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Chapter 0O

Introduction

Abstract

In this thesis we compare V. Voevodsky’s geometric motives to the derived
category of M. Nori’s abelian category of mixed motives by constructing a
triangulated tensor functor between them. It will be compatible with the
Betti realizations on both sides. We allow an arbitrary noetherian ring of
coefficients, but require it to be a field or a Dedekind domain for the tensor
structure on derived Nori motives to exist.

There are three key ingredients: we present a theory of Nisnevich cov-
ers on finite acyclic diagrams of finite correspondences, explain, following
D. Rydh, how to interpret finite correspondences as multivalued morphisms
and elaborate on M. Nori’s cohomological cell structures. For the first two,
we will be working over an arbitrary regular scheme, but the last one will
require that we restrict ourselves to a subfield of the complex numbers.

On the way we also show that smooth commutative group schemes over a
normal base automatically admit transfers, generalizing a result by M. Spiess
and T. Szamuely.

0.1 Main results

The central goal of this thesis is to prove the following theorem originally
proposed and briefly sketched in the affine case by M. Nori:

Theorem Assume that k C C is a field and let A be a
noetherian ring.
There exists a contravariant triangulated functor

T DM (k, A) — DY (MM (k, A))

between Voevodsky’s geometric motives and derived Nori motives which
calculates singular cohomology Hging in the following sense:



If wing: MMSE (k,A) — A-Mod is the forgetful fibre functor of Nori

motives, then there is a natural isomorphism
wang (H"(CT(X[0])) ) = Higoy (X, )

for all smooth varieties X over k.
If furthermore A is a Dedekind domain or a field, then C*% is a tensor
functor and descends to a contravariant triangulated tensor functor

C: DMgn(k, A) = DY(MMyori(k, A))
between the non-effective versions.

We will see that the conditions on A are only imposed to guarantee the
existence of Nori motives and a tensor structure on their derived category.
While showing the main theorem we also prove several other interesting results.
For example, we generalize the interpretation of finite correspondences as
multivalued morphisms originally put forward by A. Suslin and V. Voevodsky:

Theorem [3.7.7l Let S be a noetherian normal scheme.
Then there exists an additive, strict monoidal, graded and faithful functor

symy: SmCorg — Multig

between the preadditive, symmetric monoidal and Z-graded categories of
smooth finite correspondences and multivalued morphisms.

Additionally, this functor is compatible with the embeddings of Smg into
both sides.

This allows us to generalize a theorem by M. Spiess and T. Szamuely:

Theorem Let S be a noetherian normal scheme. Let Smg be the
category of schemes that are smooth, separated and of finite type over S and
let AlgSpr be the category of algebraic spaces that are flat and separated
over S. Let G be an abelian group object in AIgSpg.

Then the corresponding presheaf

G(—) = AlgSps(—,G): Smg < AlgSp% — Ab
admits transfers, i.e. it extends to a presheaf

G: SmCor(S,Z) — Ab.

0.2 Historical overview

There exists a plethora of cohomology theories in algebraic geometry: de
Rham, Betti/singular, étale, f-adic cohomology, and many more. Their



existence is not always universal and may among others depend on the
characteristic of the base or on the smoothness of the variety. Nonetheless
they are often found to satisfy very similar axioms, for example that of a Weil
cohomology theory on smooth projective varieties, which includes Poincaré
duality and the Kiinneth formula.

This led A. Grothendieck to the question if every variety X has an
associated motive M (X), a single object encoding all the information found
within all possible reasonable notions of cohomology, which already satisfies
these properties. This and similar expectations ultimately culminated in
the search for what is now called the category MM of mized motives, as
independently suggested by A. Beilinson and P. Deligne. All motives should
be part of this abelian tensor category MM and every suitable cohomology
functor Var — A into an abelian category should factor over a realization
functor r: MM — A. One might also hope that it is rigid, i.e. contains
duals, and Tannakian, which would give rise to a motivic Galois group.

A first result was given by A. Grothendieck in the mid of the twentieth
century by constructing the category of pure motives, those that correspond
to smooth projective schemes over a field k. The situation becomes more
complicated for general varieties, though, as witnessed by P. Deligne’s theory
of mixed Hodge structures of [Del7lal, [Del71b] and [Del74]. It refines
singular cohomology via factorization over the abelian category MHS(Z) of
integral mixed Hodge structures, whose objects come with a natural weight
filtration. Hence we might expect motives to also carry this finer information.

As of now, the existence of the category MM is still mostly conjectural.
In an attempt to construct it, or at least mimic its most important properties,
another concept was born, that of motivic cohomology, calculated by what is
called the category DM of triangulated motives. The latter should simply be
the derived category of mixed motives, but the idea behind this attempt is
to go in the opposite direction: DM should be a tensor triangulated category
carrying a t-structure, allowing us to define MM as its heart.

Several candidates for both MM and DM have been brought forward.
On the triangulated side we have in particular the categories defined by
M. Hanamura |[Han99], M. Levine |Lev98] and V. Voevodsky [VSF00, chap-
ter 5|. The latter was then generalized by F. Ivorra in [Ivo05] and by
D.-C. Cisinski and F. Déglise in [CD12| to more general bases, and refined
into another triangulated category DA of motives by J. Ayoub ([Ayo07a],
[Ayo07b], [Ayolda]).

On the abelian side we have categories described by P. Deligne and
U. Jannsen (cf. [Del90]) and M. Nori (unpublished, but see [HM16]). Fur-
thermore, we have U. Jannsen’s mixed realizations of |[Jan90|. Lastly, we also
have a category of perverse Nori motives with rational coefficients defined
by F. Ivorra in [Ivol4].

None of the above are known to satisfy all the desired axioms. There
is, however, good evidence that we are on the right track: several of the



suggested triangulated categories of motives are known to agree, at least with
rational coefficients. Additionally, there is a result [CG15] by U. Choudhury
and M. Gallauer Alves de Souza that the Galois group of M. Nori’s Tan-
nakian category agrees with that resulting from J. Ayoub’s weak Tannakian
formalism applied to his motives.

0.3 Summary of the thesis

The proposed constructions for the various categories of mixed or triangulated
motives are often quite different in both approach and execution. It is thus
natural to search for connections between them. In particular, proving a
specific property may be rather hard in one, but becomes easy in another.
Therefore a way to transfer some of their qualities may prove to be useful.

On one side of Theorem we find V. Voevodsky’s geometric motives
DMgn (k). They are very geometric and deeply connected to cycles and
intersection theory. On the other side is M. Nori’s abelian tensor category
MMunori(k). Tt is of a more combinatorial nature, being induced by repre-
sentations of quivers via singular cohomology, and is a direct candidate for
the aforementioned category MM (k).

Hence results such as Theorem that compare categories of motives,
in this case prospective candidates for triangulated motives, are desirable to
clarify the conjectural picture. We have the following overarching strategy
of proof:

Strategy 0.3.1.

1. Introduce a theory of Nisnevich covers on finite acyclic diagrams of
finite correspondences between smooth varieties (Definition and
Theorem and a way to associate Cech complexes to them (Def-
inition . Together with a finiteness result (Proposition ,
this allows us to replace the objects of V. Voevodsky’s triangulated
category DME?; by affine ones.

2. Define the notion of a multivalued morphism, representing the concept
of a map that associates to every point not just one, but several points
(Definition . Functorially translate finite correspondences into
multivalued morphisms (Theorem [3.7.5).

3. Construct cohomological CW-structures on affine varieties (Defini-
tion and multivalued morphisms (Definition between them.
Show that they can be functorially assigned to any finite acyclic diagram
of multivalued morphisms (Theorem [4.8.1]).

4. Combine the above to assign to every complex of finite correspondences
between smooth varieties the pro-ind-system consisting of cohomo-
logical CW-structures on Cech complexes of affine Nisnevich covers.



Calculating M. Nori’s cohomology of pairs then defines the functor
C®. One then has to verify that this is independent of the choices and
check compatibility with the tensor structure.

This approach extends M. Nori’s original suggestion on how to construct
such a functor DM;‘;(k, Z) — DY (MMSE (k, 7)), but he only gave a brief
sketch on how to deal with a single finite correspondence between smooth
affine varieties. Our proof is based on the elaboration of his work presented
by A. Huber and S. Miiller-Stach in [HM14] and [HM16|, where the following
is shown:

Theorem 0.3.2. Let k C C be a field. There exists a functor

C: CU(EVary]) » D" (MMSEi(h))

such that

sing

wing (H" (C(X[0])) ) = Hikyy (X, A)
for all varieties X over k.

They, however, did not have to deal with finite correspondences, which
complicate almost every step of the argument.

Only Step [3] of Strategy will actually require us to work over a
field k C C, while the remainder requires at most a regular base. We hope
to extend our results to fields of positive characteristic, and possibly more
general bases, in the future. Hence we opted to work in greater generality
whenever possible.

Let us explain in more detail how the above steps will be achieved and
what other results will be shown along the way:

Step 1: We introduce the new notion of bridges in Definition [5.2.1} They
allow us to treat finite correspondences between covers akin to morphisms.
To be precise, we show that they offer suitable notions of composition and
fibre products. Furthermore, they behave well under refinements of the
covers. Their morphism-like behaviour will allow us to make Cech complexes
functorial under finite correspondences.

Following the ideas of [HM16| we rigidify Nisnevich covers U — X
by choosing point-wise splittings X — U which satisfy a constructibility
condition. This makes morphisms between the covers unique when requiring
them to be compatible with the splittings. Due to their nature, this extends
to bridges, rendering finite correspondences between rigidified Nisnevich
covers over normal schemes unique. A pointed version of the usual yoga of
henselian local schemes will conversely show that such a bridge always exists,
assuming the cover of the domain is chosen sufficiently fine.

We then use rigidifications and bridges to introduce a notion of Nisnevich
covers on diagrams of finite correspondences. In Theorem [6.5.3] we show that



there are plenty such covers, even when adding further restrictions, on finite
acyclic diagrams. This will follow quite formally from the aforementioned
constructions. We can then interpret bounded complexes and morphisms
thereof as finite acyclic diagrams, to which we assign the pro-system of all
unifibrant Nisnevich covers on them.

We also show a finiteness result (Proposition , roughly stating that
there are only finitely many isomorphism classes of connected components
in the Cech complex of an étale cover. Furthermore, there exist only finitely
many possible finite correspondences between any two such components that
come from a bridge (cf. Proposition [6.6.3)). This will prove useful when
applying the results of Step 3.

We may remark upon the circumstance that Definition [5.3.1] introduces
unifibrant Nisnevich covers. They form a pretopology between the usual Nis-
nevich pretopology and the one induced by Nisnevich cd-squares. Standard
results then imply that the resulting sheaves will be the same. Nonetheless
it satisfies properties not shared with general Nisnevich covers. Most promi-
nently, a smooth variety, understood as an abelian sheaf via the Yoneda
embedding, becomes isomorphic to the repetition-free variant of the Cech
complex of a Nisnevich cover if and only if the cover is unifibrant, as seen in
Theorem This has an analogue at the level of topological spaces (cf.
Proposition [B.0.11)). A similar result for the full Cech complex is true for all
Nisnevich covers as witnessed by Proposition 3.1.3 of [VSFO00, chapter 5] or
Theorem 10.3.3 of [CD12].

Step 2: We define the category Multi(.S) of multivalued morphisms over
a scheme S in Definition This extends on Appendix A of [Ayol4b]
and requires certain functors &™, where n € Ny. Such functors will be given
by the symmetric products S"(Y) which can be understood as unordered
n-tuples of elements of Y. To properly work with them we elaborate on
standard results regarding their existence: it is unconditional as an algebraic
space by a result of P. Deligne, but requires the morphisms to be affin finie
if a scheme is desired.

Multivalued morphisms then correspond by definition to maps X —
S™(Y'), i.e. functions associating to every point of X an unordered n-tuple in
Y. Composition is easily defined as soon as we get a natural transformation
S™(S™(Y))) — S™(Y), i.e. if we can interpret an m-tuple of n-tuples as an
mn-tuple.

This leads us to the functorialities of the functors S™(—), often requiring
us to assume flatness. Here we meet the broad theory of divided powers
put forward by N. Roby for rings (cf. [Rob63] and [Rob80|]) and D. Rydh
for schemes (cf. [Ryd08a], [Ryd08b|, [Ryd08c| and [Ryd08d]). They satisfy
the very same functorialities without any assumptions of flatness, giving us
a second candidate I'"(—) for the endofunctors &". Furthermore, divided
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powers simply agree with the symmetric products on flat schemes, thus
should be understood as the better-suited notion. We, however, avoid them
for our main results due to the greater technicality of their construction and
because we will not require this broader generality.

Instead, we give a detailed description of the affine versions of symmetric
products which will allow us to transfer ideas from divided powers to them.
Among other things we present in Theorem [2.1.18|an explicit set of generators
as an algebra over the base, which we call the elementary symmetric tensors
due to their relations to elementary symmetric polynomials. In fact, the latter
are generalized by the former as witnessed by the main result of [Vac05].

Divided powers, on the other hand, satisfy a universal property (cf.
Proposition , linking them to so-called polynomial laws. The Galois-
theoretic norm, or more generally the determinant, defines such a law, which
in return defines Grothendieck-Deligne norm maps. We describe, following
A. Suslin and V. Voevodsky, the analogous construction for symmetric powers.
Additionally, we check their behaviour on the elementary symmetric tensors,
which get mapped to coefficients of characteristic polynomials.

On schemes, this associates to every finite surjective morphism f: Y — X
into a connected normal scheme a morphism X — S™(Y'), where n is the
generic degree of f. We check the compatibility of this construction with
the functorialities emerging from A. Suslin’s and V. Voevodsky’s theory
of relative cycles, such as pushforward, pullback and the correspondence
morphism. Ultimately this means that we get for every noetherian normal
scheme S a natural additive faithful tensor functor

SmCor®t(S) — Multi®?(9)

which interprets finite correspondences as multivalued morphisms. The right
hand side involves the symmetric powers S"(X), which are in general no
longer smooth. We therefore replaced finite correspondences with morphisms
at the cost of regularity. This result also follows from the vast work of D. Rydh
on cycles, in particular [Ryd08b| and [Ryd08d|. Over a field of characteristic
0 this was, except for its compatibility with the tensor structures, already
shown by J. Ayoub (cf. Appendix A of [Ayol4b]).

Step 3: Using the previous steps, we can now translate finite correspon-
dences, or even finite acyclic diagrams of them, into finite acyclic diagrams
of multivalued morphisms between affine varieties. Elaborating on M. Nori’s
original suggestion we use his Basic Lemma [£.3.1] to associate to every affine
variety X over a field k£ C C a directed system of cellular filtrations. They are
constructed to mimic the singular cohomological behaviour of cell structures
in topology. In particular, their k-skeleta X induce a complex with objects
Hsking(X ks Xk—1) which calculates the singular cohomology Hging(X).

The defining property of Nori motives, being the diagram category associ-
ated to the singular cohomology representation to the quiver of effective pairs,

11



then gives us complexes in C®(MMuyei(k, A)). They, however, depend on the
chosen cellular filtration, but this dependence vanishes in D?(MMuyori(k, A)).

This was enough for the results of [HM16|. Dealing with multivalued
morphisms requires further arguments. We need to extend the notion of
cellular filtrations to multivalued morphisms themselves. This adds significant
complexity:

We formulate an equivariant version of M. Nori’s Basic Lemma, suggested
in his original sketch. It allows us to show the existence of cellular filtrations
on many diagrams, including those necessary to check the existence, additivity,
functoriality and multiplicativity of assigning cellular filtrations and their
cellular cohomology. A recurring theme is that many properties are only
eventually true in the resulting pro-systems.

Step 4: Everything left to do is putting the above three steps together
and checking that the resulting functor is well-defined. This uses standard
arguments involving pro-ind-objects and singular cohomology, but needs a
careful treatment at times due to the finiteness assumptions that are involved.

On the way we will also prove several results that are interesting on their
own. One of them is Theorem [3.8.1] on group schemes already mentioned
above, which is a natural side result of the extensive theory of multivalued
morphisms. Furthermore, we show some consequences of the Main Theo-
rem [7.4.17 such as the existence of weight structures on D*(MMyoi(k, A))
and the existence of a chain

DM (k, Q) — D (MMyoii(k, Q) — D*(MMag) —
— Dyr — D°(MHS(Q)) — D(Q- Mod)

of realizations. We also offer a new proof for the rigidity of Nori motives.

0.4 Structure of the thesis

Fundamentals on relative cycles and motives (Chapter (1))

We give a recapitulation of the basics of Nori motives very closely based
on that of A. Huber and S. Miiller-Stach in [HM16]. Then we fully reintro-
duce A. Suslin’s and V. Voevodsky’s calculus of relative cycles and finite

correspondences, using a variation developed by S. Kelly in [Kell3].
We continue with a reminder on V. Voevodsky’s motives. We repeat the
definition of the category of geometric motives DMgfn(S, A) and the category

of unbounded motivic complexes DM®T(S, A).

12



Symmetric products, divided powers and multivalued morphisms
(Chapters [2| and

We give an overview over the concept of a multivalued morphisms and the
underlying functors S"(—) and I'"(—).

In preparation to the general definitions, we will start with the affine
versions, which will occupy all of Chapter |2l There we will give a very explicit
description of the involved norm maps and their relation to the theory of
invariants.

This then readily extends to normal schemes in Chapter [3| reproving and
slightly extending results of D. Rydh.

Cellular filtrations on finite correspondences (Chapter [4))

We give a reminder on the techniques behind the ‘Yoga of good pairs’ and our
closely related global choice of cellular filtrations on varieties and multivalued
morphisms.

