An inspection reveals that we can choose this coordinate
transformation such that the zp-coordinate is left unaltered. (Just take for e;
the anisotropic vector (1,0,0) in the proof.) Such a transformation does not
change the isomorphism type of X, and we can take X to be cut out by an
equation of the form

ar® +by?> =1 for a,beQ*

with affine coordinates x := ;”—(1) and y := £2. Since X is affine, the sheaves Q%

are acyclic, hence we can compute its algel()]raic de Rham cohomology by

Hip(X) = h*I(X, Q%)
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so we write down the complex I'(X, Q%) in detail

0

T
D(X, Q) = Qlz,y)/(az® + by* — 1){dz, dy} / (axdz + bydy)
af
I'(X,0x) = Qlxz,y]/(az® + by* — 1).

Obviously, H, éR(X ) can be presented with generators z"y™dx and z"y™dy for
m,n € Ng modulo numerous relations. Using axdzx + bydy = 0, we get

m—+1

oymdyfclzin_s_1 ~0
o " d:L'*d””n+1 0
n>1 e g"y"dy = "t m+1dx+d””ny:1+1
~ tymtldy for n>1,m >0

o 2"y dx = m”(il_g“62 )m dr ~0

o xy?mHldy = x”(lj‘)””2 )my dz

. xydx:_'Trzdy—i—d%y
by —1
~ y2a dy
= 5y°dy — 5, dy ~ 0

n>2 e z"ydr= abx" L2 dy + 2™ yda:+ Lan=1y2 dy

Z_b n=ly2 dy + & . yd(ax +by? —1)
_ ab n—1 2dy+d( z" " 'y)(az®+by? —1))

2a

~ bxn 12dy
:(xn—i-l z"~ 1)dy
=(—(n+Daz"y+ =" 2y)do + d (2" 1y — 'Tnafly)

n—1 n—2

= z"ydx ~ CEE TR ydr for n>2.

Thus we see that all generators are linearly dependent of y dx
Hig(X) =h'T(X,0%) = Q ydu.

What about the base change to C of X? We use the symbol 4/ for the principal
branch of the square root. Over C, the change of coordinates

ui=vazr —ivby, v:=+az+ivby
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gives
X =SpecClz,y]/(az® + by* — 1)
= SpecClu, v]/(uv — 1)
= SpecClu, u™ "]
=Ag\ {0}.
Hence, the first singular homology group Hfing(X ,Q) of X is generated by
0:[0,1] = X(C), s+ u = *™,

i.e., a circle with radius 1 turning counter-clockwise around v = 0 once.

The period matrix consists of a single entry

/ydm:/ﬂdm
o s 2iVb - 2Va
Stokes vdu — udv
_/a 4i/ab
1 du
" 2ivab Jo u

- Vs

-

The denominator squared is nothing but the discriminant of the quadratic form

Q

discQ :=det A € @X/@XQ.

This is an important invariant, that distinguishes some, but not all isomorphism
classes of quadratic forms. Since disc Q is well-defined modulo (Q*)?2, it makes
sense to write

™

H&R(X) = Qm

- Hsling(Xa Q) ®Q C.

13.4 Elliptic Curves

In this section, we give another well-known example for a cohomological period
in the sense of Chap. [0}

An elliptic curve E is a one-dimensional non-singular complete and connected
group variety over a field k, together with the origin 0, a k-rational point. An
elliptic curve has genus g = 1, where the genus g of a smooth projective curve
is defined as

g :=dim, T(E,Q}).

We refer to the book [Sil] of Silverman for the theory of elliptic curves, but try
to be self-contained in the following. For simplicity, we assume k£ = Q. It can
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be shown, using the Riemann-Roch theorem that such an elliptic curve E can
be given as the zero locus in P?(Q) of a Weierstrafl equation

Y27 =4X3 — g2 X 7% — g3 73 (13.3)
with Eisenstein series coefficients go = 60G4, g3 = 140G and projective coordi-
nates X, Y and Z.

By the classification of compact, oriented real surfaces, the base change of F to
C gives us a complex torus F?", i.e., an isomorphism
E* = C/Auy; , w, (13.4)

in the complex analytic category with

Aoy wy = wW1Z D wol

for wy,wy € C linearly independent over R,

being a lattice of full rank. Thus, all elliptic curves over C are diffeomorphic
to the standard torus S x S!, but carry different complex structures as the
parameter T := wq/wy varies. We can describe the isomorphism quite
explicitly using periods. Let o and 3 be a basis of

H"$(E,7Z) = Hi™8(S8' x Y, Z) = Za @ ZJ.
The Q-vector space I'(E, QL) is spanned by the holomorphic differential

_ix

YTy

The map
E* — C/Au,ws
P (13.5)
P »—>/ w modulo Ay, w,
o

then gives the isomorphism of Equation m Here O = [0 : 1 : 0] denotes the
group theoretic origin in £. The integrals

wlzz/w and wgzz/w
a B

are called the periods of E. Up to a Z-linear change of basis, they are precisely
the above generators of the lattice Ay, w,-

The inverse map C/A,, ., — E?" for the isomorphism (13.5)) can be described
in terms of the Weierstra8 p-function of the lattice A := A, w,

px) =pzN) =5+ —— - —
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and takes the form

C/Auy,w, = B C (CPam2
2 [p(2): 9 (2) 1 1], Awy o = (0:1:0).

Note that under the natural projection m : C — C/A,,, », any meromorphic
function f on the torus C/A,,, w, lifts to a doubly-periodic function 7* f on the
complex plane C with periods w; and wo

flx+nw; +mwsy) = f(x) forall n,meZ and ze€C.

This example is possibly the origin of the “period” terminology.

The defining coefficients G4, G of E can be recovered from A, ,, by the Eisen-
stein series
Gop = Z w2k for k= 2,3.
=

Therefore, the periods wy and wsy determine the elliptic curve E uniquely. How-
ever, they are not invariants of F, since they depend on the chosen Weierstrafl
equation of E. A change of coordinates which preserves the shape of ,
must be of the form

X' =u’X, Y =uY, Z =7 for ueQ*.
In the new parametrization X', Y”’, Z’, we have

! 4 ! 6
4 = U G47 G6 = U GG,
W =utw

wi =utw; and  wh =u"tws.

Hence, 7 = wa /w1 is a better invariant of the isomorphism class of E. The value
of the j-function (a modular function)

3
() = 17282 — 71 £ 744 4 196884g + - - - (q = exp(2ir)

92 — 279% a

on 7 indeed distinguishes non-isomorphic elliptic curves E over C:
E = E' if and only if j(E) = j(E').

Hence, the moduli space of elliptic curves over C is the affine line.

A similar result holds over any algebraically closed field K of characteristic
different from 2,3. For fields K that are not algebraically closed, the set of K-
isomorphism classes of elliptic curves isomorphic over K to a fixed curve E/K
is the Weil-Chéatelet group of E [Sil], an infinite group for K a number field.
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However, FE has two more cohomological periods which are also called quasi-
periods. In section [13.5] we will prove that the meromorphic differential form

dX
=X —
g Y

spans Hlg (F) together with w = %7 i.e., modulo exact forms this form is a
generator of H'(E,Og) in the Hodge decomposition. Like w corresponds to dz

under ([13.5)), n corresponds to @(z)dz. The quasi-periods then are

77112/77, 7721:/77~
el B

We obtain the following period matrix for E:

aXx ax

| & x4
o lwr M (13.6)
ﬂ w2 72

Lemma 13.4.1. One has the Legendre relation (negative determinant of period
matriz)
won — wing = £27i.

Proof. Consider the Weierstrafl ¢-function [Sil]

1 1
C(Z)::i+z<z—w+w+c;>'

wEeA
w#0

It satisfies ('(z) = —gp(z). Since ('(z) = —p(z) and p is periodic, we have
that n(w) = ((z + w) — ((2) is independent of z. Hence, the complex path
integral counter-clockwise around the fundamental domain centered at some
point a ¢ Ay, ., yields

omi = / T et / T ez — / T ez — / T e

+w1 +wsa
atwsa atwi

— [ GG s [ Gl - ) s

= W2l — W12,
where 7; = n(w;). O
In the following two examples, all four periods are calculated and yield T'-
values besides /7, ™ and algebraic numbers. Such period expressions for ellip-
tic curves with complex multiplication are nowadays called the Chowla-Lerch-

Selberg formula, after Lerch [L] and Chowla-Selberg [CS]. See also the thesis of
B. Gross [G1].
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Example 13.4.2. Let F be the elliptic curve with Gg = 0 and affine equation
Y? = 4X3 — 4X .Then one has [Wa]

1_ /11 I'(1/4)2 _
B(53) = g =

" _/OO de 1
' L Vs —z 2

and
™ (2m)3/2

m = w1 = W7 M2 = —¥1-
E has complex multiplication with ring Z[i] (GauBian integers).

Example 13.4.3. Look at the elliptic curve E with G4 = 0 and affine equation
Y? = 4X3 — 4. Then one has [Wa]

w _/DO 7d$ = 1B 11y 7F(1/3)3 wo = pw
1= L /71.3_1_3 6’2 - 24/37(_ ) 2 = pWi,
(p= 7_1‘? _3) and

o2 27/3g2 o,
= \/3(4}1 - 31/2F(1/3)37 N2 =p M-

E has complex multiplication with ring Z[p] (Eisenstein numbers).

Both of these example have complex multiplication. As we have explained in
Example G. V. Chudnovsky [Ch] has proved that trdeggP(E) = 2 if
FE is an elliptic curve with complex multiplication. This means that w; and
7 are both transcendant and algebraically independent, and ws, 177 and 7 are
algebraically dependent. The transcendance of w; for all elliptic curves is a
theorem of Th. Schneider [S]. Of course, the transcendance of 7 is Lindemann’s
theorem.

For elliptic without complex multiplication it is conjectured that the Legendre
relation is the only algebraic relation among the 5 period numbers wy, wa, 71,
12 and 7. But this is still open.

13.5 Periods of 1-forms on arbitrary curves

Let X be a smooth, projective curve of geometric genus g over k, where k C C.
We denote the associated analytic space by X&".

In the classical literature, different types of meromorphic differential forms on
X2 and their periods were considered. The survey of Messing [Me] gives a
historical account, see also [GH|, pg. 459]. In this section, we mention these no-
tions, translate them into a modern language, and relate them to cohomological
periods in the sense of Chap.[d] since the terminology is still used in many areas
of mathematics, e.g., in transcendence theory.
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A meromorphic 1-form w on X" is locally given by f(z)dz, where f is meromor-
phic. Any meromorphic function has poles in a discrete and finite set D in X?".
Using a local coordinate z at a point P € X, we can write f(z) = z=*(F) . h(z),
where h is holomorphic and h(P) # 0. In particular, a meromorphic 1-form is
a section of the holomorphic line bundle Q%...(kD) for some integer k > 0. We
say that w has logarithmic poles, if v(P) < 1 at all points of D. A rational 1-
form is a section of the line bundle Q% (kD) on X. In particular, we can speak
of rational 1-forms defined over k, if X is defined over k.

Proposition 13.5.1. Meromorphic 1-forms on X3 are the same as rational
1-forms on X.

Proof. Since X is projective, and meromorphic 1-forms are section of the line
bundle Q% (kD) for some integer k > 0, this follows from Serre’s GAGA principle
[Sell. O

In the following, we will mostly use the analytic language of meromorphic forms.

Definition 13.5.2. A differential of the first kind on X" is a holomorphic
1-form (hence closed). A differential of the second kind is a closed meromorphic
1-form with vanishing residues. A differential of the third kind is a closed mero-
morphic 1-form with at most logarithmic poles along some divisor D" C X?".

Note that forms of the second and third kind include forms of the first kind.

Theorem 13.5.3. Any meromorphic 1-form w on X" can be written as
w=df + w1 + w2 + ws,

where df is an exact form, wy is of the first kind, wo is of the second kind, and
w3 18 of the third kind. This decomposition is unique up to exact forms, if ws is
chosen not to be of second kind, and wy not to be of the first kind.

The first de Rham cohomology of X" is given by

~ 1 = forms of the second kind

HéR(Xan7 (C) -

exact forms

The inclusion of differentials of the first kind into differentials of the second
kind is given by the Hodge filtration

HO(X™ Q%) C Hig(X™,C).

For differentials of the third kind, we note that

FlHl(Xan N l)an7 (C) — HO(Xan, Q%{an <Dan>)
1 — forms of the third kind with poles in D*"
exact forms+ forms of the first kind
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Proof. Let w be a meromorphic 1-form on X?". The residue theorem states
that the sum of the residues of w is zero. Suppose that w has poles in the finite
subset D C X?". Then look at the exact sequence

0= HO(X™, Qkan) = HO(X™, Qo (D)F @ CHHL(X™, Q).
PeD

It shows that there exists a 1-form w3 € H°(X**, Q4. (log D)) of the third kind
which has the same residues as w. In addition, the form w — w3 is of the second
kind, i.e., it has perhaps poles but no residues. Now, look at the meromorphic
de Rham complex

d
Qan () = Qxan (%)

of all meromorphic differential forms on X?* (with arbitrary poles along arbi-
trary divisors). The cohomology sheaves of it are given by [GH pg. 457]

HoO%u(x) =C, H'Qxu(x)= @ C.
PeXan
These isomorphisms are induced by the inclusion of constant functions and the

residue map respectively. With the help of the spectral sequence abutting to
H* (X, Q% (%)) [GHL pg. 458], one obtains an exact sequence

HO(X™ Qo ()
0— Hi- (X C) — X 2R C
ar( C) exact forms @ ’

and the claim follows. The identification with F1H(X?" \ D C) is by defi-
nition of the Hodge filtration. O

Corollary 13.5.4. In the algebraic category, if X is defined over k C C, we
have that

. 1 —rational forms of the second kind over k
Hgg (X) =

exact forms

We can now define periods of differentials of the first, second, and third kind.

Definition 13.5.5. Periods of the n-th kind (n=1,2,3) in the sense of Defini-
tion [9.1.1] are periods of differentials w of the n-th kind, i.e., integrals

/w ’
v

where 7 is a closed path avoiding the poles of D for n = 2 and which is contained
in X\ D for n = 3.

Usually, in the literature periods of 1-forms of the first kind are called periods,
and periods of 1-forms of the second kind and not of the first kind are called
quasi-periods.
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Theorem 13.5.6. Let X be a smooth, projective curve over k as above.

Periods of the second kind (and hence also periods of the first kind) are coho-
mological periods in the sense of of the first cohomology group H*(X).
Periods of the third kind with poles along D are periods of the cohomology group
HY(U), where U = X \ D.

Every period of any smooth, quasi-projective curve U over k is of the first, second
or third kind on a smooth compacification X of U.

Proof. The first assertion follows from the definition of periods of the n-th kind,
since differentials of the n-th kind represent cohomology classes in H*(X) for
n=1,2 and in H'(X \ D) for n = 3. If U is a smooth, quasiprojective curve
over k, then we choose a smooth compactification X and the assertion follows
from the exact sequence

0 = HO(X™, Qkan) — HO(X™, Qo (D) @ CHHL (X, Q).

PeD
by Theorem [13.5.3] O
Examples 13.5.7. In the elliptic curve case of section w= % is 1-form

of the first kind, and n = X % a 1-form of the second kind, but not of the first
kind. Some periods (and quasi-periods) of this sort were computed in the two
Examples For an example of the third kind, look at X = P! and
D = {0,00} where w = df is a generator with period 2mi. Compare this with
section where also logarithms occur as periods. For periods of differentials
of the third kind on modular and elliptic curves see [Br].

Finally, let X be a smooth, projective curve of genus g defined over Q. Then
there is a Q-basis wq, . ..,wy, N1, ..., My of Hiz(X), where the w; are of the first
kind and the 7); of the second kind. One may choose a basis a1,...,a4,81,..., 84
for H{™&(X?", 7Z), such that after a change of basis over Q, we have fa;’ w; = 0i;

and fﬁj ni = 6;j.

The period matrix is then given by a block matrix:

(13.7)

where, by Riemann’s bilinear relations [GHl pg. 123], 7 is a matrix in the
Siegel upper half space H, of symmetric complex matrices with positive definite
imaginary part. In the example of elliptic curves, section the matrix 7 is
the (1 x 1)-matrix given by 7 = ws/wy € H.

For transcendence results for periods of curves and abelian varieties we refer to

the survey of Wiistholz [Wu], and our discussion in Section of Part III.
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Chapter 14

Multiple zeta values

This chapter follows partly the Diploma thesis of Benjamin Friedrich, see [Ft].
We study in some detail the very important class of periods called multiple zeta
values (MZV). These are periods of mixed Tate motives.

14.1 A (-value

In Prop. [11.1.4] we saw how to write ((2) as a Kontsevich-Zagier period:

B dx N\ dy
¢(2) _/O<m<y<1 (1—x)y'

The problem was that this identity did not give us a valid representation of
¢(2) as a naive period, since the pole locus of the integrand and the domain of
integration are not disjoint. We show how to circumvent this difficulty, as an

example of Theorem [11.2.1

First we define (often ignoring the difference between X and X?2"),

Y := A? with coordinates x and v,

Z :={x=1}U{y =0},

X:=Y\Z

Di=({z=0}Ufy=1}U{z=y)\ Z
A:={(z,y) €Y |z,ye R, 0<z<y<1} atriangleiny, and
dx N dy

(1-x)y’

thus getting

@) = /A w,
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7

Figure 14.1: The configuration Z, D, A

with w € T(X, Q%) and 9A € DU {(0,0),(1,1)}, see Figure[14.1]

Now we blow up Y in the points (0,0) and (1,1) obtaining 7 : ¥ — Y. We
denote the strict transform of Z by Z, n*wg by @ and Y \ Z by X. The “strict

transform” 7—1(A\ {(0,0), (1,1)}) will be called A and (being Q-semi-algebraic
hence triangulable — cf. Proposition [2.6.9)) gives rise to a singular chain

7 € Hy"*(X, D; Q).

Since 7 is an isomorphism away from the exceptional locus, this exhibits

4(2)=Aw:éGePa:P

as a naive period, see Figure [14.2

z

Figure 14.2: The configuration Z , l~)7 A

We will conclude this example by writing out w and A more explicitly. Note
that Y can be described as the subvariety

Aé x P1(Q) x P1(Q) with coordinates (Z,7, Ao : A1, o : 1)
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cut out by
Tho=yM and (T —1)po=(g—1)u1.

With this choice of coordinates 7 takes the form

e Y — Y
(T,9, 0 : At po 1) = (Z,9)
and we have X := Y\ ({\o = 0} U {1 = 0}). We can embed X into affine space
v 4
X — Ay
o~ -~ A
(%9, Ao Ax, o = ) = (2,7, )\71 £
0 H1

and so have affine coordinates =, 7, A := i—; and = % on X.

Now, near 7~ 1(0,0), the form @ is given by
_ dindy  dOP)AdG  dAANdY

TR -my o 1-d

while near 771(1,1) we have

_ diAdy dEAdG-1)  dE Ad(E - 1))
oo | _ _ _

(1-2)y

—dx N du
(1-2)y (1-2)y y
The region A is given by

A={@7 \p) e X(C)|ZpAMpeR, 0<F<y<1, 0<A<1, 0<p<I1).

14.2 Definition of multiple zeta values

Recall that the Riemann (-function is defined as
o0
¢(s) := Zn_s, Re(s) > 1.
n=1
It has an analytic continuation to the whole complex plane with a simple pole

at s =1.

Definition 14.2.1. For integers si,...,s, > 1 with s; > 2 one defines the
multiple zeta values (MZV)

C(81y ey 8r) = Z nySteeen, 0T,

niy>ng>...>n,>1

The number n = s1 + - -+ + s, is the weight of {(s1, ..., s,). The length is r.
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Lemma 14.2.2. ((s1,...,s,) is convergent.

Proof. Clearly, ((s1,...,8r) < ((2,1,...,1). We use the formula

m—1
Z n~t <1 +log(m — 1),
n=1

which is proved by comparing with the Riemann integral of 1/z. Using induc-
tion, this implies that

¢2,1,..,1) < > ny? 3 nyteensl< Y (1+10g(7;1 -1)) |

n
ni=1 1<n,<--<n2<n;—1 ni=1 1

which is convergent. O
Lemma 14.2.3. The positive even (-values are given by

(27T)2m

Cam) = (1) G B,

where Bo,, is a Bernoulli number, defined via

t - tm
-1 Z:()Bmﬁ
The first Bernoulli numbers are By = 1, By = —1/2, By = 1/6, B3 = 0,

By = —1/30. All odd Bernoulli B,,, numbers vanish for odd m > 3.

Proof. One uses the power series

rcot(x) =1—2 S5 5
=12y

The geometric series expansion gives

oo z \2 o m
xcot(x)zl—QZizl—QZ Z:—mgmm).