Afterwards we prove an equivariant version of M. Nori’s crucial Basic
Lemma and show several theorems based on it.

The primary goal of this chapter is to provide us with well-behaved,
i.e. additive (Proposition , functorial (Theorem and monoidal
(Theorem [4.9.6)), directed systems of cellular filtrations.

Bridges, functorial Cech complexes and Nisnevich covers of dia-
grams (Chapters [5| and [6)

We introduce bridges and explain how they relate to Cech complexes and
rigidifications. We use them to define Nisnevich covers on finite acyclic
diagrams. We then show a finiteness result, allowing us to apply the results
of Chapter 4.

We also define the new pretopology of unifibrant Nisnevich covers. It
becomes linked to properties of Cech complexes in Appendix |Al and has a
topological analogue explored in Appendix

Collection of main theorems (Chapter E[)

In this final part we combine the previous results to build the functor
Co: DMEE (k) — DY (MM (k).

Afterwards we verify that the functor descends to the tensor-localizations
at the Tate and Lefschetz motives and thereby finish the proof of the main
theorem. We also give a sketch for an alternative proof suggested by J. Ayoub.

Lastly, we state several interesting consequences of our Main Theo-
rem A few are already known, but we offer new proofs.
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Chapter 1

Review of Motives

The aim of this chapter is to remind the reader of the definitions and
constructions encountered around the motives defined by Voevodsky and
Nori.

In particular, we repeat Nori’s definition of his motives as a diagram
category. His construction associates to every quiver representation an
abelian category which satisfies a universal property with respect to the given
representation. Singular cohomology, or any other adequate cohomological
functor, gives such a representation on pairs of varieties, defining the desired
category. Our exposition is closely based on [HM16], where Nori’s work was
elaborated in full.

Afterwards, we aim to introduce Voevodsky’s triangulated category of
geometric motives. It is fundamentally based on a theory of cycles by him
and Suslin. As we will use these cycles very often in this thesis, we give a
full introduction to them. We will base this on the existing literature, most
prominently the original article, found as [VSF00, chapter 2]. Our notations
and arguments are, however, often taken from the newer work [Kell3] by
Kelly, which offers quicker access to the definition of a relative cycle. Two
more texts which we rely on are [Ivo07] and |[CD12]. The latter is often
significantly more general than what we need, though.

Ultimately, we want to work with coefficients in a ring A. We avoid
re-proving the results of [VSF00| and [Kell3|, who only considered integral
coefficients. Instead, we start with integral coefficients and then make a
change of coefficients. This leads in general to a different category of motives,
but only over non-regular bases, which will be of no concern. Hence we
decided to use this shortcut.

1.1 Notation and conventions

We now introduce notation that we use throughout this thesis. Most of them
are standard or only slight variations of established ones.

15



Categories:

Set: sets.

Top: topological spaces with continuous maps.

Ab: abelian groups.

A-Mod: modules over a ring A.

A-Mod: finitely generated modules over a ring A.

A- Alg: algebras over a ring A.

5‘?15: schemes separated over a base scheme S.

Schg: schemes separated and of finite type over a base scheme S.

Vary: varieties over a field k, i.e. reduced and separated schemes of
finite type over Spec(k).

Smg: schemes which are smooth, separated and of finite type over a
base scheme S.

AlgSpg: algebraic spaces separated over an algebraic space S.
PreShv(—): presheaves.
Shv,(—): sheaves with respect to a pretopology 7.

Hom¢ (A, B), sometimes simply C(A, B): hom-set of morphisms A — B
in a category C.

CP(A), CH(A), C~(A), C(A): (cohomological, i.e. increasing) chain
complexes over an additive category A which are bounded, bounded
to the left, bounded to the right or unbounded, respectively.

K%A), K*(A), K~ (A), K(A): homotopy category of chain complexes
over an additive category A which are bounded, bounded to the left,
bounded to the right or unbounded, respectively.

D(A), D*(A), D~(A), D(A): derived category of chain complexes
over an abelian category A which are bounded, bounded to the left,
bounded to the right or unbounded, respectively.

A[C]: A-linearisation of a category C, with A a ring, i.e. the category
which has the same objects as C, but has as hom-sets the free A-modules
over the hom-sets of C.

16



Superscripts:
o —°ff offective versions of the respective objects and categories.
o —2f affine schemes (in a category of schemes).

e —5P objects separated over the base (in a category of algebraic spaces
or schemes).

Other notation:

e For any integer n € Ny we let [n] = {1,2,...,n}, both as an ordered
or ordinary set.

e In a category C admitting fibre products we use (f, g)s to denote the
morphism A — B xg C resulting from morphisms f: A — B and
g: A — C over an object S in C.

e If applicable, and there is no danger of confusion, we will abbreviate
the identity id4: A — A of an object A of a category simply as A.

e If the base S is clear from the context we use the shortcut X1 Xs... X,

for X1 xg X9 xgx--+-xgX,. Under this circumstances we write pr§§z

to denote the projection XY Z — X Z.

e A generic point of a scheme X is one of an irreducible component of
X.

Conventions:

Convention 1.1.1. We assume the following unless explicitly stated other-
wise:

e All rings are commutative and with unity.
e All schemes and morphisms of schemes are separated.

Convention 1.1.2. Let non-negative integers m, n, r and ni,...,n, be
given. We interpret S, as the group of bijections [m] — [m].

We fix the following conventions to interpret certain permutation groups
as subgroups of symmetric groups:

e S, x S, will be identified with the subgroup of Sy,+, that leaves the
subsets [m] and [m + n]\[m] of [m + n] invariant.

This inductively extends to an embedding

Snl X ... X Sn,r — Sn1+...+n7--
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o [m] x [n] will be identified with [mn] via the map (x,y) — x+m-(y—1),
thereby arranging the elements of [mn| from left to right, top to bottom
in a rectangular shape. If m and n are non-zero, this allows us to
identify Sy, x S, with the subgroup of Syn, = S}y x[n) that individually
preserves the two relations of lying in the same row and of lying in the
same column.

This inductively extends to a morphism
Sny X oo X Sp, = Sy,
which is injective if the n; are non-zero.

e If m is non-zero, the semi-direct product Sy, x S, where S,, acts by
permuting the factors, will be interpreted as the subgroup

{0 €Smn|a=b modm = o(a)=0(b) mod m} C Sy.

In the interpretation of the previous point this is the subgroup pre-
serving the relation of lying in the same column. Hence we got a
chain

S X Sy = S, X S — Spns

where the left inclusion corresponds to the diagonal morphism S,, — S]".
Note that these morphisms exist even if m is 0.

Convention 1.1.3. We need a global sign convention for total complexes:
For us, double complexes have commuting squares, in contrast to anti-
commuting ones. For a double complex A®*® with differentials

6% A% — AsTLe,
6;’.: A.’. — A.’.+1
we set
Tot®*(A**) = Toty ;(A™) .= | @ A™,6° |,
i+j=e
where 617 = g7 + (_1)j5;’;j on the summand A%,

For complexes (A*,48%), (B*, %) € C°(C) over a preadditive tensor cate-
gory C we therefore set

(4%,0%) @ (B*05) = | D A4'® B, ep
i+j=e
with - |
52%3(“" ®bj) = a; @ 6pbj + (—1)764a; ® b;
for a; € A*,b; € BY.
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This is the same sign convention as in Section 1.3.3 of [HM16], but opposite
to the one used for the Kiinneth formula in [Hat02] (see in particular its
Lemma 3.6).

Convention 1.1.4. It is readily checked that forming total complexes is asso-
ciative. Hence we can without ambiguity define total complexes Tot; J, k(Ai’j k)
if triple complexes, or higher dimensional ones.

1.2 Diagrams

Let us quickly recapitulate a few terminologies regarding categories.

Definition 1.2.1. Let C be a category and let — be the category consisting
of two objects ‘source’ s and ‘target’ t, together with three morphisms ids,
id; and s — t. We define the arrow category over C as the functor category
C™ which thus has as objects the morphisms Y — X in C, simply denoted
by (Y]X), and commutative squares

Yy — X
ool
Y — X'
as morphisms (Y |X) — (Y'|X"), simply denoted by (g]f).

Definition 1.2.2 (Quiver). As usual, a quiver @ is a generalization of a
directed graph where multiple arrows between the same vertices as well as
loops are allowed. Formally, a quiver is a functor Q: Q — Set, where Q is the
free quiver, which is the category with two objects V, £ and four morphisms
idy, idg and s,t: € — V.

The sets V(Q) := Q(V) and E(Q) := Q(&) will be called the vertices
and edges of (), respectively.

A morphism of quivers is defined to be a natural transformation of
functors.

Remark 1.2.3. Equivalently, a quiver consists of sets V and E as well as
two functions s,t: £ — V called source and target. The interpretation of a
quiver as a graph corresponds to interpreting e € E as an edge from s(e) to

t(e).
Remark 1.2.4. In Nori’s original context and several others, a quiver is

often called a ‘diagram’. We wish to avoid this unnecessary confusion and the
collision with the more common Definition [.2.9below. See also Remark [1.2.6]

Definition 1.2.5 (Path category). Let @ be a quiver. Its path category
P(Q) (also called the free category on @) is the category with objects V(Q).
The morphisms Homp () (v, w) are finite formal chains

el () en
V=1 U1 Up = W
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of edges e; € E(Q) such that s(e;) = v;—1 and t(e;) = v;. Composition is
defined by concatenating chains and the identities are the trivial chains of
length 0. There are by definition no further relations between the chains.

Remark 1.2.6. From the definition it is immediate that P is a left adjoint
to the forgetful functor from small strict categories, i.e. both objects and
morphisms forming sets, to the category of quivers.

Definition 1.2.7 (Quiver representations). A representation R of a quiver
Q = (V,E,s,t) in a category C is defined by choosing for each v € V(Q) an
object R(v) € C and for each e € F(Q) a morphism R(e): R(s(e)) — R(t(e)).

Remark 1.2.8. In the context of Remark a representation of the
quiver ) in the category C is a functor P(Q) — C.

Definition 1.2.9 (Diagrams).

A finite category is a category where the collection of objects and every
hom-set is a finite set. Equivalently, the collection of all morphisms
forms a finite set.

- An acyclic category is a category that, when interpreted as a graph,
does not contain any directed loop except the identities. Formally, it is
a small category C such that for all objects A, B € C the non-emptiness
of both hom-sets Mor¢(A, B) and Mor¢ (B, A) implies that A = B and
Morc(A, A) = {ida}.

- An almost acyclic category is a small category C such that for all
objects A, B € C the non-emptiness of both hom-sets Mor¢(A, B) and
Mor¢(B, A) implies that A = B and that Mor¢(A, A) is a finite group
of automorphisms of A.

- An initial segment of an acyclic category C is a full subcategory I C C
such that if A — B is a morphism of C with B € I, then A is in [.
Dually, a terminal segment of an acyclic category C is a full subcategory
I C C such that if A — B is a morphism of C with A € I, then B is in
1.

- A diagram in a category D is a covariant functor D : C — D, where C is
a small category. A subdiagram is a diagram induced by restricting the
functor to a subcategory of C. By abuse of notation we will sometimes
call quiver representations a diagram, by which we mean the induced
diagram on its path category (cf. Remark .

- We call a diagram D: C — D finite (respectively (almost) acyclic) if
the underlying category C is. We extend the notions of initial and
terminal segments to diagrams D, them being the restriction of the
functor D to an initial or terminal segment of C, respectively.
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Remark 1.2.10. A quiver @ is acyclic as a graph if and only if its path
category P(Q) is an acyclic category.

Definition 1.2.11. Two diagrams D;: C1 — A and Dy: Cy — A over the
same category and a bifunctor ®: X x X — X give by composition rise to a
product diagram D1 ® Ds: Cp X Cy — X.

1.3 Nori’s diagram categories

Convention 1.3.1. We fix a base field k£ C C. Recall that a variety over
k is a reduced and separated scheme of finite type over k. We denote
the corresponding category by Vary. We also fix a noetherian ring A of
coefficients.

For a variety X and a Zariski-closed ¥ —— X we use the abbreviation
HE . (X,Y) for the singular cohomology H, (X", Y, A) of their complex
analytifications.

The main step in the construction of Nori motives is the following Tan-
nakian construction due to Nori that associates an abelian category to a
quiver representation:

Theorem 1.3.2. Let R: ) — A-Mod be a quiver representation in the
category of finitely generated A-modules, where A is a noetherian ring.

Then there exists

e a A-linear abelian category C(Q, R),

e a A-linear faithful exact forgetful functor wr: C(Q, R) — A-Mod,

e a quiver representation R: Q — C(Q, R)
which factors R = wp o R and such that the given data are universal with
respect to these properties:

Given

e another A-linear abelian category A,

e a A-linear faithful exact functor wy: A — A-Mod,

e a quiver representation R': Q — A

with R = w0 R', then there exists a A-linear functor a: C(Q, R) — A, which
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is unique up to unique isomorphism, making the resulting diagram

s A- Mod

commutative.
Proof. This is Theorem 7.1.13 of [HM16]. O

Definition 1.3.3. The category C(Q, R) of Theorem will be called
Nori’s diagram category associated to the quiver representation R : Q) —
A-Mod.

Nori’s definition of motives now arises from a specific quiver representa-
tion, that of singular cohomology:

Definition 1.3.4. The quiver of effective pairs Pairs®® over a field k C C
has as vertices the triples (X, Y, i), where X is a variety over k, Y is a closed
subvariety of X and ¢ € Z is an integer. It has two types of edges for all
integers 1:

(a) for each morphism f: X — X’ of varieties over k and closed subvarieties
Y o= X, Y <= X' with f(Y) CY' a pullback edge

(XL Y0 — (X, Y0),

(b) for each triple Z —— Y —— X of closed subvarieties of X € Vary a
boundary edge

0: (Y, Z,i) — (X,Y,i+1).
We then have a singular cohomology representation

Higing : Pairs®® — A- Mod

(X7 }/7 Z) = H;ing(Xa }/7 A)a

interpreting the pullback edges as the contravariant functoriality and the
boundary edges as the boundary maps of singular cohomology.
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Definition 1.3.5. The category MMSE (k, A) of effective Nori motives is
the diagram category C (Pairseg, Hging).

We denote the resulting quiver representation Pairs®® — MM (k. A)
by Hyori and the image of (X,Y,4) by Hi,.(X,Y) = H, (X,Y,A). The
resulting faithful exact forgetful functor will be denoted by

W = Wing: MM (k,A) — A-Mod.

Remark 1.3.6. It is important to consider k as a subfield of C, i.e. equipped
with a fixed embedding k& < C. This happens because singular cohomology
depends on this embedding, not only on k. When we talk about a field £ C C
we therefore always imply to use this embedding.

Definition 1.3.7. Let (X,Y,) € Pairs.

- We call (X,Y,i) good if

° Hsjing(X7 Y, A) =0 for all J ;é 1,
* Hsiing(X’ Y, A) is a finitely generated projective A-module.

- We call (X,Y,1i) very good if

e (X,Y,4) is good,

e X is affine

e X\Y is smooth over the base field k,

e cither X =Y as well as ¢ = dim(X) or ¢ = dim(X) = dim(Y).

This induces two smaller quivers Good®® and VGood®® of effective good
pairs and effective very good pairs, respectively. The edges are given as
before. We restrict the singular cohomology representation to those quivers,
and denote the resulting quiver representations again by Hgjpg.

Theorem 1.3.8. Let k C C be a field and let A be a noetherian ring.
Then the inclusions VGood®® C Good®® C Pairs®® induce equivalences

C(VGood®®, Hypng) = C(Good®™, Hypng) = C(Pairs®™, Hypg)
of diagram categories.

Proof. For A = 7Z this is Theorem 9.2.21 of [HM16]. The general version
follows by the same arguments, but using A-coefficients everywhere. See also
the following Remark O

Remark 1.3.9. The functor C°: DMgﬁl(k,A) — DY(MMSE (K, A)) we
construct utilizes very good pairs (cf. Remark .

With some slight modifications, our arguments re-prove Theorem [1.3.8
The most important change would be to work with non-smooth varieties in
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Chapter [d] in particular Definition This is possible due to Remark [£.7.4]
It, however, overcomplicates things, as one does not need to consider finite
correspondences, nor multivalued morphisms, at all to prove Remark
Indeed, the proof of Theorem 9.2.21 in [HM16] only considers morphisms.
Nonetheless, in Remark both arguments are found to be very close,
which comes at no surprise because our Main Strategy is based on
[HM16].

Proposition 1.3.10. Let k C C be a field and let A be a noetherian ring.

(a) Every object of MMSE L(k, A) is a subquotient of one of the form

T

@ Hﬁéri(‘Xi? Yi),

i=1
where the (X;,Y;,n;) are very good pairs.

(b) The elements H{, .(X,Y) corresponding to very good pairs (X,Y,n)
generate MMGSE (k, A) as an abelian category.

Proof. Combine Proposition 7.1.16 of [HM16] with Theorem above. [

Theorem 1.3.11. Let k C C be a field and let A be a noetherian ring.
Then the category MMSE . (k, A) carries a commutative tensor structure
for which the forgetful functor

Weing : MM (k, A) — A-Mod
is a tensor functor.

Remark 1.3.12. The tensor structure is induced by a larger, graded diagram
that carries what [HM16] calls a commutative product structure which is
reflected in a (graded) multiplicative representation:

The central idea is to add distinguished arrows mimicking the properties
of tensor categories. We refer to op. cit., sections 8.1 and 9.3 for the details. A
noteworthy subtlety is that one must sometimes extend to the path categories
of the quivers involved, see Remark 8.1.6 of [HM16].

Proof of Theorem [1.3.11. For A = Z this is Theorem 9.1.5 of [HM16]. The
given proof works for any noetherian coefficients as it relies solely on Theo-
rem 8.1.5 of op. cit., which was shown for any such ring. See also Remark 9.1.8
of op. cit. O
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1.4 Basics of relative cycles

This section explains parts of [VSF00, chapter 2], where the notions of
relative cycles, pushforward and pullback are introduced. Unlike more
classical approaches such as [Ful98], the pushforward and pullback are always
defined, not only for proper and flat morphisms, respectively. This adds some
interesting additional structures. It forces us to restrict to universally integral
relative cycles (of relative dimension 0) in the terminology of [VSF00].

We try to keep our notations close to more recent treatments such as
[Kell3| or [CD12|. In particular we will introduce the notion f® to denote
the pullback along a morphism f. It goes back to [Ivo07].

The following is taken from |[CD12]:

Definition 1.4.1. A morphism X — Y is called pseudo-dominant if each
generic point of X is mapped to one of Y.

Lemma 1.4.2. Let
X! fxsS! s

b

X%S

be a cartesian square of noetherian schemes. If f is pseudo-dominant and p
is universally open, then f xg S’ is pseudo-dominant.

Proof. This is Lemma 3.3.7 of [VSFO00, chapter 2]. O

Definition 1.4.3 (Naive cycles). Let X — S be a morphism of finite type
between noetherian schemes. A basic cycle on X|S is a point £ € X such
that the closure &, equipped with the reduced induced structure, is finite
and surjective onto an irreducible component of S, i.e. £ — S is finite and
pseudo-dominant.

The abelian monoid ¢ (X|S) of effective naive cycles is the free
abelian monoid generated by the basic cycles on X|S. The abelian group
" (X|S) of naive cycles is the free abelian group generated by the basic
cycles on X9, i.e. the group completion of c*@-ef(X|S).

Definition 1.4.4 (Support). Let X — S be a morphism of finite type
between noetherian schemes.

The support supp(a) of a cycle a € ¢*¥(X|S) is the finite union of closures
£ of all points ¢ that appear with a non-zero coefficient in a. We equip it
with the reduced induced structure, turning it into a closed subscheme of X.

Remark 1.4.5. The definition in [VSF00, chapter 2] is slightly different:
they use proper subschemes of relative dimension 0 in their Definition 3.1.3.
The following Lemma states that this is equivalent.
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Lemma 1.4.6. Let g: I' = X be a morphism of finite type between noethe-
rian schemes.

Then g is finite and pseudo-dominant if and only if it is proper and equidi-
mensional of relative dimension 0 (cf. Definition 2.1.2 of [VSFO00, chapter 2)).

Proof. Assume that g is proper and equidimensional of relative dimension 0.
Thus g is pseudo-dominant and closed, therefore its image is a finite union
of irreducible components of X. Replacing X by this finite union we may
therefore assume that g is surjective. By [EGA4-3|, Théoreme 8.11.1 we
have to show that g is quasi-finite. But the fibre over a point is a noetherian
scheme of dimension 0, thus a finite discrete union of points.

If conversely ¢ is finite, then it is proper and of constant relative dimension
0. Adding pseudo-dominance makes it equidimensional of relative dimension
0. O

Definition 1.4.7. Let X — S be a morphism of finite type between noethe-
rian schemes and let Z <—— X be a closed immersion. Also assume that the
resulting morphism f: Z — S is finite.

We can decompose Z into a cycle

cyclyg(Z) = Zmlg € "(X19),
=1

where the (; are the different generic points of Z that lie over a generic point
of S. The multiplicity m; € N is defined as the length of the ring O ,)x sz,
as a module over itself.

Remark 1.4.8. The original definition of cycly g(Z) in [VSF00, chapter 2]
used the length of Oz, instead. This is problematic as it is not functorial as
elaborated in [Kell3] or [CD12|. Over a reduced base S this change has no
effect, especially not for our applications over a normal scheme in Chapter

Definition 1.4.9 (Pushforward). Let f: X — Y be a morphism of schemes
of finite type over a noetherian scheme S.
We define the pushforward

For (X]S) > M(YS)

by sending a basic cycle £ € X to m - f(§), where m = [k(§): k(f(£))] is the
(automatically finite) degree of the induced extension of residue fields, and
then extending linearly.

Remark 1.4.10. By [MVWO06|, Lemma 1.4, the pushforward indeed pre-
serves the defining property of naive cycles.
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Definition 1.4.11 (Naive pullback). Let f: S’ — S be a morphism of
noetherian schemes and let X — S be a morphism of finite type.
We define the naive pullback

fro ™ (X]S) = (X xg 5'9)
by sending a basic cycle £ € ™ (X|9) to

cyclyy 5115 (supp(§) x5 ')
and extending linearly.

Remark 1.4.12. This is not yet the correct version of the pullback. We
will see that the naive and genuine pullbacks agree in many cases (cf. Propo-

sitions and [L.5.6)), but not always.

We now briefly explain some of the central ideas behind the definition of
relative cycles and their pullback. This is mostly based on Kelly’s elaboration
[Kell3| of the original work [VSF00, chapter 2], but we add another shortcut
on top of his.

The naive pullback of Definition [1.4.11] is not functorial, in particular
it induces the wrong multiplicities even in some moderately well-behaved
situations. This is reflected in the classical theory by Serre’s Tor formula,
which exposes the deficit between the naive and the correct multiplicity.

On the other hand, there are some cases where we expect the naive
approach to give the correct results. For example, pullbacks along flat
morphisms or of flat cycles should be the naive ones. Another example are
birational morphisms between bases, which have no effect on the generic
points and hence should leave cycles unchanged.

This leads to the following approach:

Definition 1.4.13. Let X — S be a morphism of finite type between
noetherian schemes, let £ be a field and let x: Spec(k) — S be a k-point in
S. Also let

a= Zaifi € ™(X|9)

i=1
be a naive cycle.
A good factorization of k with respect to « is a factorization

k =poi: Spec(k) SNy S
such that
e p is proper and birational, i.e. an abstract blow-up,
e the proper transforms (; x5 S’ of the supports supp((;) are flat over

S
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By our prior reasoning we expect the correct pullback k®a to be given by
naive pullbacks as i*p*« (cf. Definition |1.4.17| below). Somewhat problematic
is that good factorizations exist in general only after a finite extension:

Proposition 1.4.14 (Platification theorem). Let X — S be a morphism of
finite type between noetherian schemes. Let k: Spec(k) — S be a k-point,
where k is a field, and let o € ¢®(X|S) be a naive relative cycle.

Then there exists a finite field extension L|k such that the induced L-point
Spec(L) — S has a good factorization.

Proof. This is Theorem 2.2.17 of [Kell3|, which goes back to Théoreme 5.2.2
of [RGTI] 0

Worse, we do not know if the pullback ¢*p*« is independent of the choice
of a good factorization. This justifies the following technical definition, which
is an adaptation of the original Definition 3.1.3 of [VSFO00, chapter 2] and is
based on Definition 2.4.1 of [Kell3].

Definition 1.4.15. Let X — S be a morphism of finite type between

noetherian schemes. Then the set ¢(X|5) of relative cycles consists of those

naive relative cycles a € ¢"®(X|S) which satisfy the following property:
For every point s € S there exists a naive cycle

Qs € (X xg s|s)

which satisfies ¢* |, = i"p*« for every commutative square

Spec(k) —— &’

b

s —— S

involving a field & and a good factorization p o ¢ with respect to «.
An effective relative cycle is an effective naive cycle satisfying the above
property. We denote the corresponding set by ¢*f(X1S9).

Remark 1.4.16. Given s, a square as in Definition [1.4.15| exists by Propo-
sition Thus the naive cycle a4 is unique because the naive pullback
q* is injective.

By the nature of this definition we have already found a candidate a4 for
the pullback along the inclusion of a point. Thus, according to our self-set
guidelines, the following Definition [1.4.17] should be the correct one:

Definition 1.4.17. Let f: T'— S be a morphism of noetherian schemes
and let X — S be a morphism of finite type.

Then the pullback f®: c(X|S) — ¢(X xg T|T) is defined in three steps
as follows:
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1) If f: T = {s} < S is the inclusion of a point s € S, we let f*(a) = ay,
be the naive cycle of Definition [1.4.15]

2) If T = {t} is a single reduced point, we let i: s := f(t) < S be the
inclusion and denote the resulting morphism ¢t — s also by f. Using

the naive pullback of Definition [1.4.11{ we then set f®(a) = f*i®a.

3) In general, we zx: (p — T, k € {1,2,...,r}, be the generic points of
T. Then we define

r

ffa:= Z(f o z)%a.

k=1

Note that f®« as just defined is only a formal linear combination of points
in X xgT. One thus has to check that it is indeed an element of ¢(X xgT'|T).
Furthermore, we have to show that this gives rise to a reasonable theory of
cycles, in particular that relative cycles are preserved by pushforwards and
that the set ¢(X|S) is closed under addition. For all of this and more we
point to Section 2.4 of [Kell3] or to sections 3.3 to 3.6 of [VSFO00, chapter 2].

Under certain assumptions on the base we have simpler descriptions for
the set of relative cycles:

Proposition 1.4.18. Let X — S be a morphism of finite type between
noetherian schemes.

(a) If S is normal, then ¢(X|S) = ¢*®(X|S) ®y Z, i.e. the abelian group
c(X|S) is generated by its effective elements.

(b) If S is regular, then ¢(X|S) = c*(X]|9).

Proof. The second part is Corollary 3.4.6 of [VSF00, chapter 2].

Let now S be normal, or more generally geometrically unibranch, and
let @ € ¢(X]S). In the notations of loc. cit. we have by definition ¢(X|S) =
Cequi(X/S,0) = 2(X/S,0) N PropCyclequi(X/S,0) C Cycl(X/S,0). Thus
combining Corollary 3.4.4 of [VSF00, chapter 2] with its Proposition 3.3.14
shows that there exist a positive integer N and effective oy, € ¢ (X|S9)
with Nao = ay —a—. Therefore o+ a_ is effective, proving the first part. O

Definition 1.4.19. Let f: X — S be a finite and pseudo-dominant mor-
phism of noetherian schemes and let Y — X be a morphism of finite type.
Then every naive cycle o € ¢ (Y| X) is trivially, as a formal linear combi-
nation of points, also a naive cycle over S. We denote this linear map as

fu: (Y[X) — Pa(Y]S) and call it forgetting.

Definition 1.4.20. Let X — S be a morphism of finite type between
noetherian schemes and let i: Y < X be an immersion of a subscheme. Also
let a € ¢*¥(X|9) be a naive cycle with support supp(a) C Y.

Then we can also interpret a as a naive cycle in ¢"¥(Y|S) by using the
same linear combination of points. We denote this restriction by resy ().
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Lemma 1.4.21. If in Definition |1.4.20) we have a relative cycle o € ¢(X|S5),
then resy (o) € ¢(Y]S), i.e. its restriction to Y is a relative cycle as well.

Proof. It suffices to check that the properties of Definition [1.4.15| are pre-
served, which follows easily from Y < X being an immersion. O

Lastly, there is one more essential construction in Section 3.7 of [VSF00,
chapter 2J:

Definition 1.4.22. Let Z — Y and f: Y — X be morphisms of finite
type between noetherian schemes. Let o = > ;_, agag € ®(Y|X) be a
naive cycle and let 5 € ¢(Z]Y) be a relative cycle. Denote the inclusions
supp(ag) — Y by iy.

The correspondence map

Cor: ¢(Z|Y) @ (Y| X) — " (Z]X)

is defined by

Cor(B,a) =Y _ ay (ix Xy Z), (f o i) #if (8) € " (Z|X).
k=1

Remark 1.4.23. Let us illustrate this with a commutative diagram:
supp(ag) Xy Z ———————— supp(ay)
pI‘Z:ikXyZ ik

Y X.

The correspondence morphism gives by construction a naive cycle. That
it preserves relative cycles is much more difficult:

Proposition 1.4.24. Let Z — Y — X be morphisms of finite type between
noetherian schemes. Let o € ¢(Y|X) and € ¢(Z|Y) be relative cycles.
Then Cor(f, a) lies in ¢(Z|X), i.e. is a relative cycle.

Proof. This is [VSF00, chapter 2], Theorem 3.7.3. O

Remark 1.4.25. It is immediate from the definitions that pushforward,
pullback, forgetting, restriction and the correspondence map preserve being
effective.
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1.5 Recollection of functorialities of cycles

We offer a collection of the most important relations between relative cycles,
almost all of which are based on [VSFO00, chapter 2] and chapter 2 of [Kell3].

Proposition 1.5.1 (Functoriality of pushforward). Let S be a noetherian
scheme and let

x-toy 9,7 .5

be morphisms of finite type.
Then

(gofle=guofs
as maps c"(X|S) — c"(Z]9).

Proof. This is obvious from the definition. O

Proposition 1.5.2 (Functoriality of pullback). Let X — S be a morphism
of finite type and let

S i

be morphisms of noetherian schemes.
Then

(poq)® =q"0p”
as maps ¢(X|S) = ¢(X xgS5"|S").

Proof. This is Lemma 2.4.7 of [Kell3]. O

Proposition 1.5.3 (Compatibility between pushforward and pullback). Let

y! px g5’ X/ s’
f
I

be two cartesian squares of noetherian schemes and assume that the horizontal
morphisms are of finite type. Then we have the compatibility

f®0p*:(p><ss/)*0f®

as maps c(Y|S) = ¢(X'|9).
Proof. This is part 2 of Proposition 3.6.2 of [VSF00, chapter 2]. O
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Proposition 1.5.4 (Pseudo-dominant pullback). Let

X — 9

L

X — S5

be a cartesian square of noetherian schemes where the horizontal morphisms
are of finite type. Assume that f is pseudo-dominant. Let « € ¢(X|S) be a
relative cycle, written as o = 27{:1 a;o; for a; € Z and o € X.

Then the pullback f®(«) is equal to the naive pullback

o) = Zai cycl g (supp(ei) x5 8").
i=1

Proof. This is Proposition 2.4.6 of [Kell3|. See also Proposition 3.3.12 of
[VSF00] for a special case. O

Proposition 1.5.5. Let
XI S/

L

X —— 5

be a cartesian square of noetherian schemes where the horizontal morphisms
are of finite type. Also assume that f is pseudo-dominant and dominant.
Then the pullback f# is injective as a map ¢(X|S) — ¢(X'|9").

Proof. This follows by combining Proposition above with Lemma 2.2.12
of [Kell3]. O

Proposition 1.5.6 (Flat decomposition). Let

X — 9

L

X — S5

be a cartesian square of noetherian schemes and assume that the horizontal
morphisms are of finite type. Let Z —— X be a closed subscheme that is flat
and finite over S.

Then the decomposition cycly|q(Z) is a relative cycle and its pullback
satisfies

[P (eyelys(Z)) = f*(cyclxs(Z)) = cyclye(Z x5 5").

Proof. This is Proposition 2.5.1 of [Kell3]. O
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Proposition 1.5.7 (Compatibility between Cor and pushforward on the
right). Let

Y — X

[

Y X > S

be a cartesian square of schemes of finite type over a noetherian scheme S.
Then for all « € ¢*(X'|S) and B € ¢(Y|X) we have the equality

Cor(B, p«(a)) = (p xx Y)« Cor(p® 5, a)
in c*(Y]9).
Proof. This is Lemma 3.7.1 of [VSFO0O0, chapter 2]. O

Proposition 1.5.8 (Compatibility between Cor and pushforward on the
left). Let

Z- 1.y X S

be morphisms of schemes of finite type over a noetherian scheme S. Then
for all a € ¢™¥(X|S) and B € ¢(Z|X) we have the equality

COI'(q*ﬁ, Oé) = qx COI'(B, Oé)
in ¢(Y]S).

Proof. We may by linearity assume that « is basic. Let f: X — S denote
the given morphism and let i: supp(a) < X be the inclusion. Then, using
the functoriality of pushforward (cf. Proposition [L.5.1)) and Proposition [1.5.3]
we get

¢« Cor(B,a) =¢« (i xx Z), (f o i)#i@aﬁ =

(go (i xx 2)), (foi)4i®B =

(i xxY), (supp(@) xx q), (f o) xi®B =
(

(

ixxY), (foi)u(supp(a) xx q),i%B =
ixxY), (foi)3i%qp = Cor(g.f, a)

as required. O

Proposition 1.5.9 (Compatibility between Cor and pullback). Let

Y’ > X' > S’
| e
Y X )
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be two cartesian squares of schemes of finite type over a noetherian scheme
S. Then for all o € ¢(X|S) and € ¢(Y|X) we have the equality

€ Cor(B,a) = Cor((f x5 X)¥B, f¥a)
in c(Y'|S").
Proof. This is Proposition 3.7.3 of [VSF00]. O

Proposition 1.5.10 (Associativity of Cor). Let

A Y X > S

be morphisms of schemes of finite type over a noetherian scheme S. Then
for all o € c™¥(X|S), B € c(Y|X) and v € ¢(Z|Y) we have the equality

Cor(Cor(y, 8), a) = Cor(y, Cor (B, a))
in c*(Z|8).
Proof. This is Proposition 3.7.7 of [VSFO00]. O

1.6 Finite correspondences

Definition 1.6.1 (Finite correspondences). Let A be a ring, let S be a
noetherian scheme and let X,Y € Schg. A finite A-correspondence over S
from X to Y is an element of ¢(X xg Y|X) ®z A. We will denote them as
zigzagged arrows X ~» Y.

If A = Z we simply call it a finite correspondence over S. An effective
finite correspondence over S is a finite correspondence with non-negative
coefficients, i.e. an element of (X x5 Y|X). We also call them finite
N-correspondences.