On the other hand,

e peim  eFr g 2ix ) - (2ix)™
wcot(w):memieiix =i :zx—l—m:zx—i— ZBm '
m=0
The claim then follows by comparing coefficients. O

4

Corollary 14.2.4. ((2) = = and ((4) = .
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¢(s) satisfies a functional equation

— gt gin (P) T2 — 8)C(1 —
C(s)=2°7 sm( 5 ) I(1—9)¢(1—s).
Using it, one can show:

Corollary 14.2.5. {(—m) = —B;anf form > 1. In particular, {(—2m) =0 for

m > 1. These are called the trivial zeroes of ((s).

Remark 14.2.6. J. Zhao has generalized the analytic continuation and the
functional equation for multiple zeta values [Z2].

In the following, we want to study MZV as periods. They satisfy many relations.
Already Euler knew that ¢(2,1) = ¢(3). This can be shown as follows:

=1 1
¢(3)+¢(2,1) = Z:TT Zﬁzznzk zjlrgzk

1<k<n 1<k<n
1 1 1
)t
WZn k n+k o nk(n + k)
1 1) 1
= 7—'—7 _— =
kél(n k) (n+k)? k;1 (n+k Z kn+k
=2¢(2,1)

Other relations of this type are
€(2,1,1) = ¢(4),

¢(2.2) = S¢(4),
((3,1) = 7¢(4),
(27 = 2c4),

¢(5) =¢(3,1,1) +¢(2,1,2) +¢(2,2,1)
€(5) = C(4,1) +¢(3,2) +¢(2,3).

The last two relations are special cases of the sum relation:

¢(n) = Z C(s15 .05 Sp)-
Sit-t+sp=n
It was conjectured by Zagier [Z] that the Q-vector space Z,, of MZV of weight
n has dimension d,,, where d,, is the coefficient of ¢" in the power series

1

00
n __

Zdnt Tl — 2 37

n=0
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so that one has a recursion d,, = d,,_s + d,,_3. For example d4 = 1, which can
be checked using the above relations. By convention, dyg = 1. This conjecture is
still open, however one knows that d,, is an upper bound for dimg(Z,,) [B1} [Te].
It is also conjectured that the MZV of different weights are independent over
@, so that the space of all MZV should be a direct sum

Z:@Zn.

n>0

Hoffman [Hof] conjectured that all MZV containing only s; € {2,3} form a
basis of Z. Brown [Bl] showed in 2010 that this set forms a generating set.
Broadhurst et. al. [BBV] conjecture that the ((s1,...,s,) with s; € {2,3} a
Lyndon word form a transcendence basis. A Lyndon word in two letters with
an order, e.g. 2 < 3, is a string in these two letters that is strictly smaller in
lexicographic order than all of its circular shifts.

14.3 Kontsevich’s integral representation

Define one-forms wq := % and wy := 1d—_tt. We have seen that

C(Q) - /0<t <t><1 WO(tQ)C‘M(tl).

In a similar way, we get that

= [ enltaunltann) ).

We will now write this as

Definition 14.3.1. For €y,...,¢,, € {0,1}, we define the Kontsevich-Zagier
periods

I(en...€1) ;:/ e, (tn)wen s (1) -+~ we, (t1).
0<t1<---<tp<1

Note that this definition differs from parts of the literature in terms of the order,
but it has the advantage that there is no sign in the following formula:

Theorem 14.3.2 (Attributed to Kontsevich by Zagier [Z]).

(51,0 8,) = 1(0...010...01...0...01).
—— =

S1 52 Sr

In particular, the MZV are Kontsevich-Zagier periods.
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Proof. We will define more generally

I(0;€p...€152) := / We,, (tn)we, _; (tn—1) - - - we, (t1)
0<t1 < <tp<z

for 0 < z < 1. Then we show that

ni

1(0;0...010...01...0...01; 2) ) —
— — nll ceepSr
S1 So Sy ni>ng>...>n,.>1
Convergence is always ok for z < 1, but at the end we will have it for z = 1
be Abel’s theorem. We proceed by induction on n = ZZ:l s;. We start with
n =1

z z Zn—i—l o
0 0 n>0 n>0 n+tl n>1 n
The induction step has two cases:
 dt,,
1(0;00...010...01...0...01;2) = —171(0;0...010...01...0...01;¢,)
S—— N—— 0 n S~ ==
S1 ED) Sy S1 S2 Sr

[y Ao %
= —T 5. — “eirl s
0 t'n, nll st TLTT nél"l‘ coens

T
ni>na>..>n.>1 ni>ne>..>n.>1 1 Ny

= dt,
1(0;10...010...01...0...01;2):/ 1(0;0...010...0L...0...01;¢,)
—— —— N—— o 1—1t, —— —— N—

S1 S92 Sr S1 S92 Sr

z > tm > z tm +m
_ m n _ n
= dt, E t, E s = E E dt,, TR
0 nl DRI n"‘ 0 nl ... nr
m=0 ni>ng>...>n,.>1 m=0n;>nz>...>n,>1
m0

2 -
nil...nff"

no>ni>ng>...>np>1

In the latter step we strictly use z < 1 to have convergence. It does not occur at
the end of the induction, since the string starts with a 0. Convergence is proven
by Abel’s theorem at the end. O

14.4 Shuffle and Stuffle relations for MZV

In this section, we present a slightly more abstract viewpoint on multiple zeta
values and their relations by looking only at the strings representing a MZV
integral. It turns out that there are two types of multiplications on those strings,
called the shuffle and stuffle products, which induce the usual multiplication on
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the integrals, but which have a different definition. Comparing both leads to
all kind of relations between multiple zeta values. The reader may also consult
[IKZl Hof, [HOI [He] for more information.

A MZV can be represented via a tuple (s1, ..., s,) of integers or a string

$=0...010...01...0...01
—_—— =

S1 S2 Sr

of 0’s and 1’s. There is a one-to-one correspondence between strings with a 0
on the left and a 1 on the right and all tuples (sy,...,s,) with all s; > 1 and
s1 > 2. For any tuple s = (s1, ..., s,.), we denote the associated string by 5. We
will formalize the algebras arising from this set-up.

Definition 14.4.1 (Hoffman Algebra). Let
h:=Qz,y)=Q0Q Q& QrydQyz & - -

be the free non-commutative graded algebra in two variables z, y (both of degree
1). There are subalgebras

b1 :=Q @by, bho:=Q® zhy.
The generator in degree 0 is denoted by I.

We will now identify x and y with 0 and 1, if it is convenient. For example any
generator, i.e., a noncommutative word in x and y of length n can be viewed as a
string €, - - - €1 in the letters 0 and 1. With this identification, there is obviously
an evaluation map such that

C:h—R, €, €1 I(en,...€1)
holds on the generators of . In addition, if s is the string

S$=¢€p---€,=0...010...0L...0...01,

S1 S2 Sr

then we have ((s1, ..., sn) = ((s) by Theorem [14.3.2]

We will now define two different multiplications
IH7 * 1 b X h — ba

called shuffle and stuffle, such that ¢ becomes a ring homomorphism in both
cases.

Definition 14.4.2. Define the shuffle permutations for r + s = n as
Yrsi={oced,|o(l)<o2) < <o(r),or+1) <o(r+2) <--- < o(r+s)}.
Define the action of o € X, 5 on the set {1,2,...,n} as

0(1‘1...3?”) = To-1(1)--To—1(n)-
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The shuffle product is then defined as

1.l q...my = Z o(21...2p).

O0EY, s

Theorem 14.4.3. The shuffie product 111 defines an associative, bilinear op-
eration with unit I and hence an algebra structure on by such that ¢ is a ring
homomorphism. It satisfies the recursive formula

ulllv = a(u'Ulv) + b(ulllv’),

if u=au’ and v=bv' as strings.

Proof. We only give a proof for the product formula ¢ (alllb) = ¢(a)¢(b); the
rest is straightforward. Assume a = (a1, ..., a,) is of weight m and b = (b1, ..., bs)
is of weight n. Then, by Fubini, the product ((a){(b) is an integral over the
product domain

Ignoring subsets of measure zero,
A=T]aA,
ag
indexed by all shuffles 0 € ¥, 5, and where

Aa’ = {(tla "'7tm+8 | 0< t(f_l(l) <..- < ta_l(n) < 1}

The proof follows then from the additivity of the integral. O

This induces binary relations as in the following examples.
Example 14.4.4. One has
(01)II1(01) = 2(0101) + 4(0011)
and hence we have
¢(2)* =2¢(2,2) + 4¢(3,1).
In a similar way,
(01)III(001) = (010011) + 3(001011) 4 9(000111) + (001101),
which implies that
€(2)¢(3,1) =¢(2,3,1) +3¢(3,2,1) +9¢(4,1,1) + ¢(3,1,2),

and
(01)II1(011) = 3(01011) + 6(00111) + (01101)

implies that
€(2)¢(2,1) = 3¢(2,2,1) + 6¢(3,1,1) +¢(2,1,2).
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Definition 14.4.5. The stuffle product
x:hxh—Dh
is defined on tuples a = (aq,...,a,) and b = (b1, ..., bs) as
a*xb:=(a1,.e;@ry b1,y bg) + (a1, ooy ar + b1, ..., by)

+ (a17 teey a’r717b17 G, b27 teey bs) + (a17 ceey Qp—1 + b17 Qr, b27 sy bs) + e

The definition is made such that one has the formula ((a)¢(b) = ((a * b) in the
formula defining multiple zeta values.

Theorem 14.4.6. The stuffle product * defines an associative, bilinear multi-
plication on b inducing an algebra (b, *) with unit I. One has ¢(a)¢(b) = {(ax*b)
on tuples a and b. Furthermore, there is a recursion formula

wxv=(a,u *v)+ (byuxv) + (a,b,u *v)

for tuples u = (a,u') and v = (b,v") with first entry a and b.

Proof. Again, we only give a proof for the product formula ¢(a){(b) = ((a % b).
Assume a = (aq, ..., a,) is of weight m and b = (ay41, .., arys) is of weight n.
The claim follows from a decomposition of the summation range:

C(a1, ooy ar)C(Qra1y ooy Qrps)

_ 3 —ai,, . par 3 —argn g =Ares
— ny n, (] Npys =

ni>ne>...>n.>1 Ny 1 >Npq 2> >Npg s 21
= E —ax —Qp, " Ar41 —Qrts
= nl ...nr an+1 ...nr+s
NL>N2 > >N >Ny 1 >Ny 2> >N s > 1
E —a1 , p—(artarir) " 0rts
+ ny n, T Nyyg
N1>N2>. . >Ne =Ny 1 >Ny y2>... >Ny s >1
+ etc.
where all terms in the stuffle set occur once. O

This induces again binary relations as in the following examples.

Example 14.4.7.

€(2)¢(3,1) = ¢(2,3,1) +€(5,1) +¢(3,2,1) +¢(3,3) +¢(3,1,2)
¢(2)% = 2¢(2,2) + ¢(4).

More generally,

¢(a)¢(b) = ¢(a,b) + ((a+b) + ((b,a), for a,b > 2..
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Since we have ¢(alllb) = ¢(a*b) we can define the unary double-shuffle relation
as

¢(alllb — a x b) = 0.

Example 14.4.8. We have ((2)? = 2((2,2) +4((3, 1) using shuffle and ((2)? =
2¢(2,2) 4+ ¢(4) using the stuffle. Therefore one has

4¢(3,1) = ((4).

In the literature [Hof, [HO| IKZ| [He] more relations were found, e.g., a modified
version of this relation, called the regularized double-shuffle relation:

¢l > o= > ] =0

be(1)*a ce(1)Ia

Example 14.4.9. Let a = @ = (01). Then (1)III(01) = (101) + 2(011) and
(1) *(2) = (1,2) + (3) + (2,1). Therefore, the corresponding relation is

¢(1,2) +2¢(2,1) = ¢(1,2) + ¢(3) + ¢(2,1), hence

¢(2,1) =<(3).

Like in this example, all non-convergent contributions cancel in the relation. It
is conjectured that the regularized double-shuffle relation generates all relations
among MZV. There are more relations: the sum theorem (mentioned above),
the duality theorem, the derivation theorem and Ohno’s theorem, which implies
the first three [HOL [Hel.

We will finish this subsection with some formulas mentioned by Brown [B1],
mainly due to Broadhurst and Zagier:

1 27n

3,1,...,3,1) = 2,2,...,2) = ————.

C(? ) ) ) ) 2n+1<(7 ) ) ) (4n+2)!
2n 2n

2m

((2,02,3,2,.,2) = Y cm,7r7a7b(7r7C(2r+1),

|
m-+r=a+b+1 4m + 1)

where cnrap = 2=1)7 ((,21,) = (1=272) (,71,)) €Q (m = 0,7 > 1),

In the next section, we relate multiple zeta values to Nori motives and also to
mixed Tate motives. This give a more conceptual embedding of such periods in
the sense of Chapter see in particular Section [10.5
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14.5 Multiple zeta values and moduli space of
marked curves

In this short section, we indicate how one can relate multiple zeta values to Nori
motives and to mixed Tate motives.

Multiple zeta values can also be seen as periods of certain cohomology groups of
moduli spaces in such a way that they appear naturally as Nori motives. Recall
that the moduli space My, of smooth rational curves with n marked points
can be compactified to the space M, of stable curves with n markings [K2].
Manin and Goncharov [GM] have observed the following.

Theorem 14.5.1. For each convergent multiple zeta value p = C(s1y ey 8r) Of

weight n = s1 + ... + s;, one can construct dwisors A, B in Mo ni3 such that p
is a period of the cohomology group H" (Mo n+3 \ A, B\ (AN B)).

The group H" (Mo n+3\ A, B\ (AN B)) defines of course immediately a motive
in Nori’s sense.

Example 14.5.2. The fundamental example is ((2), which we already de-
scribed in section Here M 5 is a compactification of

Mys = (P\ {0,1,00})?\ diagonal,
since M 5 is the blow up (0,0), (1,1) and (oo, 00) in P! x PL. This realizes ¢(2)

as the integral
dty dt
= | g
0

<ti<t,<1 L —t2 1o

We leave it to the reader to make the divisors A and B explicit.

This viewpoint was very much refined in Brown’s thesis [B3]. Recent related
research for higher polylogarithms and elliptic polylogarithms can be found in
[B4].

Levine [L.2] has defined an abelian category as a full subcategory of the tri-
angulated category of geometrical motives, see Chapter for the notion of
geometric motives. It is a full subcategory generated by the Tate objects Q(n).
There is also a variant, called mixed Tate motives over Z, see [Tel [DGl [B1]. The
Theorem above implies:

Theorem 14.5.3 (Brown). Multiple zeta values together with (2mi)"™ are pre-
cisely all the periods of all mized Tate motives over Z.

Proof. This is a result of Brown, see [B1l [D3]. O
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14.6 Multiple Polylogarithms

In this section, we study a variation of cohomology groups in a 2-parameter
family of varieties over Q, the so-called double logarithm wvariation, for which
multiple polylogarithms appear as coefficients. This viewpoint gives more exam-
ples of Kontsevich-Zagier periods occuring as cohomological periods of canonical
cohomology groups at particular values of the parameters. The degeneration of
the parameters specializes such periods to simpler ones.

First define the hyperlogarithm as the iterated integral

dt dt
In(al,...,an)::/ L oAA n
0<t <<t <1 t1 — @1 tn — an

with a1,...,a, € C (cf. [ZI p. 168]). Note that, the order of terms here is
different from the previous order, also in the infinite sum below.

These integrals specialize to the multiple polylogarithm (cf. [loc. cit.])

. a a 1 n
Ll’ml,...,’mn < 27"' “ ) = (_1) IZmn(alaOa'"a07"'aanaoa"'a0)7
aq —— ——

3 )
Up—1 0n
mi—1 ma,—1

which is convergent if 1 < |a1]| < -+ < |ay| (cf. [G3] 2.3, p. 9]). Alternatively,
we can describe the multiple polylogarithm as a power series (cf. [G3| Thm. 2.2,

p- 9))

k]‘... kn
Limyonn (@1, s ) = Y H for |z <1.  (14.1)
1 n

0<k1< - <kn

Of special interest to us will be the dilogarithm Liz(z) = >, i—; and the
kayl

double logarithm Liy 1 (x,y) = > crer 5

Remark 14.6.1. At first, the functions Lip,, . m, (1, .., Zy) only make sense

for |z;] < 1, but they can be analytically continued to multivalued meromorphic

functions on C™ (cf. [Z1 p. 2]), for example Li;(z) = —log(1 — x). One has
. 2

L12(1) = 6 -

14.6.1 The Configuration

Let us consider the configuration

Y := A? with coordinates z and v,
Z:={r=a}U{y=>0} with a#0,1 and b#0,1
X=Y\Z

D:=({z=0u{y=1}Uu{z=y})\Z
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see Figure [14.3]

We denote the irreducible components of the divisor D as follows:

Dy :={z=0}\{(0,0)},
Dy :={y=1}\{(a,1)}, and
Ds := {x = y} \ {(a,a), (b7 b)}

By projecting from Y onto the y- or z-axis, we get isomorphisms for the asso-
ciated complex analytic spaces

D" =C\ {b}, Di*=C\{a}, and D" =C)\ {a,b}.

Figure 14.3: The algebraic pair (X, D)

14.6.2 Singular Homology

We can easily give generators for the second singular homology of the pair
(X, D), see Figure[14.4]

e Let o : [0,1] — C be a smooth path, which does not meet a or b. We
define a “triangle”

A={(a(s),a)|0<s <t <1}
e Consider the closed curve in C

a
= 1
s {bJree?T”S'SE[O’ ]}’

which divides C into two regions: an inner one containing ¢ and an outer
one. We can choose € > 0 small enough such that Cj separates § from 0
to 1, i.e., such that 0 and 1 are contained in the outer region. This allows
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us to find a smooth path 3 : [0,1] — C from 0 to 1 not meeting Cj,. We
define a “slanted tube”

Sp = {(B(t) - (b+€e®™*), b+ ee®™) | 5,1 € [0,1]}

which winds around {y = b} and whose boundary components are sup-
ported on D; (corresponding to ¢ = 0) and D3 (corresponding to ¢t = 1).
The special choice of 8 guarantees S, N Z(C) = 0.

e Similarly, we choose € > 0 such that the closed curve

Ca ::{b_l|se[0,1}}

a—1— ee?mis

separates % form 0 and 1. Let 7 : [0,1] — C be a smooth path from 0
to 1 which does not meet C,. We have a “slanted tube”

Sa={(a+e®™ 1+ ~(t) (a+e®* —1))|s,t €[0,1]}
winding around {z = a} with boundary supported on Dy and Ds.
e Finally, we have a torus

T :={(a+ee®™ " b+ ec®™)|s,t € [0,1]}.

The 2-form dsAdt defines an orientation on the unit square [0,1]% = {(s,t) | s,t €
[0,1]}. Hence the manifolds with boundary A, Sy, S,, T inherit an orientation,
and since they can be triangulated, they give rise to smooth singular chains.
By abuse of notation we will also write A, Sy, S,, T for these smooth singular
chains. The homology classes of A, Sy, S, and T" will be denoted by 7o, 11, 72
and 73, respectively.

Figure 14.4: Generators of H;ing(X,D; Q)
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An inspection of the long exact sequence in singular homology will reveal that
Y0, ---,73 form a system generators (see the following proof)

H3™(D,Q) —— H}™(X,Q) —— Hy™(X,D,Q) ——
H™(D Q) —2 HI™(X,Q).

Proposition 14.6.2. With notation as above, we have for the second singular
homology of the pair (X, D)

Hy"8(X,D;Q) = Qv @ Qv @ Qe @ Q.

Proof. For ¢ := a and ¢ := b, the inclusion of the circle {c + ee®>™* | s € [0,1]}
into C\ {c} is a homotopy equivalence, hence the product map T — X(C) is
also a homotopy equivalence. This shows

H;™(X,Q) =QT,
while H™8(X, Q) has rank two with generators

e one loop winding counterclockwise around {x = a} once, but not around
{y = b}, thus being homologous to both 95, N D2(C) and —9S, N D3(C),
and

e another loop winding counterclockwise around {y = b} once, but not
around {z = a}, thus being homologous to 9S,N D1 (C) and —9S,ND3(C).

In order to compute the Betti-numbers b; of D, we use the spectral sequence
for the closed covering {D;}

0 0 0 0
P . 0 @l Hix(Di,C) 0 0 - S
B = 0 Kerd Cokerd 0 . = EL = Hir(D,C),
0 0 0 0
where

3
§: @ Hix(Di,C) — @D HIr(D;;, C).
i=1 i<j
Note that this spectral sequence degenerates. Since D is connected, we have
bo = 1, i.e.7
1="5by= rankCEgo = rankCEg’O = rankcKerd.