Remark 1.6.2. Definition [1.6.1] gives an ad-hoc definition of finite corre-
spondences with coefficients in a ring A. Because it extends everything
A-linearly we will meet no problems when using the results of Sections
and [LA

This definition is, however, not the most general one: one could use
A-coefficients from the beginning. This can, depending on the base and the
ring of coefficients, lead to larger modules cp (X |S) 2 ¢(Y|X) ®z A of cycles.
We point the interested reader to [CD12|, in particular to Remark 9.1.3,
which contains a full treatise of this generality.

Most of our results will concern regular schemes X, where by Proposi-
tion [1.4.18| every basic cycle is already a relative cycle. Hence the definitions
agree in this case, identifying cy (X xg Y|X) and ¢(X xg Y|X) ®z A with
the free A-module ¢"*(X x5 Y|X) ®z A generated by the basic cycles.
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Remark 1.6.3. Let f : Y — X be a morphism in Schg, where S is a
noetherian scheme. Let a € ¢(Y|X). Then « can be interpreted as a finite
correspondence X ~» Y via the pushforward ((f,idy)s), o € ¢(X xgY|X)
along the graph (f,idy)s: Y — X xg Y.

Proposition 1.6.4. Let A be a ring and let S be a noetherian scheme. Let
I and J be finite sets. Also let X;, i € I, and Y}, j € J, in Schg be given.
Then there is a natural additive decomposition

SchCorsa | [T Xi [T 5 | =2 €D SchCorsa(X;, )
i€l jeJ @eg
J€

induced by the decomposition

(HXZ> XS HY] :H(XZ XgY;).
iel jeJ icl

jeT
Proof. The decomposition into the individual X; follows from taking the
pullback and Proposition [1.5.4, The decomposition along the Y; follows
easily from Lemma 3.6.4 of [VSFO0O0, chapter 2. O

Definition 1.6.5 (Composition of finite correspondences). Let A be a ring,
let S be a noetherian scheme and let X, Y, Z € Schg.

If a: X ~ Y and B:Y ~» Z are finite Z-correspondences, we define,
following p. 59 of [VSFO0O0, chapter 2], their composition as

Booa:= (pr§§z)* Cor ((pr})f(y)@ﬁ,a) )

which is easily seen to be a finite Z-correspondence X ~» Z. This operation
is then extended A-linearly to one of finite A-correspondences.

Remark 1.6.6. When working with smooth schemes over a regular base, the
composition reduces to Serre’s Tor formula and hence to classical intersection
theory, as demonstrated by [VSF00, chapter 2], Lemma 3.5.9.

Theorem 1.6.7 (Composition of finite correspondences is associative:). Let
S be a noetherian scheme and let W, XY, Z be schemes of finite type over S.
Let a: W~ X, B: X ~ Y and v: Y ~~ Z be finite correspondences. Then

(YoB)oa=ro(foa)

Proof. This can be found as Lemme 2.1.2 in |Ivo05] and as Proposition 9.1.7
in [CD12]. Let us elaborate the argument, which is a calculation using the
results of Section [L.5
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vo(Boa)=
privy?). Cor ((pry™ ), (privsy ")
privy 2 )iy z #)x Cor ((priyy ) (), Cor (X )98, a)) =
privz 7)« Cor ((pry X)®y, Cor ((pry *)*8,a)) =

priyy " 7 )« Cor (Cor ((pry/ ¥ )%, (pr¥ ¥)*8) ,a) =

d
)
=(
)
=(priy 2 ) (priv % 7)x Cor (Cor (i) (oY), (¥ ¥)? ) @) =
2
)
]

e

*C (( WX>®5,OC)):

= e 1e 1L IZ

privy 7)« Cor ((priyxy”)«(prik™)® Cor ((p137)%7, 8) , o) =

priyy 2 )« Cor ((pr X)® (prxy7)« Cor ((pry ¥ )®7,8) ,a) =

yopB)oa.

Iz

=

Here we suppressed forgetting (cf. Definition [1.4.19) and used the follow-

ing:

a) Definition |1.4.22] of Cor,

b) compatibility of Cor(—,—) with pushforward on the right (Proposi-

tion ,

c¢) functoriality of pushforward and pullback (Proposition and Propo-
sition ,

d) associativity of Cor(—.—) (Proposition |1.5.10)),
e) functoriality of pushforward and pullback (Propositions and ,

f) compatibility of Cor(—,—) with pushforward on the left (Proposi-

tion |1.5.8)) and with pullback (Proposition )
g) compatibility between pushforward and pullback (Proposition ,

h) Definition |1.4.22f of Cor.
O

Definition 1.6.8. Let S be a noetherian scheme and let A be a ring.

The A-linear category SchCorga = SchCor(S,A) of finite correspon-
dences over S with coeflicients in A has the same objects as Schg, i.e. schemes
that are separated and of finite type over S.

Its morphisms are the finite correspondences

SchCorg A (X,Y) = ¢(X xgY|X) ®z A
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of Definition [I.6.1I] and we continue to use zigzagged arrows X ~» Y to
denote them. Their composition is given by Definition [1.6.5

The identities idx = cycly, x| x(Ax) are obtained by decomposing the
diagonals, as is easily verified.

By Remark we also have the category SchCorgn = SchCor®®(9)
of effective finite correspondences.

Definition 1.6.9. Let S be a noetherian scheme. We define a natural
embedding [—]: Schg — SchCorg:

On objects it is the identity. A morphism f: X — Y over S is sent to its
graph I'y, understood as the finite correspondence

cyclyygyx (I'y) € (X x5 Y[X) = SchCorg(X,Y)

via Proposition [I.5.6] Functoriality is part of Proposition [I.6.10] below.
By abuse of notation we will often omit [—] and hence use f to denote
both the morphism as well as the associated finite correspondence.

Proposition 1.6.10. Let S be a noetherian scheme.
If one or both finite correspondences come from a morphism of schemes,
then composition simplifies:

(a) If «: X ~» Y is a finite correspondence in SchCorg and g: Y — Z is a
morphism in Schg, then

[gloa=(Xxs9),a

(b) If f: X =Y is a morphism in Schg and B: Y ~» Z is a finite corre-
spondence in SchCorg, then

Bolfl=r"8.

(c) If f: X =Y and g: Y — Z are morphisms in Schg, then

[g] o [fl =g fl.

Proof. The first two are part of Proposition 2.5.7 of [Kell3|. The last one is
immediate from the first part and Proposition [1.5.6 O

Proposition 1.6.11. Let S be a noetherian scheme and let f: X — Y be
a morphism between schemes of finite type over S.

(a) If f is an immersion, then [f] is a monomorphism in SchCorg.
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(b) If f is dominant and pseudo-dominant (cf. Definition , then [f] is
an epimorphism in SchCorg.

Proof. The pushforward of cycles along an immersion is injective. Hence
part @ follows from Proposition 1.6.10:@
We get part @ from Proposition |1.5.5| and Proposition |1.6.10 @ 0

1.7 The exterior product

Following the end of Section 3.7 of [VSFO00, chapter 2] we have:

Definition 1.7.1. Let S be a noetherian scheme. Let z;: Z; — S and
Zo — X be schemes of finite type over S.
We define the ezterior product of cycles over S as the linear map

C(Z1|S) &® C(ZQ|S) — C(Z1 Xg ZQ|S)

given by
a®g B = Cor(z B, a).

Lemma 1.7.2. The exterior product of cycles over S is associative and
commutative.

Remark 1.7.3. The commutativity is somewhat tricky because the definition
of Cor(—, —) is highly asymmetric. We loosely follow the argument given for
Lemme 1.4.16 of [Ivo05].

Proof of Lemma[1.7.9. Let z: X — S, y: Y — S and Z — S be schemes of
finite type over S and let a € ¢(X|S), g € ¢(Y|S) and v € ¢(Z|S). Then we
get associativity by

(@ ®s B) ®sv Cor((x x5 y)*7, Cor(z® B, a))
(Cor((z x5y)®y,2%8),0)) =
(Cor((z x5 Y)%y®v,2%6), ) =
2 Cor(x® Cor(y®y, 8),a) =

where we used:

a) Definition of the exterior product,

b) associativity of Cor (Proposition [1.5.10)),
c¢) functoriality of pullback (Proposition ,
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d) compatibility of pullback and Cor (Proposition |1.5.9)),
e) Definition of the exterior product.

Due to the injectivity of Proposition [1.5.5] it suffices, using Proposi-
tion to check the commutativity after a pullback to each of the generic
points of S. Hence it suffices to check it for S = Spec(k) the spectrum of a
field. By Proposition and the linearity of the exterior product we can
then assume that o and g are both basic, given by closed points a € X and
beY.

Using Proposition and the Definitions we see that the exterior
product is given by a ®s b = cycly, y|g(a xsb). The right hand side is
symmetric, finishing the proof. ]

Definition 1.7.4. Let S be a noetherian scheme. Let a7: X7 ~~ Y7 and
ag: Xo ~» Yy be finite correspondences between schemes of finite type over

S.

We define the tensor product of finite correspondences
—®—: SchCorg(X1,Y1)®SchCorg(X2,Y2) — SchCorg(X1 x5 Xs,Y1 xgY2)
by

® ®
)] Qag = <<P1“§1X2) 0é1> R X1X> <(p1"§§X2> a2> .

This linearly extends to finite correspondences with coefficients in a ring
A, inducing a tensor product on SchCorg s again denoted by — ® —.

Remark 1.7.5. Explicitly, we thus have

® ®
a1 ® ag = Cor ((pr§;X2Yl> a9, (pr§1X2> a1> .

Proposition 1.7.6. Let S be a noetherian scheme and let A be a ring.
The tensor product of finite A-correspondences turns SchCorg s into a
A-linear symmetric tensor category.

Proof. The A-linearity is trivial. The symmetry and associativity of — ® —
follow immediately from LemmalI.7.2] The functoriality of —® — is a lengthy
but straightforward calculation. We wish to point towards Section 9.2 of
[CD12| for a detailed proof. O

Remark 1.7.7. The embedding Schg < SchCorg of Definition is

compatible with the product structures: if f1: X7 — Y7 and fo: Xo — Yo
are morphisms over S, then [fi xg fa] = [fi] ® [f2], as is easily checked.
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1.8 Degree

Definition 1.8.1 (Degree). Let S be an irreducible noetherian scheme with
generic point n and let f: X — S be a morphism of finite type. Then clearly
c(S]9) = ¥(S|S) =Z-n = 7.

Taking the pushforward f, hence defines a degree map

deg = degxg: A(X|S) — Z.

Remark 1.8.2. Assume that S is noetherian and integral. Due to its
Definition the degree of a basic cycle « is the generic degree of the
finite surjective morphism supp(a) — S.

Conversely one can define the degree of a morphism X — S of finite
type, where S is noetherian and irreducible, as deg(cycly|g(X)). It gets
identified with the usual definition by taking the pullback S™9 — S along
the reduction.

Definition 1.8.3 (Constant degree). Let S be a noetherian scheme with
irreducible components s;: S; < S, 1 € {1,...,r}. Let f: X — S be a
scheme of finite type over S and let a € ¢"¥(X|S).

We say that o has constant degree n if each of the naive pullbacks
sfa € (X xg 5;S;) has degree n. Under these circumstances we write
deg(a) = n.

Remark 1.8.4. If a € ¢(X|S) is a not necessarily naive relative cycle, then
sio = sfba by Proposition |1.5.4. If furthermore o; is the inclusion of the
generic point of .S; into S, we thus observe that

deg(sfa) = deg(sfa) = deg(oya).

Lemma 1.8.5. Let S be a noetherian scheme and let g: Y — X be a
morphism between schemes of finite type over S. Let a € ¢"*(Y|S) be of
constant degree.

Then g.a € " (X|S) has constant degree

deg(g-r) = deg(a).

Proof. The naive pullback and the degree only depend on the behaviour over
the generic points of S, hence we may assume that S is irreducible. Now the
statement is simply the functoriality of pushforward, i.e. Proposition [1.5.1

O

Lemma 1.8.6. Let p: 8" — S be a morphism between irreducible noetherian
schemes and let X — S be a morphism of finite type. Let o € ¢(X|S).
Then

deg(p”a) = deg(a).
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Proof. We use f to denote the given morphism X — S.
Let n and i’ be the generic points of S and S’, respectively. We also use
them to denote the respective generators of ¢(S|S) and ¢(5’|S"). As

p*n = p® cyclgs(S) = cyclg s (S) =1
by Proposition [1.5.6 we get from Proposition that indeed

deg(p®a) -1 = (f x59")p%a = p® fra = p¥(deg(a) - n) = deg(a) - 7/'.
0

Lemma 1.8.7. Let p: S’ — S be a morphism of noetherian schemes and
assume that every connected component of S is irreducible. Let X — S be a
morphism of finite type and let a € ¢(X|S) be of constant degree.

Then p®« has constant degree

deg(p”a) = deg(a).

Proof. Decomposing S into connected components we may assume that S
is connected, hence by assumption irreducible. Let s;: S, —— S’ be the
inclusion of an irreducible component. Then Remark Proposition [1.5.2
and Lemma [1.8.6[ imply that

deg(sip¥a) = deg(sFp¥a) = deg((p o 5;)Pa) = deg(w)
is independent of the irreducible component S; of S’, showing the result. [J

The following is trivial from Remark

Lemma 1.8.8. Let f: X — S be a finite and surjective morphism between
irreducible noetherian schemes and let Y — X be a morphism of finite type.
Let a € ¢®(Y|X) and denote the generic degree of f by m.

Then fgpa € ™(Y|S) (cf. Definition has degree m - deg(«).

Lemma 1.8.9. Let Z — Y — X be morphisms of finite type between

noetherian schemes and assume that the connected components of X and Y

are irreducible. Let o € ¢(Y|X) and 8 € ¢(Z]Y) be both of constant degree.
Then Cor(f, «) is of constant degree

deg(Cor(8, @) = deg(f) deg(e).

Proof. By a pullback along the inclusion of a connected, i.e. irreducible,
component of X we may by Proposition assume that X is irreducible.

Note that both sides of the claimed equality are defined even if « is
only a naive cycle. Hence by linearity we may assume that « is basic. Let
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i: supp(a) <= Y be the inclusion and let f: Y — X be the given morphism.
Hence by Definition [1.4.22

Cor(B, ) = (i xy Z), (f 0 i)yi®(B).

The degree remains unchanged under (i Xy Z), by Lemma and un-

der i® by Lemma The degree of foi: supp(a) — X is by Remark
the degree of a. Hence the lemma now follows from Lemma [1.8.8 O

Due to Definition [I.7.1] we get from Lemmas and [1.8.9

Lemma 1.8.10. Let Zy, Zs be schemes of finite type over a noetherian

scheme S. Assume that the connected components of S and Z; are irreducible.

Let aq € ¢(Z1]S) and o € ¢(Z2|S) be relative cycles of constant degree.
Then their exterior product a1 ®g g € ¢(Z1 X s Z3|S) has constant degree

deg(a ®g ag) = deg(ay) deg(aw).

Definition 1.8.11. Let S be a noetherian scheme and let a: X ~~» Y be a
finite correspondence. We say that « is of constant degree if the underlying
relative cycle a € ¢(X xg Y|X) is. In this case we define its degree

deg(a) := degx gy x ()
as the degree of the underlying relative cycle.

Remark 1.8.12. We give an alternative description inspired by [BV0S|:

Let z: X — S and y: Y — S be the structure morphisms into the base
and assume that a: X ~» Y is of constant degree. Hence Proposition
shows that

deg(a) - [2] = (prx"), a=[yloa

as finite correspondences X ~~ S, which can therefore be used to calculate
or define the degree.

Lemma 1.8.13. Let S be a noetherian scheme and let X, Y and Z be
schemes of finite type over S. Assume that the connected components of Y
are irreducible. Let a: X ~Y and 3: Y ~» Z be finite correspondences of
constant degree over S.

Then o « is of constant degree

deg(8 o o) = deg() deg(a).

Proof. Let 1;: X; = X, i€ {1,2,...,r}, be the inclusions of the irreducible
components of X. By Remark and Proposition it suffices to
check the lemma for the individual v o ¢;: X; ~ Y instead of . Hence we
may assume that X is irreducible.
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If « is basic, then unravelling the definitions shows that

Boa=(jxsZ)jui®(B),

where i: supp(a) — Y is the projection to Y and j: supp(a) — X is the
projection to X. Thus the lemma can be proven by the same arguments as
Lemma [1.8.9 O

Remark 1.8.14. Remark offers a different approach, at least for
irreducible X and Y:

Denote the three structure morphism from X,Y, Z to S as z,y, z, respec-
tively. Then

deg(Boa)-[r] = [z]o Boa =deg(B) - [y] o a = deg(B) deg(a) - [x].

Lemma 1.8.15. Let S be a noetherian scheme and let a1: X1 ~ Y7 and
ag: X9 ~ Ys be finite correspondences over S of constant degree. Assume
that the connected components of X1, X9 and X xg Xo are irreducible.

Then the tensor product oy ® ag: X1 Xg X9 ~ Y7 Xg Ys is of constant
degree

deg(an ® an) = deg(a1) deg(az).

Proof. This is a simple consequence of Lemmas [1.8.7] and [1.8.10} O

1.9 Voevodsky motives

Let us elaborate and extend the definitions of Voevodsky’s geometric motives
as found in [VSFO00| chapter 5].

Definition 1.9.1. Let S be a noetherian scheme. The category SmCor(S, A)
is defined as the full subcategory of SchCor(S, A) consisting of schemes which
are smooth over S.