Hence

rankcCokerd = rankccodomain § — rankcdomain 6 + rankcKerd
=(14+1+1)-(1+1+1)+1=1,
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and so

b = rankCEéo = rankCEQLO + rank@Eg’l
3
= Z ranke H g (D;, C) + rankcCokerd
i=1
= rankc H'(C\ {b},C) + rankc H'(C\ {a},C) + rankc H'(C\ {a,b},C) + 1
=(14+1+2)+1=5.

We can easily specify generators of H3"8(D, Q) as follows
H™(D,Q) = Q:(9SyND1)& Q:(0S,ND2)& Q:(9SpND3)a Q-(0S,ND3)& Q-A.
Clearly by = rankc H3"®(D,Q) = 0. Now we can compute Keri; and obtain
Keri; = Q-0A®Q-(0S,ND1(C)+0S,ND3(C))dQ:-(8S,ND2(C)+9S,ND3(C)).
This shows finally

rankg Hy "8 (X, D; Q) = rankg Hy "8(X, Q) + rankgKeri, = 1+ 3 = 4.

From these explicit calculations we also derive the linear independence of vy =
[A], 71 = [Sb], 72 = [Sa), 73 = [T] and Proposition [14.6.2] is proved. O

14.6.3 Smooth Singular Homology

Recall the definition of smooth singular cohomology (cf. Theorem [2.2.5). With
the various sign conventions made so far, the boundary map ¢ : C3*(X, D; Q) —
C° (X, D;Q) is given by

3

3
§:C5(X,Q) e P (D, Q) & P Cr(Dy, Q) — CF(X,Q) & (D, Q)
i=1 i<j i=1
(0, 01,027037012,013,023) —
p 1 2 3 12 13 23

(0o + o1+ 02 + 03, =001 + 012 + 013, —002 — 012 + 023, —003 — 013 — T923).
0 1 2 3

Thus the following elements of C5°(X, D; Q) are cycles

o I'y:= (A, —0AND;(C),—0A N Dy(C), —0A N D3(C), D12(C), —D13(C), D23(C)),
0 1 2 3 12 13 23

L4 F1 = (Smba 785}) mlDl(C)797 7351) r;l)?>((:)7 102a 937203)5

o Ty :=(S,,0,—05, N Dy(C),0,—8S, N D3(C), 0, 0) and
1 9 3 12 13723

0
e I's:=(T,0,0,0,0,0,0).
P 1 2 312 13 23

Under the isomorphism Hg®(X, D; Q) s H3™&(X, D;Q) the classes of these
cycles [To, [T], [I'2], [I's] are mapped to Yo, 1, 72, 73, respectively.
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14.6.4 Algebraic de Rham cohomology and period matrix
of (X, D)

Recall the definition of the complex SNIB( p- We consider

3

i=1 i<j

together with the following cycles of T'(X, ﬁg()D)
e Wy = (%,9,9,97 0,0,0),

= (0. =%
® Wi _(87 b’97(3)70’07203)’

o wy:=(0,0,=9.0,0,0,0), and
01 3 13" 23
® W3 = (8797939707 0, 1)

By computing the (transposed) period matrix P;; := (I';,w;) and checking its
non-degeneracy, we will show that wy, ..., ws span Hiz (X, D).

Proposition 14.6.3. Let X and D be as above. Then the second algebraic de
Rham cohomology group H3p (X, D) of the pair (X, D) is generated by the cycles
wo, . . .,ws considered above.

Proof. Easy calculations give us the (transposed) period matrix P:

‘ Ty Iy Iy T
wo 1 0 0 0
w1 Lil(%) 2mi 0 0
w2 L11 E) 0 21 0
wi | 7 2milin(Y) 2mi 1og(‘;:§;) (2mi)2.
For example,
—d
[ ] Pl,l = <F1,0J1> = f—aSbﬁDl(C) y7%
_ dy
o fly*blz6 y—b
= 2m1,

° P3,3 = <F35W3> = fT r{,'d—wa A yd—yb

= (S 22) - (S sz s25) by Fubini
= (2mi)?,
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—d
e Pro=(lo,w1)= f—aAnDl(C) Tfé

o Py =(T',w3) = o A Lyb

Sy, T—a
(b+6627r7§)) d(b+eezﬂs)
= f[O 1]2 B(t) (b+ee2mis)—a A ee27is

2mis i
‘f[o 1)2 Wdﬂ(t) A 2mids

1 1
_ alog(ﬁ(t)-(b+eezm’s)—a)—27riﬁ(t)bs
== /0 [ SO B a) | 480

= ~2ni ; B(Ztﬁ) 3
—2mi [log( (t) — %)]
= —27rzlog( 7%[5)

= —2mi log(l %)

= 2mL11( )

Obviously the period matrix P is non-degenerate and so Proposition [14.6.3| is
proved. O

What about the entry Ps¢?
Proposition 14.6.4. P3 = Liljl(g, %)
For the proof we need to show that (I'gp,ws) = Li; 1(@, b) where Liy1(z,y)

is an analytic continuation of the double logarithm defined for |z|,|y| < 1 in
Subsection [14.6

Lemma 14.6.5. The integrals

= <131y’ ;> - /ogsgtgl CY(CS[(—S)l . azitc;(f)i

ry

with « : [0,1] — (C a smooth path from 0 to 1, and e €\ Ima, defined

zy’ b
above on page |288, provide a genuine analytic continuation of Liy1(x,y) to a

multivalued function which is defined on {(z,y) € C?|z,y # 0,2y # 1,y # 1}.

Proof. We describe this analytic continuation in detail. Our approach is similar
to the one taken in [G3, 2.3, p. 9], but differs from that in [Z2al p. 7].
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Let B2 := (C\ {0,1})? be the parameter space and choose a point (a,b) € B*".
For € > 0 we denote by D, (a,b) the polycylinder
D.(a,b) :={(a,b) € B*™||a' —a| < ¢, |b/ —b] < €}.

If o : [0,1] — C is a smooth path from 0 to 1 passing through neither a nor b,
then there exists an € > 0 such that Ima does not meet any of the discs

Dse(a) :={a' € C||a’ —a| < 2¢}, and
Dac(b) == {b' € C|[p" —b] < 2.

Hence the power series (14.2)) below

1 1 B 1 1 1 1
als) —a o)~ b’ als) —al— 2== a(f) b1 L=t
.- 1
N Z (@ —a)*(" —b) (14.2)
k 1 _ 1+1
i Yert(a(t) — b)+

Ck.l

has coefficients ¢ ; satisfying

1 k+1+2
< (= .
|ck i <26>

In particular, (14.2) converges uniformly for (a’,b") € D.(a,b) and we see that
the integral

art N da(s) da(t)
(@b = /0§s§t§1 a(s) —a 4 aft) — b’

da(s da(t , o
"2 </ n<ectc T (Oz(t)—(lz)l“) (@~ a)" (e’ -0

k,l=0

defines an analytic function of D.(a,b). In fact, by the same argument we get
an analytic function I$ on all of (C \ Ima)?.

Now let - : [0,1] = C\ (D2c(a) U Do (b)) with r € [0, 1] be a smooth homotopy
of paths from 0 to 1, i.e. a,(0) =0 and «.,.(1) =1 for all € [0, 1]. We show

I5°(a’,b") =15 (a',b") for all (a’,b") € Dc(a,b).
Define a subset I' ¢ C?
L= {(a(s), (1)) [0 <5 <t < 1,7 €[0,1]}.

The boundary of I" is built out of five components (each being a manifold with
boundary)

o I'sp:={(0,c.(t)) |7t €]0,1]},
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Toer i= {(ar(s), ar(s)) |7, s € [0,1]},
Fi1 = {(ar(s),1) 7,5 € [0, 1]},

Ireg :={(a0(s),a0(t) [0 < s <t < 1},
(ax(s)

Ipop = {(a1(s),a1(t) |0 < s <t <1}

Let (a/,b") € D.(a,b). Since the restriction of x‘ffl, A yﬂ, to T's—p, ['s—¢ and
I';—1 is zero, we get by Stokes’ theorem

dx dy
0=/[0=/[d A
/F /F r—a y—>b’
dx d
:/ //\ y/
orz—a y—b

_ / dx dy
B FT‘:I_FT:O L= a/ y - b/

=15 (a',b") — 13°(d', b).

For each pair of smooth paths ag,a; : [0,1] — C from 0 to 1, we can find a
homotopy «, relative to {0,1} between both paths. Since Ima,. is compact, we
also find a point (a,b) € B® = (C\ {0,1})? and an € > 0 such that Ima,. does
not meet Dayc(a,b) or Dac(a,b). Then I5° and I5* must agree on D.(a,b). By
the identity principle for analytic functions of several complex variables [Gunl
A, 3, p. 5], the functions I§(a’,b’), each defined on (C \ Ima)?, patch together
to give a multivalued analytic function on B** = (C\ {0,1})2.

Now assume 1 < |b| < |a|, then we can take a = id : [0,1] — C, s — s, and
obtain

. b 1
1 (a,b) = Ty(a, b) = Liy ( ) ,

a'y
where Lij 1(z,y) is the double logarithm defined for |z|, |y| < 1 in Subsection
Thus we have proved the lemma. O

Definition 14.6.6 (Double logarithm). We call the analytic continuation from
Lemma [14.6.5| the double logarithm as well and continue to use the notation

Lil,l(x7y)'

The period matrix P is thus given by:

| Io I Iy I's
wo 1 0 0 0
Wi Li; (%) 27i 0 0
Wy Liy(3) 0 27i 0

w | Lini(2,3) 2milin() 2rilog(42h) (2%
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14.6.5 Varying parameters a and b

The homology group H;ing(X, D; Q) of the pair (X, D) carries a Q-MHS (W, F'*).
The weight filtration is given in terms of the {;}:

0 for p< -5
sin Q for p=-4,-3
W, HS"8 (X, D;Q) = { < -
Q1 & Q& Qs for p=-2-1

QudQrndQyr®Qy; for p>0,

The Hodge filtration is given in terms of the {w}:

Cuwi @ Cwi @ Cw; @ Cwsy for p < —2

i Cwi @ Cw} & Cws f =-1
FpH;mg(X,D; Q) _ wi ©® Cwy & Cwy or p
Cuwyg for p=20
0 for p>1.

This Q-MHS resembles very much the Q-MHS considered in [GI] 2.2, p. 620]
and [Z2al 3.2, p. 6]. Nevertheless a few differences are note-worthy:

e Goncharov defines the weight filtration slightly different, for example his
lowest weight is —6.

o The entry P35 = 2mi log(‘f—:lg) of the period matrix P differs by (27i)?,
or put differently, the basis {v0, 71,72 — 73, 3} is used.
Up to now, the parameters a and b of the configuration (X, D) have been fixed.

By varying a and b, we obtain a family of configurations: Equip A% with coor-
dinates a and b and let

B=A2\({a=0}U{a=1}U{b=0}U{b=1})

be the parameter space. Take another copy of A?C with coordinates x and y and
define total spaces

Xim (Bx A2\ (e =abufy =), and

D:=“BxD"=XNn{z=0u{y=1}U{z=1y}).
We now have a projection

Q & (avbaxay)

Foor

(a,b)

(_>
hY

whose fiber over a closed point (a,b) € B is precisely the configuration (X, D)
for the parameter choice a, b. 7 is a flat morphism. The assignment

(avb) — (V@,W.,F.),
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where
Vo = spang{so, ..., 3},
Ve :=C* with standard basis ey, . .., €3,
1 0 0 0
Li(}) 2 0 0
So = Lll(l) , 81 1= 0 , SS9 1= 271 , 83 1= 0
Lip, (21) 2miLi; (L) 2milog(4=4) (2mi)?
0 for p< -5
W Qs3 for p=-4,-3
P Qs © Qs 8 Qs for p=—2,-1
Vo for p>0, and
Ve for p< -2
FPY-~ — (Ceo &) (Cel S¥) C€2 for p = -1
- Cey for p=0
0 for p>1

defines a good unipotent variation of Q-MHS on B?*". Note that the Hodge
filtration F** does not depend on (a,b) € B*".

One of the main characteristics of good unipotent variations of Q-MHS is that
they can be extended to a compactification of the base space (if the complement
is a divisor with normal crossings).

The algorithm for computing these extensions, so called limit mized Q-Hodge
structures, can be found for example in [H| 7, p. 24f] and [Z2Dbl 4, p. 12].

In a first step, we extend the variation to the divisor {& = 1} minus the point
(1,0) and then in a second step we extend it to the point (1,0). In particular,
we assume that a branch has been picked for each entry P;; of P. We will follow
[Z2b] 4.1, p. 141] very closely.

First step: Let o be the loop winding counterclockwise around {a = 1} once,
but not around {a = 0}, {b = 0} or {b = 1}. If we analytically continue an
entry Pj; of P along o we possibly get a second branch of the same multivalued
function. In fact, the matrix resulting from analytic continuation of every entry
along o will be of the form

P Tia=1y,
where
1 0 0 O
0 1 0 O
Te=1=1_1 01 0
0 0 0 1
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is the monodromy matrix corresponding to o. The local monodromy logarithm
is defined as

log T{u—1y 1 < -1 1 1 "
Mo = =5 “am 25\ 1)~ Tl

n=1
0 000
0o 000
& o000
0 000

We want to extend our Q-MHS along the tangent vector %, i.e. we introduce
a local coordinate ¢t := a — 1 and compute the limit period matrix

Pa=yy = lim P- e~ log(t) Nia=1)

0 0 0

1
1 000
Li; () 2ri 0 0 0 100
Sl () o 0 e
Liva (15,4 ) 2miLia (14) 2milog(L524t) (2mi)? 0 001
1 0 0 0
Liy (1) 2mi 0 0
= lim Lh(l%t) + log(t) 0 2mi 0
Lini (2, 3) +log (4252 -log(t) 2miLis (1) 2rilog(1252) (2mi)?
1 0 0 0
ol @) 2w 0 0
= 0 0 2m 0

fLiQ(ﬁ) omiLiy(h) 0 (2mi)?

Here we used at (x)

[ P{a:1}2,0 = limt_)o L11 (%‘rf) + log(t)

= lim; 0 710g<1 - 1+t) + log(t)

= limy_,o —log(t) + log(1 + t) + log(t)
=0, and

° P{a:l}g,o = lim;_,¢ Li1>1(1+t’ b) + log(l b+t) IOg( )
=Lij (b, %) by L’Hospital

1
:—ng(l_b).
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The vectors sg, s1, S2, S3 spanning the Q-lattice of the limit Q-MHS on {a =
1}\ {(1,0)} are now given by the columns of the limit period matrix

L 0 0 0

Lis (3) 2mi 0 0

S0 = 0 9 S1 = O 9 S2 = 27TZ ) 53 = O
~Liz(14) 2riLi (b) 0 (2mi)?

The weight and Hodge filtration of the limit Q-MHS can be expressed in terms
of the s; and the standard basis vectors e; of C*. This gives us a variation of
Q-MHS on the divisor {a = 1}\ {(1,0)}. This variation is actually (up to signs)
an extension of Deligne’s famous dilogarithm variation considered for example
in [Kj}, 4.2, p. 38f]. In loc. cit. the geometric origin of this variation is explained
in detail.

Second step: We now extend this variation along the tangent vector 5—? to the
point (1,0), i.e. we write b = —t with a local coordinate t. Let o be the loop in
{a =1} \{(1,0)} winding counterclockwise around (1,0) once, but not around
(1,1). Then the monodromy matrix corresponding to o is given by

100 0
1100
Tao =10 0 1 ol
00 0 1
hence the local monodromy logarithm is given by
0 0 0 0
log T{1,0) 7= 0 0 0
Nao) omi 0 00 0
0 0 0 0
Thus we get for the limit period matrix
=1 . o~ log(t)-N(1,0)
Py =1m Pra=yy - e
1 0 0 0 1 000
Liy (5) 2mi 0 0 —log®) 1 o o
= lim 0 0 om0 L
0 0 01 0
—L12<1%rt) omiLliy(—t) 0 (2m0)? 0 00 1
1 0 0 0
. Liy (51) — log(t) 2mi 0 0
= lim 0 0 2m 0
—Liz(ﬁt)—Lil(—t)-log(t) 0 0 (2mi)?
1 0 0 0
(*) 0 2me 0 0
- 0 0 2mi 0
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We remark that in the last matrix we see a decomposition into two (2 x 2)-blocks,
one consisting of a Tate motive, the other involving ((2).

Here we used at (x)

) —log()

= limy_9 — log( ) — log(t)

= limy_,o —log(1 + t) + log(t) — log(t)
=0, and

[ P(I,O)l = limt_m Lil(

° P(l 0)30 = = lim;_,q L12<1+t) — Lll(ft) . log(t)

— limy_yo Lis (m) +log(1 +1) - log(t)
= —Liy(1) by L’Hospital
= —((2).

As in the previous step, the vectors sg, s1, $2, s3 spanning the Q-lattice of the
limit Q-MHS are given by the columns of the limit period matrix P ) and
weight and Hodge filtrations by the formulae in subsection [14.6.5)

So we obtained —((2) as a “period” of a limiting Q-MHS.



Chapter 15

Miscellaneous periods: an
outlook

In this chapter, we collect several other important examples of periods in the
literature for the convenience of the reader.

15.1 Special values of L-functions

The Beilinson conjectures give a formula for the values (more precisely, the
leading coefficients) of L-functions of motives at integral points. We sketch the
formulation in order to explain that these numbers are periods.

In this section, fix the base field k = Q. Let I' = Gal(Q/Q) be the absolute
Galois group. For any prime p, let I, C I" be the inertia group. Let Fr, € I'/I,
be the Frobenius.

Let M be a mixed motive, i.e., an object in the conjectural Q-linear abelian
category of mixed motives over Q. For any prime [, it has an [-adic realization
M; which is a finite dimensional Q;-vector space with a continuous operation of
the absolute Galois group Gg = Gal(Q/Q).

Definition 15.1.1. Let M as above, p a prime and [ a prime different from p.
We put

Py(M, ), = det(1 — Frot|M,”) € Qit] .

It is conjectured that P,(M,t); is in Q[t], and independent of I. We denote this
polynomial by P,(M,1t).

Example 15.1.2. Let M = H'(X) for smooth projective variety over Q with
good reduction at p. Then the conjecture holds by the Weil conjectures proved

295
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by Deligne. In the special case X = Spec(Q), we get
P,(H(SpecQ),t) =1—1t.
In the special case X = P!, i =1, we get
P,(H'(P'),t) =1—pt .

Remark 15.1.3. There is a sign issue with the operation of Fr, depending on
the normalization of Fr € Gal(F,/F,) and whether it operates via geometric or
arithmetic Frobenius. We refrain from working out all the details.

Definition 15.1.4. Let M be as above. We put

1
rora = 1l Far

p prime

as function in the variable s € C. For n € Z, let
L(M,n)*
be the leading coefficient of the Laurent expansion of L(M, s) around n.

We conjecture that the infinite product converges for Re(s) big enough and that
the function has a meromorphic continuation to all of C.

Example 15.1.5. Let M = H*(X) for X a smooth projective variety over
Q. Then convergence follows from the Riemann hypothesis part of the Weil
conjectures. (Note that X has good reduction at almost all p. It suffices to
consider these. Then the zeros of P,(M,t) are known to have absolute value

i

p =
Analytic continuation is a very deep conjecture. It holds for all O-dimensional
X. Indeed, for any number field K, we have

L(H®(SpecK), s) = (k(s)

where (g (s) is the Dedekind (-function. For M = H!(E) with E an elliptic
curve over Q, we have
L(HY(E),s) = L(E,s) .

Analytic continuation holds, because F is modular.

Example 15.1.6. Let M be as above, Q(—1) = H?(P') be the Lefschetz mo-
tive. We put M(—1) = M ® Q(—1). Then

L(M(~1),s) = L(M,s — 1)

by the formula for P,(Q(—1),t) above.
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Hence, the Beilinson conjecture about L(M,s) at n € Z can be reduced to the
Beilinson conjecture about L(M(—n), s) at 0.

Conjecture 15.1.7 (Beilinson [Be3]). Let M be as above. Then the vanishing
order of L(M, s) at s =0 is given by

dim H, ;(SpecQ, M*(1)) — dim HY, ;(SpecQ, M),
where Hpq ¢ is unramified motivic cohomology.

For a conceptional discussion of unramified motivic cohomology and a compar-
ison of the different possible definitions, see Scholbach’s discussion in [Sch2].

In particular, we assume that unramified motivic cohomology is finite dimen-
sional.

This conjecture is known for example when M = H%(SpecK)(n) with K a
number field, n € Z or when M = H'(E) with E an elliptic curve with Mordell-
Weil rank at most 1.