Definition 1.9.2. Let S be a noetherian scheme. We define the category
SmCor®(S, A) as the full subcategory of SmCor(S, A) consisting of those
schemes which are smooth and affine over S.

Definition 1.9.3. Let S be a noetherian scheme. Consider the homotopy
category K®(SmCor(S,A)), which for every smooth X — S contains the
following complexes:

e Homotopy Invariance, HI: the complex

AlxgXx =AL, —2X X,
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e Mayer-Vietoris-Nisnevich, MVN: for every Nisnevich cd-square (cf.
Definition [5.3.1))

UXXV‘—>V

by

the complex
UxxyV 2v=Pv gy %9 x

The localization
DM (S, A) := K*(SmCor(S, A))/(HI, MV)

at the thick subcategory generated by the above two types of complexes is
called Voevodsky’s effective geometric pre-motives.
Its pseudo-abelian envelope

DM (S, A)
is called Voevodsky’s effective geometric motives.

Remark 1.9.4. In the original work [VSF00, chapter 5|, S is the spectrum
of a perfect field and only open covers X = U UV were allowed for the
complexes of type MVN. As is widely known, Theorem 3.2.6 of [VSF0O,
chapter 5] and Theorem below imply that both variants produce
equivalent categories.

Definition 1.9.5. Following [CD12] in generalizing [VSF00, chapter 5], we
consider the A-linear abelian category

PreShv(SmCor(S, A))
of presheaves with A-transfers, i.e. contravariant A-linear functors
SmCor(S,A) — A-Mod

It contains the full subcategory Shvyis(SmCor (S, A)) of Nisnevich sheaves
with A-transfers: those presheaves which are sheaves in the Nisnevich topology
(see Definition when restricted to the subcategory Smg C SmCor(S, A)
via the embedding of Definition [1.6.9

We have the covariant Yoneda embedding
L = Ly: SmCor(S,A) — PreShv(SmCor(S, A)),

X +— SmCorg(—, X). The following is then easily checked:
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Lemma 1.9.6. The Yoneda embedding
L: SmCor(S,A) — PreShv(SmCor(S, A))
lands inside Shvyis(SmCor(S; A)).
Hence the Yoneda embedding extends to a functor
KL: K*(SmCor(S,A)) — K°(Shvyis(SmCor(S, A))
and by localization gives a functor
DL: K°(SmCor(S,A)) — D(Shv(SmCor(S, A))).

Definition 1.9.7. Voevodsky’s category of (unbounded) effective motivic
complezxes is the Bousfield localization

DM®E(S, A) := D(Shvyis(SmCor(S, A)))/(DL(HI))®

at the localizing subcategory generated by the images of the complexes
A}( — X of Definition under the Yoneda embedding.

By the standard properties of Bousfield localizations we can identify
DM®H(S, A) with the Al-invariant Nisnevich sheaves with transfers. We also
have the following description:

Proposition 1.9.8. Let S be regular and of finite dimension.
Then there is a natural equivalence

DMt (S, A) =D(Shvyis(SmCor(S, A)))/(DL(HI))® =
=~ D(PreShv(SmCor(S, A)))/(DL(HI), DL(MVN))®

of Bousfield localizations of derived categories of (pre)sheaves.

Proof. This follows from the expositions in [VoelOa] and [VoelOb|, as elabo-
rated in Lemme 3.3.5 of [Ivo05] for A = Z. It can also be found in [CD12]. O

Remark 1.9.9. The same arguments show that the equivalence of Proposi-
tion holds even without taking localizations at DL(HI), i.e. we have an
equivalence

D(Shvyis(SmCor(S, A))) = D(PreShv(SmCor(S, A)))/(DL(MVN))®.

Theorem 1.9.10. Let S be a scheme of finite dimension and let A be a ring.
Assume that S is regular or that A is flat over Z.
Then there exists a fully faithful embedding

in: DM (S, A) — DMT(S, A)
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such that the square

Kb(SmCor(S, A)) —2%5 D(Shv(SmCor(S, A)))

l |

DM (S, A) ——2 - DM (5, A)

commutes. It identifies DMggl(S, A) with the compact objects of DM (S, A).

Proof. For A = Z, this follows quite formally from Proposition and
standard results on Bousfield localizations, as seen found in Proposition 4.1.23
of [Ivo05]. The case where A is flat over Z then follows by applying the exact
functor — ®z A to all hom-sets.

The version where S is regular can, recalling Remark be found as
Theorem 11.1.13 in [CD12]. O

Note that if S = Spec(k) is the spectrum of a field and A = Z, then
most of Theorem [1.9.10| can already be found as Theorem 3.2.6 of [VSFOO,
chapter 5].

Remark 1.9.11. In Theorem the assumption that S is regular or
that A is flat over Z was only due to Remark and can be removed when
using the correct definitions as hinted there. We will, however, never need
Theorem in such greater generality.

Remark 1.9.12. One can repeat the definition of DMg;fl(S, A), but restrict
both the objects and relations to affine schemes. This defines an affine version
DM;ﬁ;aﬁ(S, A) of Voevodsky’s geometric motives.

We expect the obvious functor DMgﬁ;aﬂ(S, A) — DM?;(S’, A) to be an
equivalence of categories. This, however, is not as obvious as one might
expect. The difficulty lies in the functor being fully faithful, or equivalently
in the informal question whether the affine Nisnevich cd-squares induce all
the relations coming from arbitrary ones.

We hope to tackle this question in the future. Recent results by Asok,
Hoyois and Wendt (see [AHW15]) already go in this direction. A promising
strategy of proof would be to show an affine analogue of Theorem as it
is quite easy to compare Shvyis(SmCor® (S, A)) with Shvyis(SmCor(S, A)).

Such a result would significantly simplify the proofs of Chapter [7]

1.10 Tensor-localizations

Definition 1.10.1. Let A be a tensor category and let L € A. The tensor-
localization A[L(—1)] of A at L is the 2-colimit

AIL®] = 2-limg A(n),

neN
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where A(n) = A and the transition functors for m > n are
— @ L2M: A(n) — A(m).
Remark 1.10.2. Less abstractly, the objects of A[L®~!] are pairs
A(n) = (A,n) € AxZ.

One could informally interpret them as A ® L®", even for negative n, in
the sense of duals. The morphisms in A[L®~!] are described by

Hom 4ze-1)(A(m), B(n)) = lim Hom 4(A(m + k), B(n + k)).

k>—m,—n

Definition 1.10.3. Let A be a tensor category and let L € A.

We call L symmetric if the morphism L ® L. — L ® L swapping the two
tensor factors equals the identity.

If L is symmetric we extend the tensor product of A to A[L®1] by
defining A(m) ® B(n) := (A® B)(m +n) for all A,B € A and m,n € Z.

Remark 1.10.4. The condition on L may at first glance seem unnecessary.
It comes from the suggestive notion A(n), which hides the required compati-
bilities. We point the interested reader to Appendix A of [MVWO06], or to
[Tho80] for a similar problem in K-theory.

Lemma 1.10.5. Let A be an abelian tensor category and let L € A. Assume
that L is flat (cf. Definition .

Then there exists a natural equivalence
DP(A[L®™1)) = DU (A)[(L[0])* ]
of triangulated categories.
Proof. The lemma holds at the level of homotopy categories:
K (A[LETY]) = KP(A)[(L[0])*71].

It descends to the localizations at quasi-isomorphisms by the flatness of
T. O

Definition 1.10.6 (Tate/Lefschetz motives). We have the following special
objects in our categories of motives:

e Let k be a field and let A be a ring. We call
Apn(1) = {PL = Spec(k)}[~2] € DML (k, A),

with P! in degree 2, the Tate motive of DMgffn(k, A).
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e Let k£ C C be a field and let A be a noetherian ring. We call
ANOTi(_l) = H&Tori(Gm) € MMeNfE)ri(ka A)
the Lefschetz motive of MMSE . (k, A).

Remark 1.10.7. The naming conventions in Definition follow those
found in [VSFO00] and [HM16]. Usually, the Tate motive is understood to be
dual to the Lefschetz motive. In our case, singular cohomology and hence
Definition [I.3.5] are contravariant with respect to morphisms of varieties,
while DMgfn(S, A) is clearly covariant, justifying this choice.

Proposition 1.10.8. Let k be a field and let A be a ring. Then the Tate

motive Appz(1) is symmetric.

Proof. For A = Z this is Corollary 2.1.5 of [VSF00, chapter 5]. The general
case follows by a change of coefficients. O

Remark 1.10.9. The restriction to the base S = Spec(k) is not necessary
for this to hold.

Definition 1.10.10. Let k be a field and let A be a ring. The triangulated
tensor category DMgy, (k, A) of Voevodsky’s geometric motives is the tensor-
localization of DMgﬂm(k‘, A) at the Tate motive Apy(1).

Proposition 1.10.11. Let k C C be a field and let A be a noetherian ring.
Then the Lefschetz motive Anoyi(—1) is symmetric.

Proof. This can be checked after applying the faithful forgetful tensor functor
Wsing * /\/l/\/leNfgri(k,A) — A-Mod. As wsing(ANori(—1)) = A, the statement
hence reduces to the symmetry of A € A- Mod, which is clearly satisfied. [J

Lemma 1.10.12. The Tate motive Apy(1) € DMg;fn(k, A) is isomorphic to
(G, — Spec(k))[—1], where G, is placed in degree 1.

Proof. We can by Theorem [1.9.10| check this in DM(k, A). Then it reduces
to Lemme 4.1.5 of [Ivo05], whose proof works without any further change for
arbitrary coefficients. O

Definition 1.10.13. Let k C C be a field and let A be a noetherian ring.
The abelian tensor category of Nori motives MMnyoi(k, A) is the tensor-
localization of MMSE .(k, A) at the Lefschetz motive Axori(—1).

Remark 1.10.14. Because A has a tensor-inverse as a module over itself,
we find that

(A- Mod) [wsing (ANori(—1))® 71 = (A- Mod)[A® 1] = A-Mod.
Therefore wsing descends to a faithful and exact tensor functor

Wsing + ./VlMNori(k, A) — A-Mod.
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Remark 1.10.15. As witnessed by Proposition 8.2.5 of [HM16|, one can
identify MMneri(k, A) with a diagram category of an enlargement of the
quiver Pairs®? of effective pairs.

The following is a direct consequence of Proposition [1.3.10
Proposition 1.10.16. Let kK C C be a field and let A be a noetherian ring.

(a) Every object of MMnoi(k, A) is a subquotient of one of the form

T

P HE (X, Vi) (mi),
=1

where the (X;,Y;,n;) are very good pairs and the m; are integers.

(b) The elements H{ .(X,Y)(m) corresponding to integers m and very
good pairs (X,Y,n) generate MMneri(k, A) as an abelian category.

We will also need the following technical result in the proof of Theo-

rem [Z.6.T0

Lemma 1.10.17. Let k C C be a field and let A be a noetherian ring.
Let V be the class of objects in MMnqi(k, A) of the form H{ ;(X,Y)(m),
where m is an integer and (X,Y,n) is a very good pair. Let (V)PP be the
pseudo-abelian subcategory of MMnoi(k, A) generated by V.

Then the embedding (V)PP < MMyei(k, A) induces an equivalence

¢ (<V>psab,wsmg) = MMpyori(k, A)

between the resulting diagram category and Nori motives.

Proof. Proposition 8.2.5 of [HM16] shows that MMneri(k, A) is the diagram
category associated to a certain quiver with vertices the quadruples of the
form (X,Y,n)(m), where again m is an integer and (X,Y,n) is a very good
pair. The result then follows from Lemma 8.1.11 of [HM16|. We, however,
offer a proof independent from the description of MMuei(k, A) as a diagram
category, solely relying on our definition as a tensor-localisation:

We denote by V' the class of objects in MMSE (k, A) of the form
HE (X,Y) for very good pairs (X,Y,n). Then the inclusion of (Vei)psab
into MMSE . (k, A) induces an equivalence

€ (VM7 wuing ) = MM (k, A)

due to [HM16], Lemma 8.1.11. Thus the functoriality of diagram categories
(cf. Lemma 7.2.6 of [HM16]) induces a functor

Fir MM (k,A) = C ((veff>Psab,wsmg) S ((V)Psab,wsmg)
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when applied to the map VI — V, H (X,Y) — HZ .(X,Y)(0).
For m € Z we let U(—m) be the image of

ANori(—1)®™ € Y C (V)pseP
in C((V)P2P wgin.). We then define a functor
F i MMyori(k, A) = C((V)P*P wing)

as follows:
It sends an object A(—m) = A® Axori(—1)®™, where A € MMSE (k, A)
and m € Z, to F(A) ® U(—m). On a morphism f: A(—m) — B(—n) in

MMuori (k, A) = MMSE (K, A)[Anori(—1)® 71,

represented by a morphism f': A(—m — k) — B(—n — k) in MMSE (k, A)
for some k € Ny, it is defined as F(f) := F(f') @ U(k).
Conversely, we get a functor

G: € (V)7 waing ) — MMoori(k, A)

from the universal property of the diagram category on the left hand side
applied to wsing. It is now readily checked that G o F is by construction
the identity on MMnyoi(k, A). Hence G is full and essentially surjective.
Furthermore, wging and thus G are faithful, proving the lemma. O
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Chapter 2

Symmetric Tensors and
Divided Power Algebras

This chapter is to some extent a preparation for the next one as we introduce
the affine versions of what is to come in Chapter |3] This is, however, not
only to glue them later: we can often restrict to generic points as explained
in Remark hence reducing to the results of this chapter.

The main goal is to introduce symmetric tensors and Grothendieck-
Deligne norm maps. At the end we link everything to Roby’s theory of
divided powers, which offers a somewhat different approach. It simplifies
some proofs, but involves certain technicalities. Both views agree under an
assumption of flatness as witnessed by Theorem and Corollary
Because flat algebras are the focus of this chapter we will thus rarely see a
difference.

We explain methods and theorems that simplify the usage of symmetric
tensors. To achieve this we give, following Vaccarino, explicit sets of gen-
erators for our algebras and describe how they are mapped by norm maps.
This requires us to delve into linear algebra and the elementary theory of
invariants. Ultimately, this approach allows us slick proofs, rivalling the
analogous proofs for divided powers.

From an informal point of view one could say that our presentation lives
between both worlds. Symmetric tensors are easier to define, especially in
the scheme-theoretic setting, but lack the versatility found within divided
powers. This versatility comes from their relation to so-called polynomial
laws, which make them inherently better suited to deal with norm-like maps.
We have thus chosen to present an approach avoiding some technicalities,
instead using the best of both worlds, while aiming to point out all the
important relations between both sides.

Note that many statements in this chapter are already known or folklore.
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2.1 Symmetric tensors

Definition 2.1.1. Let n be a non-negative integer and let M be a module
over a ring A. The n-fold tensor product of M over A will be denoted as

(M|A)®" := M®A" .= M ®4...@4 M .

n times

The n-fold tensor product has a natural action of the symmetric group S,
by permuting the n tensor factors. The corresponding module of invariants

n\Sn
Sn(M|A) := ((M]A)*")
is called the n-th symmetric tensors of M over A.

Remark 2.1.2. In the existing literature, the symbol TS} (M) is often used
instead of S, (M|A). We prefer our notation as it seems to be the more
general, categorical one, and because it is dual to that of symmetric products

(cf. Definition [3.2.1]).

Remark 2.1.3. If B is an A-algebra, then so are (B|A)®" and S,,(B|A).

The universal property of the tensor product and the equivariance of the
Sp-action shows that (—|A)®" and S, (—|A) are endofunctors on each of the
categories A-Mod and A- Alg. Even more, the same arguments readily imply
that they are target-preserving endofunctors (—|—)®" and S,,(—|—) on the
arrow category (A- Alg)™ of Definition [1.2.1]

We will often use this functoriality in both source and target of a mor-
phism. In accordance to our conventions regarding arrow categories we denote
the morphism S, (B|A) — S, (B’|4’) induced by a commutative square

A— B

ol

A —— B

by S.(g|f). Also recall our conventions from Section regarding identities
by which we simply write S,,(g|A) if f =id4 and A" = A, and similarly use
Su(BI1).

This has a generalization to modules: a morphism f: A — A’ of rings, a
morphism g: M — M’ of A-modules and an A’-module structure on M’ such
that f(a)g(m) = g(am) for all @ € A, m € M induce a natural morphism
Sn(M|A) — S, (M'|A") of A-modules.

To gain a better understanding we aim to give an explicit yet small set
of generators for the symmetric tensors, both as a module and as an algebra.
Similar notions as below, but mostly restricted to polynomials, can be found
in [Vac05] where the name monomial multisymmetric functions is attributed
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to Dalbec. We instead use a different naming scheme to highlight both
the relations to the n-fold tensor products and the elementary symmetric
functions.

Definition 2.1.4. Let B be an algebra over a ring A and let n be a non-
negative integer.

- For every k € {1,2,...,n} the k-th formal n-tensor conjugate of b € B
over A is the pure tensor

) =) =1®..01b1®...® 1€ (BJA)®"

with b at position k£ and 1 at all other places.

- For every k € {0,1,...,n} the k-th elementary symmetric n-tensor
pr(b) :== pl(b) of b € B over A is the coefficient of 2"~ in the polyno-
mial

(w+®®":Iﬂw+w®DE(Bhwﬂﬂ@"%(mA@Wﬂ-

It is clearly an element of S,,(B|A).

- An element of (B|A)®™ is called an elementary symmetric n-tensor if
it is the k-th elementary symmetric n-tensor of some b € B for some k.
If it is clear from the context, we will omit n.

Thus if oy, is the k-th elementary symmetric polynomial we have
pr(b) = ok (t1(b), ..., tn(b)).
Example 2.1.5. In particular we have p,(b) = b®™ and
pr(0) =210 @1+10bx- - @1+...+101® - b,
Example 2.1.6. The different types of elementary symmetric 3-tensors are

p1(z) =21 1+1lzrzre1+1 1z,
pr)=rRrl+rlr+l@x® w,
p3(z) =z @@ .

Definition 2.1.7. Let n, » and w be non-negative integers.

- An n-type of length r and total weight w is a tuple a = (a1, aq,...,a;)
of non-negative integers ai, as...,a, where w => [ _ a; <n. If a is
an n-type we write [(a) to denote its length and |a| to denote its weight.
We refer to the set of all n-types as T,,.

53



- Let B be an algebra over a ring A and let a be an n-type of length r.
Let by,...,b, € B and set byg = 1 € B. We define

pa(bl,...,br) = Z bf(1)®bf(2)®®bf(n)
f:{1,2,...n}—{0,1,...,r}
#(f~1(i))=a; for all
ie{1,2,...,r}
The action of the group S, only permutes the summands, hence we
have po(b1,...,b) € Sp(B|A). We call those elements the symmetric
tensors of type a.

Let more generally M be an A-module and let mq,...,m, € M. If
the type a has the maximal possible weight |a| = n, then by does
not appear in the defining sum for p, and hence p,(my,...,m,) is a
well-defined element of S,,(M]A).

Remark 2.1.8. Let x1,29,...,2, be distinct indeterminates, take a type
a = (ay,as,...,a,) €T, and define
g® = 18~la) @ 80 @ 892 o @28 ¢ (Zlxy, ..., x,])|Z)%".
Then the symmetric tensor pg(z1,...,x,) of type a is the sum
> TS (Zr,a,...,2,]|2)
TESy -z®a

over the S,-orbit of 2. We recover the general version by plugging in
x; = b; while also applying the morphism S,,(B|Z) — S,(B|A).

Example 2.1.9. Symmetric tensors of a given type generalize elementary
symmetric tensors because p,,)(z) = pg,(7), i.e. elementary symmetric
tensors are the symmetric tensors of a type of length 1.

The archetypical non-elementary examples for n = 3 are

pany(@y) =2Ry01+l®ry+y® 1@ st
+yR2x1+1QyRr+r®@1Qy,
P (2, ,2) =2RYQ 241 Q2 y+y @ T ® 2+
TYR®zR®r+2R¥0rRY+zRy & x,
pe)(T,y) =rRrRytryrtyRre .

Remark 2.1.10. Symmetric tensors of type a satisfy an a-weighted binomial-
like theorem in the sense that

Pa(T1y oo p + VT . ) = Z umynpa:[mm](:pl, ey Ty Ty e ey X))

m-+n=a;

Here we took a : [m,n] to be the type a, but with the i-th entry a; being
replaced by the two entries m and n.
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Example 2.1.11. There are non-trivial relations between symmetric tensors.
For example set n = 3, where we observe that

rR11+10r101+191® )
(Ye1lel+1leyel+le1ley) =
(zy1@1+1rzyl1+101Qzy)+
(

p1(z)p1(y)

+FrzRyuR1+1Qzy+y®1Qz+
+yRrl1+1yer+2r01Qy) =
=p1(zy) + p11)(2,y)

and

(x®1®1+1®x®1+1®1®x)‘
(YRy1l+y1y+1Qyey) =
(rTRYRY+YRTRY+ YRy )+
+ryRye1l+1ryy+y® 1R zy+

+yRrye1+10yRzy+ry®1ly) =
=p(1,2)(®, y) + p1,1) (@Y, y)-

p1(z)p2(y)

Additionally there are the trivial ones highlighted in Remark [2.1.15

Remark 2.1.12. Tensor conjugates and (elementary) symmetric tensors
are functorial in the sense that if f: B — B’ is a morphism of A-algebras,
b,b1,....b, € A, k€ {1,2,...,n} and a is an n-type of length r, then

FEA™ (1e(0)) = e (£())

FEA (o (b)) = pr(f (D))
f®An (pa(bly--~7b7’)) pa(f<b1)7"'7f(b7’))'

Recall:

Theorem 2.1.13 (Govorov-Lazard Theorem). Let A be a ring. An A-
module is flat if and only if it can be written as a direct limit of free
A-modules, which may be chosen to be finitely generated.

Proof. This is Théoreme 1.2 of [Laz69]. See also [Gov65]. A more recent
version can e.g. be found as Theorem (4.34) in |[Lam99]. O

We now give explicit sets of generators, at least for flat modules and
algebras.

The following Theorem is well-known (see e.g. [Ive70]) and the
flatness of part @ is sketched as Proposition 1.1 of op. cit.

Theorem 2.1.14. Let A be a ring and let n be a non-negative integer.
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(a) Let M be a free A-module with basis E, which may possibly be infinite.
Then the A-module S,,(M|A) of invariants is free. An explicit basis is

eTy,|lal=
Sn(E|A) = {Pa(ela sy el(a)) | el,...,ael(a)e%l d?stinct} .

(b) Let M be a flat A-module with an arbitrary set of generators E.
Then the A-module S,,(M|A) is flat and generated by

ET'ru =
Sn(E’A) = {pa(ela Ceey el(a)) ‘ 61,...:1@(@)6'%' dgtinct}

Remark 2.1.15. In part @ of Theoremit is important to understand
Sn(EJA) as a set as some pg(e1, ..., € q)) may be equal. For example, one
has p(a1)(e1,e2) = pa1,2)(€2,€1) and pra9)(e1,e2) = p(2,2)(e2,e1). These two
equalities already demonstrate the worst that can happen:

Let a be an n-type of maximal weight n and let e € F"® . Then Si(a) acts
on both a and e by permuting the entries of the tuples. Assume now that the
entries of e are linearly independent. Then the proof of Theorem @
shows that an equality ps(e) = pu(€¢/) with a second symmetric tensor
happens if and only if /(a) = I(a) and there is a permutation o € S, such
that o(a) = a’ and o(e) = €.

Proof of Theorem|2.1.14)
(a) Set [n] ={1,2,...,n}. If f: [n] — FE is any map, we define

er=f1)®f2)®...® f(n) € (M]A)®"

It is standard that the e; for all such maps f form an A-basis of
(M|A)®". Thus an element m € (M]A)®" can be uniquely written as

> myey
f:[n]—FE

for certain my € A, all but finitely many of them being 0. The S,,-action
is then given by

Z Mf€fog—1 = Z M fogCf.

f:n]—=E f:[n]—>FE

Therefore such an element m is Sy-invariant if and only if m; = mye,
for all o € S,, and all maps f: [n] — E. Hence the different orbit sums
>_gefos, €g form an A-basis of S, (M|A). It is now sufficient to check
that those orbit sums are exactly the py(ei,...,e,) € S,(E|A).
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Indeed, if f: [n] — E is arbitrary, we let eq,...,e, be the distinct
elements in its image and take a; to be the cardinality of the preimage
f~(e;). Thus a = (ay,...,a,) € T, is an n-type of weight n. By the
definitions and Remark 2.1.8 we conclude that

paler, ... ep) = Z €g.

gefoSn

Conversely, it is easy to see that every such type a and elements
e1,...,e come from a function f: [n] — E, finishing the proof of

part @

By the Govorov-Lazard Theorem [2.1.13| we may write

M = h%ka
keD

as a direct limit of finitely generated free A-modules Mj,.

As tensor products commute with direct limits and because D is a final
subsystem of D™ via the diagonal embedding, we get

(M|A)®" = lim My, @A..@AMknghg(MﬂA)@". (2.1)
(k1,....kn)EDN keD

If G is a group acting on an A-module N, then the invariants N& are
the kernel of the morphism

N — HN
geG

= (x—0r)peq-

Direct limits are left exact, therefore we conclude that they commute
with taking G-invariants. Setting G = S, and combining this observa-
tion with isomorphism (2.1]) we have shown that

S, (M]A) = limy S,,(My|4).
keD

By part@ we find that ling, Sn(Mp|A) is a direct limit of finitely
generated free A-modules, thus by the Govorov-Lazard Theorem [2.1.13
a flat A-module. Hence S, (M|A) is flat.

Now let Ey, = {€1,...,€} be an A-basis of M. By part [(a)] the set
Sn(Fk|A) generates the A-module S, (My|A). Thus the images of all
such sets S, (Eg|A) in S,,(M|A) = lim, - Sn(Mp|A) generate the latter.
Writing the image of each ¢€; in S,,(M|A) as a finite linear combination
of elements of E and using Remark shows the claim on the
generators. O
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Remark 2.1.16. Theorem and its proof remain true for the G-
invariants (M|A)®" of a subgroup G C S, if the p, are replaced by appro-
priate orbit sums as in Remark

Remark 2.1.17. Some assumption regarding flatness is necessary as seen
in the following example from [LunO§|: the Z[z,y]-module M generated
by two elements s,t and satisfying xs = yt is not flat, and it is shown in
op. cit. that the resulting S3(M|Z][s, t]) is not generated by the elements of

Theorem 2.1.14
Theorem 2.1.18. Let A be a ring and let n be a non-negative integer.

(a) Let B be a flat A-algebra which is, as an A-module, generated by a
subset £ C B.

Then the ring S, (B|A) of invariants is generated as an A-algebra by
the elementary symmetric n-tensors (cf. Definition of thee € F.

(b) If, in addition to|(a), the integer n! is invertible in A, then it suffices to
take the first elementary symmetric tensors p1(e), e € E, to generate
Sn(B|A) as an A-algebra.

Remark 2.1.19. This theorem and its proof are closely related to [Vac05|
and [Ryd07]. There it is amongst others shown that the elementary symmetric
tensors of monomials generate S, (A[x1, ..., xp]|A). Theorem is then
deduced from this in [Vac06]. Both sources furthermore give explicit bounds
on the degree of the monomials needed and [Vac05] also has an analogue of
part for the ring of polynomials, which implies the more general version

of Theorem 2.1.18

Proof of Theorem[2.1.18 This is Proposition 3 of [Vac06]. Let us give a
direct proof:

(a) Let C' be the A-subalgebra of S,,(B|A) generated by the elementary
symmetric n-tensors pi(e) = p(x)(e) with e € E. By Theorem @
we have to check that S,(E|A) C C. For this purpose we show by
induction on the weight w = |a| that C' contains all symmetric tensors
pa(€1,---,¢€yq)), where a € T;, is an n-type and ey, ..., e, € E:

All types of weight 1 are of the form a = (0,...,0,1,0,...,0) containing
a single 1 and being 0 everywhere else. Their corresponding symmetric
tensors are the p,(e) = pi(e), e € E, which lie in C by definition.

Let now a = (ai,...,a,) € T,, be any n-type of weight |a|]. We may
assume that we have already shown that C' contains all pz(ey, ..., €s),
with €1,...,€s € E, where a € T, is an n-type of weight |a| < |a| and
arbitrary length s.
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A straightforward formal expansion of the left hand side as in Exam-

ple [2.1.11] reveals that

par(€1) - pa(€r) = Play..an) (€15 er) + D Aagpa(@). (2:2)
(a,e)

Here the Az are non-negative integers and the sum is over finitely
many pairs (a,€), where a is a type of weight |a| < |a| and € is an
[(a)-tuple whose entries are monomials in the e;.
We can express every monomial entry of € as a finite A-linear combina-
tion of some elements of E, not necessarily only the chosen eq,...,e€,.
Using Remark [2.1.10| we can then expand every pz(€) as a finite A-linear
combination of finitely many pz(¢’), where b is an n-type of the same

weight as @ and & € E/®). Therefore we know by induction that each
pz(€) belongs to C. Hence there is an element § € C such that

Plar,..ar) (€15 - s €r) = pay(€1) - ... pa,(er) — B.
Thus pq, .. a)(€1,---,€) € C as claimed.

(b) Let k € {1,2,...,n} and let e € E. Another formal expansion shows

pr(e)f =K' pre) + > Ao Pi(€) (2.3)
(k&)
for some non-negative integers A(Ea’ the sum running over finitely

many pairs (E, €), where k is an n-type of weight |E| < kand €€ B'®
consists of powers of e.

Let now a = (ay,...,a,) be an n-type of length r. As before we want
to show by induction on its weight |a| that all p,(e), e € E", are in the
A-subalgebra of S,,(B|A) generated by the p;(e’), ¢’ € E. We actually
show something slightly stronger:

By equation 1) of part |(a)| we can, setting ¢ = allfl-‘-!arl € N to be a
multinomial coefficient, write

lal'paler, . er) =c- [ [ ailpai(er) = D Naolal'pa(@).
i=1 (@)

|a!
[

Here we put X(aa ‘= A@@) * fair» Which is still an integer as la| < lal.

Hence, using the expansion of equation (2.3)), we can by induction on
la| and arguments similar to part [(&)| express |a|!pq(e1, ..., e,) using
only some p;(¢/) with ¢’ € E.

The assumed invertibility of n! and thus of |a|! finishes the proof. [

Remark 2.1.20. The example A = Fy, B = F4, n = 3 shows that the p;(b),
b € B, do not always generate the A-algebra S, (B|A). The same example
also shows that neither the p(b) nor the p3(b) do suffice on their own.
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2.2 Further functorialities between symmetric ten-
sors

We list some important properties and naturalities concerning the functor
Sn(—=|-):

Lemma 2.2.1. Let A be a ring and let M, N be A-modules. Let G be a
finite group acting on M and trivially on N. Assume that N is flat.
Then the induced G-action on M ® 4 N induces a natural isomorphism

MY @4 N = (MeaN)©

of G-invariant A-modules, induced by taking the tensor product of the
inclusion M® < M with N.

Proof. This is easy when N is finitely generated and free. The general
case follows easily from a direct limit argument using the Govorov-Lazard

Theorem [2.1.13| as in the proof of Theorem [2.1.14 @ ]

Lemma 2.2.2. Let A’ be an algebra over a ring A which is flat as an
A-module and let M be an A-module.
Then the functoriality of Remark induces a natural isomorphism

Sp(M|A) @4 A =S, (M ®4 A'|A")
of A’-modules.
Proof. We have an isomorphism
(M]A)®" @4 A =2 (M @4 A'|A")®".
Taking Sp,-invariants and using Lemma [2.2.T] shows the result. O

There is also a closely related version which shifts the assumption of
flatness towards the module:

Lemma 2.2.3. Let A’ be an algebra over a ring A and let M be a flat
A-module.
Then the functoriality of Remark [2.1.3 induces a natural isomorphism

Sp(M|A) @4 A" =S, (M ®4 A'|A")
of A’-modules.

Proof. By the Govorov-Lazard Theorem [2.1.13| and a short direct limit
argument it suffices to show this under the stronger assumption that M is
free.
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Let E be an A-basis of M. Then E®4 A" := {e®1 | e € E} is an
A’-basis of M @4 A’

The morphism S,(M|A) — S, (M ®4 A’|A’") of Remark sends
Sn(EJA) to Sp(E ®4 A’|A’). This map is bijective by Remark Hence
the lemma follows from Theorem [2.1.14][(a)] O

Lemma 2.2.4. Let M be a flat module over a ring A and let m,n be
non-negative integers.

Then the inclusion Sy, X Sy, C Sy+p of Convention[I.1.2 induces a natural
isomorphism

m(M|A) @4 S, (M]A) = ((M|A)®(m+n)>s’"xsn

of flat A-modules.

Proof. This is just a two-fold application of Lemma noting that every-
thing is flat by Theorem [2.1.14 @

n(M]A) @4 S0 (M|A) = Sy (M]A) @4 (ME47)5" =
= (S (M]A) ©4 MEA™) 5" =
(M®Am A M®An) Sn

- ( o
< (b ou) o
=~ <M®A mtn )>SmXS". O

Corollary 2.2.5. Let M be a flat module over a ring A and let r and
ni, N2, ...,N, be non-negative integers.

Then the inclusion Sp, X -+ X Sp, C Sy-r_ . of Convention induces
a natural isomorphism

r . Sn X'-'XSnT
Sny(M|A) @4 -+~ @4 S, (M|A) =2 ((M\A)@’Zi:lm) 1
of flat A-modules.

Proof. This follows inductively by the same argument as Lemma [2.2.4, [

Lemma 2.2.6. Let M be a flat module over a ring A and let m,n be
non-negative integers.

Then the morphism Sy, X S — Sy, of Convention induces a

natural isomorphism
S (Sp(M]A)|A) = (M®Amn)smxs;p

of A-modules.
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Proof. By Corollary there is a natural isomorphism
<(M®A1’L)Sn) ®am ~ <(M®An)®Am) Sa' )

Hence by Convention we get
Sm

S (Sn(M|A)|A) = <((M®A”)S”)®Am> o~

= <<(M®An)®Am)S*T>Sm =

& (M @amn)SnxST 0

Definition 2.2.7. Convention induces due to Corollary and
Lemma natural transformations of endofunctors of flat A-modules,
which restrict to flat A-algebras:

(a) For any non-negative integers nq,...,n, a natural transformation

Ony,..ny SZ::lm(_|A) == ®Snz(_‘A)
i=1

(b) For all non-negative integers m and n a natural transformation
Tmn' Smn(—|A) = Sm(—|A) o Sp(—|A).
Remark 2.2.8. Let A be a ring and M be a flat A-module. The morphism
Tmn: Sman(M|A) = Sy (M|A) @4 Sp(M|A)

is easily described at the level of elementary symmetric tensors:

Lemma identifies S, (M|A) ® 4 Sp(M]A) with an A-submodule of
(M| A)®m+7) - within which the domain and the codomain of oy, ,, reside.
At this level oy, 5, is nothing else than a simple inclusion of submodules, in
particular it is injective. Similarly we see that 7, , is injective.