Definition 15.1.8. We call M special if the motivic cohomology groups
H3y ;(SpecQ, M), H}, ;(SpecQ, M), HY, ;(SpecQ, M*(1)), H )4 ;(SpecQ, M*(1))

all vanish.

We are only going to state the Beilinson conjecture for special motives. In this
case it is also known as Deligne conjecture. This suffices:

Proposition 15.1.9 (Scholl, [Schol). Let M be a motive as above. Assume
all motivic cohomology groups over Q are finite-dimensional. Then there is a
special motive M’ such that

L(M,0)* = L(M’,0)

and the Beilinson conjecture for M is equivalent to the Beilinson conjecture for
M.

Conjecture 15.1.10 (Beilinson [Bed], Deligne [DI]). Let M be a special motive.
Let Mp be its Betti-realization and Mg its de Rham realization.

1. L(M,0) is defined and non-zero.
2. The composition
Mg®C—)MB®CEr—)MdR(@C—)MdR@C/FOMdR@(C

s an isomorphism. Here M];r denotes the invariants under complex con-
jugation and FOMyr denotes the 0-step of the Hodge filtration.

3. Up to a rational factor, the value L(M,0) is given by the determinant of
the above isomorphism in any choice of rational basis of Mg and Mg .
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Corollary 15.1.11. Assume the Beilinson conjecture holds. Let M be a motive.
Then L(M,0)* is a period number.

Proof. By Scholl’s reduction, it suffices to consider the case M special. The
matrix of the morphism in the conjecture is a block in the matrix of

per: Mp @ C = Mgr ®C .

All its entries are periods. Hence, the same is true for the determinant. O

15.2 Feynman periods

Standard procedures in quantum field theory (QFT) lead to loop amplitudes
associated to certain graphs [BEK| [MWZ2]. Although the foundations of QFT
via path integrals are mathematically non-rigorous, Feynman and others have
set up the so-called Feynman rules as axioms, leading to a mathematically
precise definition of loop integrals (or, amplitudes).

These are defined as follows. Associated to a graph G one defines the integral
as
H;’L:I F(VJ) Hle dkr -

—q? 2y~v;
(v —(D/2) Jgoe imD/2 31;[1( aj +my)

Ig =

Here, D is the dimension of space-time (usually, but not always, D = 4), n is
the number of internal edges of G, £ = h1(G) is the loop number, v; are integers
associated to each edge, v is the sum of all v;, the m; are masses, the g; are
combinations of external momenta and internal loop momenta k,., over which
one has to integrate [MWZ2l, Sect. 2]. All occurring squares are scalar products
in D-dimensional Minkowski space. The integrals usually do not converge in
D-space, but standard renormalization procedures in physics, e.g. dimensional
regularization, lead to explicit numbers as coefficients of Laurent series. In
dimensional regularization, one views the integrals as analytic meromorphic
functions in the paramter ¢ € C where D = 4 — 2¢. The coefficients of the
resulting Laurent expansion in the variable € are then the relevant numbers. By
a theorem of Belkale-Brosnan [BB] and Bogner-Weinzierl [BW], such numbers
are periods, if all moments and masses in the formulas are rational numbers.

A process called Feynman-Schwinger trick [BEK] transforms the above integral
into a period integral
IG = / fw
g

with
vi—1
7?_ i uuf(lJrl)D/Q n _ e
f= [ ]]:u—eD/2 , w= Z(—l)ﬂdxl A ANdxg A+ Ndxy,.

Jj=1
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Here, Y and F are homogenous graph polynomials of Kirchhoff type [MWZ2]
Sect. 2], with only F depending on kinematical invariants, and o is the standard
real simplex in P"~!(C). Since o is a compact subset of P"~!(C), this is almost
a representation of I as a naive period, and it is indeed one as a Kontsevich-
Zagier period, provided the external momenta p; are rational numbers. The
differential form fw has poles along o, but there is a canonical blow-up process
to resolve this problem [BEK] [MWZ2]. The period which emerges is the period
of the relative cohomology group

H"(P\Y,B\ (BNY)),

where P is a blow-up of projective space in linear coordinate subspaces, Y is
the strict transform of the singularity set of the integrand, and B is the strict
transform of the standard algebraic simplex A"~1 C P*~! [MWZ2, Sect. 2].
It is thus immediate that I is a Kontsevich-Zagier period, if it is convergent,
and provided that all masses and momenta involved are rational. If I is not
convergent, then, by a theorem of Belkale-Brosnan [BB] and Bogner-Weinzierl
[BW], the same holds under these assumptions for the coefficients of the Laurent
expansion in renormalization.

Example 15.2.1. A very popular graph with a divergent amplitude is the two-
loop sunset graph

W
N,

The corresponding amplitude in D dimensions is

r(3-D) / (122 + 23 + $3$1)3_%D(£C1d$2 Adzxs — xodxy A drs + x3dxy A dxs)

(—z1z2m3p? + (T1M3 + 22m3 + 3M3) (2172 + T3 + T321))3 P

where o is the real 2-simplex in PZ2.

In D = 4, this integral does not converge. One may, however, compute the
integral in D = 2 and study its dependence on the momentum p as an inho-
mogenous differential equation [MWZI]. There is an obvious family of elliptic
curves involved in the equations of the denominator of the integral, which gives
rise to the homogenous Picard-Fuchs equation [MWZI]. Then, a trick of Tarasov
allows to compute the D = 4 situation from that, see [MWZ1]. The extension
of mixed Hodge structures

0—7Z(-1) = H*(P\Y,B\BNY) = H*(P\Y) =0

arising from this graph is already quite complicated [MWZ1l, BV], as there
are three different weights involved. The corresponding period functions when
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the momentum p varies are given by elliptic dilogarithm functions [BV], [ABW].
There are generalizations to higher loop banana graphs [BKV].

In the literature, there are many more concrete examples of such periods, see
the work of Broadhurst-Kreimer [BK| and subsequent work. Besides multiple
zeta values, there are for examples graphs G where the integral is related to
periods of K3 surfaces [BS].

15.3 Algebraic cycles and periods

In this section, we want to show how algebraic cycles in (higher) Chow groups
give rise to Kontsevich-Zagier periods. Let us start with an example.

Example 15.3.1. Assume that & C C, and let X be a smooth, projective curve
of genus g, and Z = E?Zl a;Z; € CH*(X) be a non-trivial zero-cycle on X with
degree 0, i.e., ). a; = 0. Then we have a sequence of cohomology groups

0— H'(X*™) — H'(X*™\|Z|) —» Hpy (X™) @Z 2(X* 7)) 2 Z(-1) .

The cycle Z defines a non-zero vector (ay,...,ar) € @, Z(—1) mapping to zero
in H?(X*" 7). Hence, by pulling back, we obtain an extension

0— HY(X™) - E—=7Z(-1)—=0.

The extension class of this sequence in the category of mixed Hodge structures
is known to be the Abel-Jacobi class of Z [C]. One can compute it in several
ways. For example, one can choose a continuous chain v with 9y = ", a;Z;
and a basis wy, ..., wy of holomorphic 1-forms on X#". Then the vector

(forf)

defines the Abel-Jacobi class in the Jacobian

Hl(Xan (C) HO(xan Q}Xa“)v
FIHU(Xan C)+ H'(X*,Z)  Hy(X*,Z)

Jac(X) =

If X and the cycle Z are both defined over k, then obviously the Abel-Jacobi
class is defined by g period integrals in P*f (k). In the case of smooth, projective
curves, the Abel-Jacobi map

AT OHY (X )hom — Jac(X)

gives an isomorphism when k£ = C.
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One can generalize this construction to Chow groups. Let X be a smooth,
projective variety over k C C, and Z € CH%(X) a cycle which is homologous
to zero. Then the Abel-Jacobi map

H2q71 (Xan’ (C)
—
Fa + H2a-1(Xan 7,)

AJ?: CHY(X )hom >~ Extyps(Z(—q), H* 71X ™, 7)),

As in the example above, the cycle Z defines an extension of mixed Hodge

structures
0— H**HX™) 5 E = Z(—q) =0,

where E is a subquotient of H2¢=1(X?"\ |Z]). The Abel-Jacobi class is given

by period integrals
(/wl,...7/wg>
gl gl

in Griffiths’ Intermediate Jacobian

B H2q—l (Xan’ C)

= Fqqufl(Xanv(C)+H2q71(Xanvz)
FqHZq—l ()(a,n7 (C)\/

a Hyq_1(X?n,Z)

J1(X)

Even more general, one may use Bloch’s higher Chow groups [Bl]. Higher Chow
groups are isomorphic to motivic cohomology in the smooth case by a result of
Voevodsky. In the general case, they only form a Borel-Moore homology theory
and not a cohomology theory [VSE]. Then the Abel-Jacobi map becomes

H2q7n71 (Xan’ C)
—
Fa + I{Qq—n—l(}(an7 Z)

AJT" : CHY X, n)hom >~ BExtyms(Z(—q), H* "~ 1(X*™ 7)),
There are explicit formulas for AJ?™ in [KLM| [KLM2, Wei] on the level of
complexes. This shows that the higher Abel-Jacobi class is defined by period

integrals which define numbers in P°f (k).

In analogy with the classical Chow groups, Spencer Bloch has found an explicit
description of the extension of mixed Hodge structures associated to a cycle
Z € CHY(X,n)hom- This is explained in [DS] [Scho2]. The periods associated
to this mixed Hodge structures can then be viewed as the periods associated to
Z.

Let us describe this construction. We let (0" := (P! \ {1})". For varying n, this
defines a cosimplicial object with face and degeneracy maps obtained by using
the natural coordinate ¢ on P'. Faces are given by setting t; = 0 or ¢; = oo.
By definition, a cycle Z in a higher Chow group CH%(X,n) is a subvariety of
X x O" meeting all faces F' = X x O™ C X x 0" for m < n properly, i.e., in
codimension ¢. By looking at the normalized cycle complex, we may assume
that Z has zero intersection with all faces of X x [0". Removing the support of
Z,let U := X xO"\|Z|, and define U to be the union of the intersection of U
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with the codimension 1 faces of X x [0™. Then one obtains an exact sequence
[DS, Lemma A.2]

0— H2q7n71(Xan) N H2q71(Uan7aUan) N H2q71(Uan) N H2q71(8Uan) ,
which can be pulled back to an extension F if Z is homologous to zero:
0— H* " Y X™) 5 B - Z(—q) = 0.

Hence, E is a subquotient of the mixed Hodge structure H24~1(U?» oU™).
This works for any cohomology satisfying certain axioms, see [DS]. In particular,
applying it to singular or de Rham cohomology, we obtain an extension inside
the category of Nori motives.

For the category of Nori motives, extension groups are not known in general,
and have only been computed in the situation of 1-motives [AB]. The extension
groups of any abelian category MM(k) of mixed motives over k are conjecturally
supposed to be Adams eigenspaces of algebraic K-groups, or, equivalently, mo-
tivic cohomology groups. For example, one expects that

Extapr (Q(—q), H*"79(X)) = Hyi " (X,Q(~q)) = Kn(X)J

for a smooth, projective variety X.

15.4 Periods of homotopy groups

In this section, we want to explain the periods associated to fundamental groups
and higher homotopy groups.

The topological fundamental group 7 °?(X(C),a) of an algebraic variety X

(defined over k C C) with base point a carries a MHS in the following sense.

First, look at the group algebra Qm;°?(X(C),a), and the augmentation ideal
I :=Ker(Qn{°®(X,a) — Q). Then the Malcev-type object

(X (C),a)g := lim Q[m”(X(C),a)}/I" "

should carry an Ind-MHS, as we will explain now. Beilinson observed that each
finite step Qmi°P (X (C),a)/I™! can be obtained as a MHS of a certain algebraic
variety defined over the same field k. This was known to experts for some time,
and later worked out in [DG].

Theorem 15.4.1. Let M be any connected complex manifold and a € M a
point. Then there is an isomorphism

H,(M x ---x M, D;Q) = Qn°®(M,a)/I"*,
N ————

and Hy(M x ---x M,D;Q) = 0 for k < n. Here D = UD; is a divisor,
—_———

n
where Dy = {a} x M" ', D1 = M" ! x {a}, and, for 1 <i < n—1,
D; = M7t x A x M™ =1 with A C M x M the diagonal.
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Proof. The proof in loc. cit., which we will not give here, proceeds by induction
on n, using the first projection p; : M™ — M and the Leray spectral sequence.
O

In the framework of Nori motives, one can thus see that 71 (X, a)g immediately
carries the structure of an Ind-Nori motive over k, since the Betti realization is
obvious. Deligne-Goncharov [DG] and F. Brown [B2] [BI] work instead within
the framework of the abelian category of mixed Tate motives over Q of Levine
[L2]. From this it follows, that 1 (P'\{0, 1, 00}, a)q is an Ind-mixed Tate motive
over Q (in fact, over Z as explained in [BI]). There is also a description of the de
Rham realization in [DG| B2, B1]. In particular, Brown showed that each MZV
occurs as a period of this Ind-MHS [B2, [BT] [D3], as we explained in Sectionm

Theorem 15.4.2. Every multiple zeta value occurs as a period of 71(P*(C) \
{0,1,00},a)g. Furthermore, every multiple zeta value is a polynomial with Q-
coefficients in multiple zate values with only 2 and 3 as entries.

Proof. See [B1l, B2]. O

The proof of this theorem also implies that every mixed Tate motive over Z
occurs as a finite subquotient of the Ind-motive 71 (P! \ {0, 1,00}, a)g.

Let us now look at higher homotopy groups 7, (X?") for n > 2 of an algebraic
variety X over k C C. They carry a MHS rationally by a theorem of Morgan
[Mo] and Hain [H]:

Theorem 15.4.3. The homotopy groups mn,(X**) ® Q of a simply connected
and smooth projective variety over C carry a functorial mized Hodge structure
forn > 2.

This theorem has a natural extension to the non-compact case using logarithmic
forms, and to the singular case using cubical hyperresolutions, see [PS] and [Na].

Example 15.4.4. Let X be a simply connected, smooth projective 3-fold over
C. Then the MHS on 73(X?")V is given by an extension

0 — H*(X*,Q) — Hom(ms3(X*"),Q) — Ker (S?H*(X*",Q) — H*(X*",Q)) — 0

Carlson, Clemens, and Morgan [CCM] prove that this extension is given by the
Abel-Jacobi class of a certain codimension 2 cycle Z € CH2, (X), and the
extension class of this MHS in the sense of [C] is given by the Abel-Jacobi class

f[?’( X an (C)
2 2 )
AJ (Z) cJ (X) = T3 3( an7Z) .

The proof of Morgan uses the theory of Sullivan [Sul. In the simply connected
case, there is a differential graded Lie algebra L(X,z) over Q, concentrated in
degrees 0, —1, ..., such that

H(L(X,2)) = 10 (X™) © Q.
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One can then use the cohomological description of L(X,z) and Deligne’s mixed
Hodge theory, to define the MHS on homotopy groups using a complex defined
over k. We would like to mention that one can try to make this construction
motivic in the Nori sense. At least for affine varieties, this was done in [Gal, see
also [CGl pg. 22]. In [G4], a description of periods of homotopy groups is given
in terms of Hodge correlators. This is not well understood yet.

From the approach in [Gal, one can see, at least in the affine case, that the
periods of the MHS on 7,,(X?") are defined over k, i.e., are contained in P (k),
when X is defined over k, since all motives involved in the construction are
defined over k.

15.5 Non-periods

The question whether a given transcendental complex number is a period num-
ber in P(Q), i.e., is a Kontsevich-Zagier period, is very difficult to answer in
general, even though we know that there are only countably many of them. For
example, we expect (but do not know) that the Euler number e is not a period.
Also 1/m and Euler’s 7 are presumably not effective periods, although no proof
is known.

When Kontsevich-Zagier wrote their paper, the situation was like at the begin-
ning of the 19th century for the study of algebraic and trancendental numbers.
It took a lot of effort to prove that Liouville numbers Y, 10~%, ¢ (Hermite) and
7 (Lindemann) were transcendental.

In 2008, M. Yoshinaga [Y] first wrote down a non-period a = 0.77766444... in
3-adic expansion

o0
a= g €37" .
i=1

We will now explain how to define this number, and why it is not a period.
First, we have to explain the notions of computable and elementary computable
numbers.

Computable numbers and equivalent notions of computable (i.e., equivalently,
partial recursive) functions f : N — Ny were introduced by Turing [T], Kleene
and Church around 1936 following the ideas from Godel’s famous paper [G], see
the references in [KI] . We refer to [Bri] for a modern treatment of such notions
which is intended for mathematicians.

The modern theory of computable functions starts with the notion of certain
classes & of functions f : Ny — Ny. For each class £ there is then a notion of
E-computable real numbers. In the following definition we follow [Y], but this
was defined much earlier, see for example [R] [Spe].

Definition 15.5.1. A real number o > 0 is called &£-computable, if there are
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sequences a(n), b(n), ¢(n) in &, such that

1

ol < T for all n > c(k) .

The set of £-computable numbers, including 0 and closed under o — —q, is
denoted by Rg.

Some authors use the bound 27* instead of % This leads to an equivalent
notion only for classes £ which contain exponentials n +— 2.

If £ = comp is the class of Turing computable [T], or equivalently Kleene’s
partial recursive functions [KI], then Reomp, is the set of computable real numbers.
Computable complex numbers Ccomp are those complex numbers where the real-
and imaginary part are computable reals.

Theorem 15.5.2. Reomp is a countable subfield of R, and Coomp = Reomp (%) is
algebraically closed.

One can think of computable numbers as the set of all numbers that can be
accessed with a computer.

There are some important levels of hierarchies inside the set of computable reals

Rlow—clcm - Rclcm - IRcomp )

= =

induced by the elementary functions of Kalmar (1943) [Ka], and the lower ele-
mentary functions of Skolem (1962) [Sk|. There is also the related Grzegorczyk
hierarchy [Gr]. In order to define such hierarchies of real numbers, we will now
study functions f : Nj — Ny of several variables.

Definition 15.5.3. The class of lower-elementary functions is the smallest class
of functions f : Nj — Ny

e containing the zero-function, the successor function z — z + 1 and the
projection function P; : (21, ..., Tp) — @i,

e containing the addition x 4 y, the multiplication z - y, and the modified
subtraction max(z — y,0),

e closed under composition, and

e closed under bounded summation.

The class of elementary functions is the smallest class which is also closed under
bounded products.

Here, bounded summation (resp. product) is defined as

g(z,x1, ..., xy) = Zf(a,:cl, ceey Tp,) TESP. H fla,zq,...;2p) .

a<lz a<lz



306 CHAPTER 15. MISCELLANEOUS PERIODS: AN OUTLOOK

Elementary functions contain exponentials 2", whereas lower elementary func-
tion do not. The levels of the above hierarchy are strict [TZ].

The main result about periods proven in [Y], [TZ] is:

Theorem 15.5.4. Real periods are lower elementary real numbers.

In fact, Yoshinaga proved that periods are elementary computable numbers,
and Tent-Ziegler made the refinement that periods are even lower-elementary
numbers. The proofs are based on Hironaka’s theorem on semi-algebraic sets
which we have used already in chapter |2l The main idea is to reduce periods to
volumes of bounded semi-algebraic sets, and then use Riemann sums to approx-
imate the volumes inside the class of lower elementary computable functions.

Corollary 15.5.5. One has inclusions:
@ 9 Peff (Q) - (Clow—elem Q Celem Q (Ccomp .

Hence, in order to construct a non-period, one needs to exhibit a computable
number which is not elementary computable. By Tent-Ziegler, it would also
be enough to write down an elementary computable number which is not lower
elementary.

Here is how Yoshinaga proceeds. First, using a result of Mazzanti [Maz], one can
show that elementary functions are generated by composition from the following
functions:

e The successor function x — = + 1,
e the modified subtraction max(z — y, 0),

e the floor quotient (x,y) — | and

=),

e the exponential function (z,y) — xV.

Using this, there is an explicit enumeration (fy,)nen, of all elementary functions
f : Nyg — Ny. Together with the standard enumeration of Qsg, we obtain an
explicit enumeration (g, )nen, of all elementary maps g : Ng — Qsg. Using a
trick, see [Y, pg. 9], one can "speed up” each function g, so that g,(m) is a
Cauchy sequence (hence, convergent) in m for each n.

Following [Y], we therefore obtain
Rclcm - {B()aﬁla }7 where Bn = Tr}gnoogn(m) .

Finally, Yoshinaga defines

n—00 n—00 4

n
— 7 o —i
a:= lim «, = lim E €37 ",
=1
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where ¢y = 0, and recursively

0, if gn(n) > a, + ﬁ
€Ent+1 = . 1
1, if go(n) < an + 537

Now, it is quite easy to show that o does not occur in the list Rejer, = {0, 51, --- },
see [Yl Prop. 17]. Note that the proof is essentially a version of Cantor’s diag-
onal argument.
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