Understanding both sides as elements of (M|A)®0™+") it is not difficult
to check that

Tman (0T (0) = > 05" (b) @ pi_;(b)

.
o

for all b € M.

Remark 2.2.9. There are many commutative diagrams arising from these
two natural transformations. We will explore them more thoroughly in
Section for schemes, where we list many properties of their dual versions.

The two natural transformations o, , and 7,,, are already defined at
the level of flat A-modules. Many of the respective diagrams in Section [3.3
generalize to this setting, but we will not need this.
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2.3 Norm maps

Definition 2.3.1. Let A be a ring and n a positive integer. An n-ic ring
extension of A is an A-algebra B which as an A-module is free of rank n.

Definition 2.3.2. We define a good triple (M|B|A) of rank n to consist of
a ring A, an A-algebra B and a B-module M which is a free A-module of
finite rank n.

An n-ic ring extension B|A is therefore the same as a good triple (M|B|A)
of rank n with M = B.

If Ais aring, M is a free A-module of rank n and a: M — M is an A-
endomorphism of M, usual linear algebra induces the notions of determinant
det(a) € A and characteristic polynomial x, € Alz|. They are connected
by the defining property xo(z) = det(z — a ® 4 A[z]). For our purposes the
alternating characteristic polynomial

Xo(z) = (=1)"Xa(—2) = det(z + a ® Alz])
will be more useful.

Definition 2.3.3. Let (M|B|A) be a good triple of rank n and let b € B.
Then the k-th characteristic coefficient xj(b|M) of b is the coefficient of 2%
in the alternating characteristic polynomial x3(z) of the multiplication by
b map M — M. As a special case we recover the determinant det(b|M) =
Xn (0| M).

If B = M is an n-ic ring extension of A we will simply write x(b) for
Xk (0| M).

As found in [SV96], [Fer98|, |[Ryd08b| and others, a good triple induces a
norm map:

Definition 2.3.4. Let (M|B|A) be a good triple of rank n as given by
Definition and let A"(M|A) denote the n-th exterior product of M
over A. By Proposition 1.3 of [LT07], or from a short argument using

Theorem [2.1.18 @, we get a well-defined A-linear map
Unilat Sn(B|A) @4 A"(M|A) — A™(M|A)

given by
S

S
Z(al,i Q- Qi) @ (my A Amy) — Z(al,iml A Ny imey).
i=1 i=1

Due to the tensor-hom-adjunction it therefore induces an A-linear map
Inipla: Sn(BJA) — Enda(A"(M]A)) = A

which is directly seen to be a morphism of A-algebras. We call it the
symmetrization morphism of (M|B|A).
If B = M is an n-ic ring extension of A we simply write Jp|4.
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Remark 2.3.5. Some freeness condition on M or B is essential for this
morphism to be well-defined as seen in [Lun08|, Example 7.3.

Lemma 2.3.6. Let (M|B|A) be a good triple of rank n.
Then Uy pja commutes with base change, i.e. if T' is an A-algebra then
(M ®4T|B®aT|T) is a good triple of rank n and the diagram

IniBlA

Sh(B|A) N |
| |
T

S.(B @4 T|T) VM@ A\T|BR AT|T

of A-algebras commutes.

Proof. Freeness and rank n are trivial. The morphism ¢/ g4 is induced
by the natural module structure of M®4" as a B®4"-module by taking the
Sp-invariants in the latter and then descending to the quotient A™(M|A) on
the former. Thus 1)/ g4 commutes with base change and hence the same is
true for ¥y 4 by the adjunction. O

Proposition 2.3.7. Let (M|B|A) be a good triple of rank n, let k €
{1,2,...,n} and let b € B.

Then the symmetrization of the k-th elementary symmetric n-tensor of b
is the k-th characteristic coefficient of b, i.e.

U114 (Px(b)) = xk(b|M).

Proof. If k = n we have to show that 954 (b%") = det(b|M). But this
is simply the usual way to calculate, or even define, the determinant of an
A-endomorphism of M via the exterior product.

If k is arbitrary, we apply the base-change A — A[z]: we consider the
good triple (M|[z]|B|x]|A[z]), where we wrote M|[z] for M ® 4 Alz], and use
the already considered case k = n to get

2 Panipta (s (0)a" ™ = Dnsiipioage (Z pk(b)ffn_k) -
k=0 o

®n) —

= 0 Mz Bla]| Ala] (€ + D)

= det(z + b|M[z]) = Xo(z) = > xu(b| M)z,
k=0

the first equality by Lemma [2.3.6] Comparison of coefficients yields the
result. O
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Remark 2.3.8. The proof of Proposition [2 demonstrates how properties
regarding characteristic coefficients or elementary symmetric tensors can,
using base change, often be reduced to checking them for the determinant
by the defining formulas

det(z +b) = ZXk b|M)x"

(z +b)® Zpk

In combination with Proposition [2.3.7 and Theorem [2.1.18] this allows func-
torialities to be checked at elements of type (m + b)®" which are rather easy
to work with. In the upcoming Sections [2.4] and [2.5 we will see this effect in
action.

2.4 Functorial behaviour of the norm maps
Lemma 2.4.1. Let A be a ring and let B be an A-algebra. Also let
0=-L—-M-—=N=0

be an exact sequence of B-modules L, M and N which are free A-modules
of finite ranks [, m and n, respectively.
Then m = [+ n and the diagram

J
m(B|A4) s A
‘/Ul,n
9 9
S(B|A) @4 Sy (B|A) —HEAZAINIEA L f o4

commutes.

Proof. The equality of ranks is standard.

By Theorem it suffices to check the commutativity for elementary
symmetric m-tensors p(b), b € B. Using the base change A — A[x], we can
by Remark restrict to the case k =m

We recall that py,(b) = b%™ and observe, for example from Remark
that o7, (b°™) = b ® b®™. Due to Proposition we hence have to check
that det(b|M) = det(b|L) - det(b|N). But this is just the well-known fact that
the determinant is multiplicative on short exact sequences. ]

Remark 2.4.2. Recall that the length of an A-module M is by definition
the maximal size of a strictly increasing chain of A-submodules of M. It is
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thus automatically the maximal possible length m of a composition series of
M, i.e. a strictly increasing chain

of A-submodules with simple quotients M;/M; 1.
The Jordan-Holder Theorem states that all composition series have the
same size, hence any such chain already calculates the length.

Proposition 2.4.3. Let k be field. Let A be a finite-dimensional local
k-algebra of degree d over k and length m as a module over itself. Let K
denote the residue field of A, let m: A — K be the reduction and let n be
degree of K over k.

Then d = mn and the diagram

9
Sy (Alk) Alk k
O'n,nt,:..,n
(Sn(Alk)|k)®xm
(Sn(m|k))®r™
v ®TZ
(Su(K|k)[k)&™ —E s (k| k)@m

of k-algebras commutes.

Proof. Let m be the maximal ideal of A. Then m" = (0) for some positive
integer N by Krull’s intersection theorem. Now we have a chain

0)=mVcmV1c...cmcCcA4

where each subquotient m’/m‘*! is a K = A/m-vector space. By refining it
we arrive at a chain

(0>:Am’ gAm/,1 g gAlzmgAO:A
such that each subquotient @; := A;/A;+1 is a 1-dimensional K-vector space.
In particular, the A; are ideals of A and the quotients @; are simple A-

modules. Hence this forms a composition series, so we have m’ = m by
Remark Looking at the dimensions over k we see that d = m/n = mn.
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Inductively applying Lemma [2.4.1| now shows that

19A|k = ﬁAO‘A‘k = (7‘9QO|AV€ Ok 19A1|A|k) ©O0pn(m—1) = -+ =

j—1
= <<® 19Q¢|A|k;> Ok 19AjA|k> O Opopmm(m—g) = -+ =
N——

i=0 Jj times
m—1
= ® ﬂQl\A\k O Onn,...n-
=0 M
m times

Here we used the insight of Remark that the morphisms o_ can be
interpreted as simple inclusions.

As a € A and 7(a) € K induce the same k-endomorphisms on @Q; = K
we get

m—1 m—1
19A|k = <® ﬁQiA|k> ©0nmn,..,n = <® (ﬁQl|K|k © Sn(”%))) ©0Onmn,.,n =

i=0 m times =0 m times

Klk

m times m times

= (Vg 0 S (k) ™™ 0 0, = VT 0 (Su (T K)*F™ 0 0, e
N——

O]

Proposition 2.4.4. Let B|A be an m-ic ring extension and let C|B be an
n-ic ring extension.
Then C|A is an mn-ic ring extension and the diagram

S (ClA) — "+ S, (Sn(C|A)|A)

Sm (Sn(C|)|A)
Ycia Sm (Sn(C|B)|A)
Sm(Ycy5l4)
A < e Sm(B|A)

of A-algebras commutes.

Proof. Theorem [2.1.18] allows us to check this at the elementary symmetric
tensors. By Remark and a base change A — Alz] it suffices to consider

pure tensor powers pp,(c) = ™ c e C.
Remark implies that 7, ., (c®™") = (¢#")®". Furthermore, we get
from Proposition that Yo (c®™") = detca(c) and

UB|a (9?%@@%)) = Upa (detgp(c)®™) = detp 4 (deteyp(c))
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for all c € C. Here we wrote detyg(t) to denote the determinant of the
S-linear multiplication-by-t map T"— T', where t € T. Therefore we have to
show that detg| 4 = detp|4 o deto)p as maps C' — A.

We choose a basis aq, . .., o, of the A-module B and a basis (1, ..., 8, of
the B-module C. Then the a;3; with i € {1,2,...,m} and j € {1,2,...,n}
constitute a basis of the A-module C. This choice of bases identifies B with
a subring of the non-commutative matrix ring A”™*™, C with a subring of
B™*™ and thus also C with a subring of (A">")">" = AMPXMN where the
last isomorphism corresponds to our choice for the A-basis of C'. Hence we
have reduced the claimed commutativity to Theorem 1 of [KSW99). O

Remark 2.4.5. Note that this generalizes the well-known
Nmys g = Nmp g o Nmyy g,

where M|L|K are finite field extensions and Nm denotes the respective
norms.

2.5 Multiplying cycles

We also consider multiplicative, i.e. tensor, structures in Chapter Our
approach there is more direct then the one presented in this section. Instead
one should understand this section as an alternative approach to an affine
version of Theorem [B.7.4l It is still worthwhile because it offers some
interesting insights not immediately apparent in the scheme-theoretic versions
found in Chapter

We also demonstrate how to use the formal tensor conjugates ¢} (b) in
the proof of Theorem One should think of them as conjugates in a
Galois-theoretic sense. The reader interested in the formalities behind this
should look at [BS14].

Lemma 2.5.1. Let m and n be non-negative integers. Then there exist
mn+ 1 polynomials wg = 1, w1, ..., Wmy € Zu1, ..., Un,V1,..., 0] D mMm+n
variables with the following properties:

(a) Let @ = (ai,....,any) and b= (by,...,b,) be tuples of variables. Then
the formal identity

H (t + aibj) =

i=1,....m
7j=1,..,n

= Zwk (01(@), 02(@), . .., om(@), 01(b), 02(D), . .., o (B)) ™" F
k=0
holds. Here o}, is the k-th elementary symmetric polynomial.
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(b) Let X andY be mxm and nxn matrices of indeterminates, respectively,
with alternating characteristic polynomials

det(t + X) Z i (X))t

det(t+Y) ZX Y,

Then we have the formal relation
det(t + X ®Y) =

= wi (a(X), x2(X), - xm (X0, (V) xa(Y), - xa(Y)) 7

between characteristic polynomials.

Furthermore, each of the properties a) and b) makes the wy, unique.

Proof. Using diagonal matrices, i.e. setting all off-diagonal entries to 0, shows
that part @ follows from part @
The coefficient of t™"~* in

is invariant under the actions of S,, permuting the a; and S,, permuting the
b;. Thus a twofold application of the main theorem on elementary symmetric
polynomials shows that the wj as in part @ exist and are unique. We are
thus left to show that they also satisfy the property of part @

Let K be any algebraically closed field of characteristic 0 containing all
the indeterminates occuring in X and Y. As Z embeds into K it suffices to
check the identities over K. There we can upper triangularize X and Y into
X’ and Y’, and doing so also triangularizes X ® Y into X' @ Y.

If we let aq,...,a,, and by, ...,b, be the diagonal entries of X’ and Y”,
respectively, then the diagonal entries of X’ ® Y/ are the pairwise products
a;b;j. Thus the result for X’ and Y’ follows from part @, and by reversing
the triangularizations we recover it for X and Y. O

Theorem 2.5.2. Let A and A be flat algebras over the same ring R. Let
B|A and B|A be n-ic and n-ic algebras, respectively.
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Let furthermore
§: (BJA®" = B
b1®...®bﬁ|—>ﬂbi,
=1
5:  (BJA®" > B
o obe 5
=1

be the diagonal morphisms.
Then 6™ ® 6®™ induces a natural morphism

P’ Snr (B XR §|A QR A/) — Sn(B‘A) QR Sﬁ(é‘g)
Furthermore, B Qg B is an nii-ic algebra over A ®p A and the diagram

79B®RJ§\A®RK

S, (B ©r BlA®R Z) Aop A

P U51a®rV5 1

Sn(B|A) ®r S7(B|A)
commutes.

Proof. 1t is standard that B ®p B is a free A ®p A-module of rank nii. We
use, without further mention, that if D|C and C|R are flat algebras, then
DIR is flat as well.

For the remainder of the proof it is advisable to understand nn-fold
tensor powers as ‘two-dimensional’ tensor products, corresponding by Con-
vention [.1.2] to identifications

(087 = ®nit <C®ﬁ> o

Each of 6" and 6®7 is equivariant for both S, and S5, thus the same
is true for 6% ®@p 6°™. Therefore 6%™ @ 62 restricts by Remark to
give the morphism py, .

If e1,..., e, are an A-basis of B and ey, ..., e5 are an A-basis of B, then

the e; ® €; are an A ®p A-basis of B ®pr B. Thus by Theorem [2.1.18
and Remark we only need to check that, after base change to R[z], the

diagram commutes for the elements of type (v +b® b)®" with b € B and
be B.
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We define
R eb) = (b)) = (D (beb) € (Bor BlAog A)ET

which is the pure tensor with ones everywhere, except a b ® b at position
(7,7). We then have

(@+b20)®" = ] (a: + (b ®~)) :
i=1,...,
]-7

1= n
j=Li

ceey

which is mapped by §%" ® 587 to

Set

75 (b) = (L?(g), . ,L%(g))

and recall the polynomials wy, from Lemma [2.5.1 Then the product (2.4))
can by the defining property @ be rewritten as

> (01 (@ (0)), -+, o0 (@ (b)), 01 (n (D)), - . ,aﬁ(zﬁ@))) 2"k
k=0

Application of ¥ al2] @Rlz) ¥ Bla)| Az OIS this by Proposition @
into

Sk (xa®), - xa®)x1 ), B)) " =
k=0

=det (¢ +b0b) = V0 a Ao, i (7 H0@D).

the equalities by property [(b)] of Lemma and by Proposition This
shows the claimed commutativity. O

2.6 Divided powers

There exists a close analogue to symmetric tensors, the modules and algebras
of divided powers introduced by Roby in [Rob63]. They satisfy a universal
property (cf. Proposition better tailored to the existence and behaviour
of norm maps, but at the disadvantage of having a more technical construction.
In many cases these two objects are naturally isomorphic, cf. Theorem
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We will only briefly explain the general setting and refer to [Rob63], [Rob80],
[Fer98| and [Ryd08a] for a full treatise.

Note that we will never rely on the results of this section, with the
exception of Section [3.9 which explains the scheme-theoretic analogues of
this section.

Definition 2.6.1. Let A be a ring and let M be any A-module.
Following [Rob63|, the graded A-algebra

P(MIA) = @) Ta(M14)
d=0

of divided powers with multiplication denoted by * is defined as follows:

It is the universal A-algebra generated by symbols v4(m) € T'y(M|A),
where d € Ng and m € M, satisfying the following relations for all d, e € Ny,
alla € A and all x,y € M:

* (z) =1,

o ya(am) = a®yy(m),

* vz +y) = H%Z:d%(w) * 5 (v);
o () *ve(x) = (T5) are(@).

We let v4: M — I'y(M|A) be the obvious maps.

If M is furthermore an A-algebra, then there exists by [Rob80] a second
multiplicative structure, induced by v4(x)v4(y) = va(xy), which turns each
graded summand I'y(M|A) into an A-algebra.

Remark 2.6.2. Assume that M is an A-module. As done in [Rob63], one
can check that

e there is an isomorphism I'g(M|A) = A of A-algebras,

e vi: M — T1(M]A) is an isomorphism of A-modules, which is an
isomorphism of A-algebras if M is one.

Remark 2.6.3. Informally, the element ~,4(x) satisfies the same properties
as %, assuming the latter notion to make sense. But note that this is not
entirely akin to the divided power structures associated to a ring A with
fixed ideal I because the missing relation

1)) = B )

does not even make sense.
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Remark 2.6.4. Analogous to functorialities in Remark [2.1.3|we find ['y(—|A)
to give endofunctors on the categories A-Mod and A- Alg. It again extends
to a target-preserving endofunctor on the arrow category (A- Alg)~".

This once more generalizes to modules: a morphism f: A — A’ of rings, a
morphism g: M — M’ of A-modules and an A’-module structure on M’ such

that f(a)g(m) = g(am) for all @ € A, m € M induce a natural morphism
Lg(M]A) — Tg(M'|A’) of A-modules.

Lemma 2.6.5. Let A be a ring, let B be an A-algebra and let M be an
A-module.
Then there exists a natural isomorphism

Lg(M|A) ®4 B =Tq(M ®4 B|B)
of B-modules.
Proof. This is Théoreme II1.3 of [Rob63]. O

Remark 2.6.6. Lemma [2.6.5] should be seen as an analogue of Lemma [2.2.2]
and Lemma Note that there is no assumption of flatness necessary
for the divided powers, which is the main reason why they work in a more
general context than symmetric tensors.

The following definitions are taken from [Ryd08a] and go back to [Rob63]:

Definition 2.6.7 (Polynomial laws). Let A be a ring. For any A-module
M we denote the functor A- Alg — Set, A’ +— M ®4 A’, by Fas. Note that
we are therefore forgetting the module structure on M @4 A'.

e Let M and N be A-modules. Then a polynomial law from M to N is
a natural transformation F': Fpy = Fy. We call it homogeneous
of degree d if Fy(am) = a®Fa(m) for all a € A’ € A-Alg and all
meM®@yA.

We denote the set of all polynomial laws from M to N by Poly 4 (M, N).
Its subset of homogeneous polynomial laws of degree d is Polyjﬂ(M ,N).

e Let B and C be A-algebras. A polynomial law F: Fp — F¢ is
called multiplicative if Fa(1) =1 and Fa(xy) = Far(x)Fa(y) for all
A" e A-Algand all 2,y € By A'.

We denote the set of all multiplicative polynomial laws from B to
C by mult-Poly 4(B,C). TIts subset of homogeneous multiplicative
polynomial laws of degree d is mult-Poly% (B, C).

Proposition 2.6.8. Let M and N be modules over a ring A and let d be a
non-negative integer.

73



There exists a natural bijection

Hom , = (I'4(M|A), N) & Poly% (M, N)

induced by sending a morphism f: I'y(M|A) — N of A-modules to the
polynomial law

M4 B—N®sB
m® b f(yva(m)) ®b.

In other words: the A-module T'43(M|A) represents homogeneous polyno-
mial laws Poly% (M, —) of degree d.

Proof. This is Théoreme IV.1 of [Rob63]. O

Proposition 2.6.9. Let B and C be algebras over a ring A.
Then the bijection of Proposition restricts to a natural bijection

Hom 4 a15(T'a(B|A), C) = mult-Poly% (B, C)

In other words: the A-algebra T'y(B|A) represents homogeneous multi-
plicative polynomial laws mult-Poly% (B, —) of degree d.

Proof. This can be found in [Rob80| or as Proposition 2.5.1 of [Fer9g]. [

Unlike symmetric tensors, they satisfy, in extension to Lemma [2.6.5
several natural isomorphisms without any assumptions of flatness:

Proposition 2.6.10. Let A be a ring and let M, N be A-modules.
Then we have for all non-negative integers d a natural isomorphism of
A-modules

(a)
Pu(M x N|4) = @) Ti(M]A) @4 T;(N|A)
it+j=d

as well as for all non-negative integers m,n natural morphisms of A-modules

(b)
Tt Doy (M]A) — Ty (M]A) @4 Tn(M]A).

(c)
Tt Din(M|A) = T (T (M A)| A).

If furthermore M and N are A-algebras, then the above morphisms are
such of A-algebras.
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Proof. These are, in order, Théoreme I11.4 of [Rob63], (1.2.14) of [Ryd08a]
and (7.1) of [Ryd08b|. All three follow from the universal property of
Proposition For example, the last one is induced by the polynomial

law & — Yo (0 (2)).
The versions for algebras follow analogously from Proposition O

Remark 2.6.11. Proposition gives us analogues of the natural trans-
formations oy, , and 7, , of Definition They can also be constructed
analogously to Section by using Lemma [2.6.5] instead of Lemma [2.2.2
By construction, they correspond via Proposition to the polynomial

laws & = Y () @ Yo () and z — Y (Y0 (2)).

Definition 2.6.12. Let (M|B|A) be a good triple of rank n (cf. Defini-

tion .

The determinant of A-endomorphisms of M induces a multiplicative
universal polynomial law B — A, b — det(b|M), of degree n which by
Proposition [2.6.9| gives rise to a morphism

of A-algebras.

Theorem 2.6.13. Let A be a ring, let M be an A-module and let n be a
non-negative integer.
There exists a natural morphism

Tjan' Dn(M|A) = S, (M|A)

of A-modules which is an isomorphism if M is a flat A-module or Q C A. If
M is an A-algebra, then this morphism is one of A-algebras.

Proof. To get such a morphism 7,744 it is by Proposition enough
to give a multiplicative universal polynomial law M — S;(M|A) of degree
d. Such a law is clearly given by b + b®". The claimed isomorphism is
Corollary (4.2.5) of [Ryd08a).

If M is an A-algebra, then b +— b®" is clearly multiplicative and hence
Y|4, corresponds by Proposition W to a morphism of A-algebras. [J

Corollary 2.6.14. If (M|B|A) is a good triple of rank n, then we have the
equality
Or1B1A = YM|BIA © VBlAN-

Proof. Let b € B be arbitrary. By Proposition [2.6.9] and the definition of
Or1Bja We only need to check that ¥y 4 sends b®" to det(b), which is

Proposition [2.3.7] O
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Remark 2.6.15. As announced at the beginning of this chapter, we focus
on symmetric tensors, mostly due to them being better known and less
technical to define. As we have seen, there are no relevant differences as long
as everything is flat. Let us brielfy look back to highlight the differences:

The advantage of symmetric tensors is being defined via group actions,
which adds a functoriality amiss in the divided powers, namely that of chang-
ing the group. In many prominent cases, including those of Convention [T.1.2]
this can be mimicked by Proposition

The advantage of divided powers lies, as already mentioned, in their ties
to norm maps. The results of Sections and are for example slightly
easier when using them.

In Chapter 3] we will again meet both settings, dealing with the symmetric
world first and then, as in this chapter, explaining the few differences to the
divided one. The main difference will again be that flatness is often crucial
in the symmetric case as several functorialities rely on it, but we require no
such assumption when working with divided powers.
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Chapter 3

Translating Cycles into
Multivalued Morphisms

This chapter deals with the notion of multivalued morphisms and their
relation to finite correspondences. Such a comparison is to be expected as
both sides are formalizations of the concept of a map that sends a single point
to several. This relation was originally described over a field of characteristic
0 in Section 6 of [SV96|. They did, however, not talk about composition or
other structures. We aim to go further than op. cit. and wish to fully compare
the natural structures on both sides: additivity, decomposition, pushforward,
pullback, correspondence map, composition, exterior product and tensor
structure. This extends the results of [Ayol4b|, Appendix A, where additivity
and functoriality over a field of characteristic 0 were considered.

Let us describe now describe some central ideas:

An unordered n-tuple of elements of a set X can be defined as an element
of the quotient X™/S,, i.e. orbits of n-tuples from X" under the permuting
action of the symmetric group 5,. Note that this allows the same element
to occur multiple times and hence encompasses multiplicities.

On varieties, or more generally, schemes, this is suggestive: if this quotient
exists, then the symmetric product S"(X) := X™/S,, (cf. Definition [3.2.1]),
where the symmetric group S, permutes the factors, is a natural candidate
for what we want. There are some pitfalls, though: this quotient might not
exist, or, more precisely, only as an algebraic space. Furthermore, it might
not always satisfy the properties we want.

In particular, we will see that for schemes X,Y € Schg a natural iso-
morphism (X xgY™)/S, = X x (Y™/S,) is desirable, which in general only
exists if X is flat over S. Additionally, flatness is not always preserved by
group quotients. A solution comes from Theorem which implies that
flatness is nonetheless preserved by symmetric products, despite this being
false for arbitrary group quotients.

We then carry on to the main objective of this chapter: interpreting
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finite correspondences as multivalued morphisms and how this effects the
aforementioned additional structures on both sides. As an immediate con-
sequence we show that smooth commutative group schemes over a normal
base admit transfers, generalizing a result of Spiess and Szamuely.

Remark 3.0.1. Our results, but not the proofs, can also be extracted
from those of Rydh in |[Ryd08b] and [Ryd08d]. Indeed, he works in a
direction opposite to ours, mapping multivalued morphisms to cycles, and
ultimately reaches similar conclusions. He also shows most of the desired
compatibilities, but in a slightly different language: that of divided powers.
Similar to Chapter 2, we will therefore link everything to Rydh’s work on
divided powers in Section and briefly explain how his results interact
with ours. In particular, we explain where his statements generalize those of
this chapter.

3.1 Quotients by actions of finite groups

We briefly replicate some standard facts about quotients by finite group
actions in preparation of the next Section We have no use for the more
general notions and constructions regarding algebraic group schemes, hence
we stay close to [SGA1], Exposé V, and omit them. We will, however, deal
with algebraic spaces.

Definition 3.1.1. Let C be a category and let X be an object of C. A
(discrete) action of a group G on X is a group homomorphism G' — Aut¢(X)
into the automorphisms of X. We call it an action on X|S, where S is some
object of C under X, if this group homomorphism maps to the subgroup
Aute(X|S) of S-automorphisms, i.e. those preserving the given structure
morphism X — S.

By abuse of notation we will often identify o € G with its image in
Aute(X ) .

Let now f: X — Y be a morphism in C and let the group G act on X
and Y. We say that f is G-equivariant if c o f = f oo for all 0 € G.

Definition 3.1.2. Let C be a category and let X be an object of C. Let G
be a group acting on X.

A (categorical) quotient with respect to this action is an object X/G of
C and a morphism 7 = 7x ¢: X — X/G invariant under the action of G,
satisfying the following universal property: every morphism f: X — Y in C
invariant under the action of G on X factors uniquely through .

Remark 3.1.3. By standard abstract nonsense, the universal property
immediately implies uniqueness of the quotient up to unique isomorphism.
Existence, on the other side, is not guaranteed. Our cases of interest lie within
schemes X, where such quotients might indeed not exist as e.g. demonstrated
by Hironaka’s example. We therefore extend our scope to algebraic spaces:
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Proposition 3.1.4. Let X — S be a separated morphism of algebraic spaces
and let G be a finite group acting on X|S.

Then the categorical quotient m: X — X /G exists as an algebraic space.
It is a topological and geometric quotient, i.e.:

(a) The fibres of m correspond to the G-orbits on X.

(b) The topology of X/G is the quotient topology induced by .
(c) = is a finite surjective morphism.

(d) 7 induces an isomorphism Ox ¢ = (m.0x)C.

(e) If V —— X /G is an open immersion, then 7 restricts to an isomorphism
1 (V)/Gx2V.

Proof. This is Theorem 5.4 of [Ryd13], which goes back to Deligne. O

Remark 3.1.5. In particular, if X = Spec(A) is affine, then the quotient by a
finite group G exists as a scheme. Indeed, it is then given as X/G = Spec(A%)
by Proposition [(d)] as could also be verified directly.

Definition 3.1.6. The action of a finite group G on a scheme X is called
admissible if the G-orbit of every point of X is contained in an open affine
subset of X.

In [SGA1], Exposé V, Définition 1.7, admissibility is defined differently,
but is equivalent to ours thanks to loc. cit. Proposition 1.8. This shows that
quotients by admissible group actions behave well:

Proposition 3.1.7. Let X be a scheme with an admissible action by a finite
group G. Then the quotient w: X — X /G exists as a scheme.

Remark 3.1.8. Remark 4.5 of [Ryd13| shows a converse of Proposition
if X — S is a separated morphism of schemes and G is a finite group acting
on X|S such that the quotient X/G exists as a scheme, then the action is
admissible.

Proposition 3.1.9. Let X and Y be algebraic spaces separated over an
algebraic space S. Assume that Y is flat over S. Let G be a finite group
acting on X|S.

Then the induced action of G on X xgY'|Y induces a natural isomorphism

(X x5 Y)/G = (X/G) x5 Y

of algebraic spaces. If the algebraic spaces are schemes and the action of
G on X is admissible, then so is its induced action on X xXg Y and the
isomorphism is one of schemes.
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Proof. The existence of a morphism (X xgY)/G — (X/G)xgY is immediate
from the universal properties. The scheme-theoretic case is [SGA1], V,
Proposition 1.9. The general case follows from this by étale descent. We omit
the details and point instead to [Ryd13], Proposition 2.10 in particular. [J

The following observation follows directly from the definitions and the
universal property of group quotients:

Lemma 3.1.10. Let H — G be a morphism of finite groups. Let X — Y
be a G-equivariant morphism of algebraic spaces separated over an algebraic
space S.
Then the induced action of H on X and Y induces a natural commutative
diagram
X/H —— X/G

| |

Y/H — Y/G.

Let us offer a property that ensures admissibility while also having good
permanence properties.

Definition 3.1.11. Let f: X — S be a morphism of schemes.

We call X (weakly) AF over S, or say that the morphism f is (weakly)
AF, if every finite set of points z1,xs,...,z, € X over the same point s € §
is contained in an open subscheme U e X which is affine over S.

We will generally omit ‘weakly’, but refer to Remark for its
relevance and a strong version.

AF morphisms satisfy several useful properties as pointed out in Re-
marks 3.1.3 and 3.1.4 of [Ryd08c|. Most importantly we have:

Lemma 3.1.12. We have the following permanence properties of AF mor-
phisms:

(a) Every AF morphism is separated.

(b) If X — S is an AF morphism and I' C X is a closed subscheme, then
I' - Sis AF.

(¢c) Let X — S be a separated morphism of schemes and let Y, Y' be
schemes over X that are AF over S. Then Y xx Y’ is AF over S.

(d) Let f: Y — X and g: X — S be morphisms of schemes. If go f is AF
and g Is separated, then f is AF.

(e) Let f: X — S be an AF morphism of schemes. If G is a finite group
acting on X |S, then this action on X is admissible. The quotient X/G,
which therefore exists as a scheme by Proposition (3.1.7], is furthermore
AF over S.
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Proof.

(a)

Let X — Sbe AF, let z € X xg X and let x1,x2 € X be its projections
to the factors. We have to show that the diagonal Ax in X xg X is
closed. By assumption we find an open subscheme U <~ X which is
affine over S and contains x1, 9. Thus z lies in the open subscheme
U xg U whose diagonal Ay = (U xg U) N AX is closed. The result
now follows by varying x over X xg X.

This follows directly from closed immersions being affine.

The natural morphism ¥V xx Y’ — Y xg Y’ is a closed immersion
because it is the pullback of the closed immersion A : X — X xg X
along Y xg Y’ — X xg X. Thus by the previous part we may assume
that X = S.

If the points z1, 22,...,2, € Y xg Y lie over the same point s € S we
let y; and y be their projections to Y and Y”, respectively. Then we
find open subschemes U <s+ Y and U’ <=+ Y’ which are affine over S
and contain the respective points y; and y;. Then U xg U’ is an open
neighbourhood of each z;. It is affine over S as fibre product of affine
schemes over S.

Let y1,y2, - .., yr be over the same point = € X, thus especially over the
same point g(x) € S. Then by g o f being AF we find an open V C Y
affine over S and containing each y;. Hence V is affine over X by
Proposition 12.3 (3) of [GW10]. Alternatively, this follows easily from
the previous part by considering the closed immersion ¥ - Y xx Y.

Every orbit of the action of G is finite and lies over a single point s € S.
Because X is AF over S we find an open subscheme U —— X affine over
S and containing the orbit. Choosing an affine open neighbourhood
of s and taking its preimage in U shows that every orbit is contained
in an affine open subscheme, i.e. the G-action is admissible. Thus the
quotient X/G exists by Proposition

Now let @ be any finite set of points in X/G over the same point
s € S. Then, because 7: X — X/G is finite by Proposition
its preimage P = 7~ 1(Q) in X is finite. Trivially, all of P lies above
s, thus by X being AF over S we find an open U C X affine over
S and containing P. We may replace U by ) e gU. Indeed, it is
open, contains P and is affine over S, where the last part can be shown
similarly to Lemma Thus we may assume U to be G-invariant.

We claim that the image 7(U) is the desired open subscheme of X/G. It
is open by Proposition and, as a scheme, isomorphic to U/G by
Proposition It also clearly contains Q. If S” <e— S is an open
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affine subscheme, we let V = f~1(S')NU be its preimage in U, which by
assumption is affine, say V' = Spec(A). Then by Proposition @
the corresponding open subscheme 7(V) = V/G = Spec(A%) of X/G
is affine as well, as required. ]

Remark 3.1.13. There also exists a more widespread version of AF, clearly
implying the weak one: a morphism X — S of schemes is (strongly) AF if
every finite set of points x1,...,x, € X, not necessarily over the same point
of S, is contained in an open subscheme affine over S.

After minor changes the proof of Lemma [3.1.12] works for strongly AF
morphisms. Furthermore it can be shown that if f: X - Y andg: Y - Z
are morphisms such that g is strongly AF, then g o f is weakly (respectively
strongly) AF if and only if ¢ is weakly (respectively strongly) AF.

Finally, quasi-projective morphisms X — S are strongly and hence weakly
AF| as can be seen using an easy hyperplane argument. We omit the details
as we will not need this property. If the base S is noetherian, then the
quotient X/G by an action of a finite group G on X/S is quasi-projective
again, see [Ryd08c|, Remark 2.3.3.

3.2 Symmetric products

This and the next section are primarily a scheme-theoretic version of Chap-
ter 2t we introduce symmetric products and their basic properties.

Definition 3.2.1. Let Y — X be a morphism of algebraic spaces and let
n be a non-negative integer. We have a natural action of the symmetric
group S, on the n-fold fibre product (YV|X)*" :=Y xx Y xx --- xx Y by
permuting the n factors.

We then define the symmetric product

SP(Y|X) == (Y|X)*"/Sh,

which by Proposition [3.1.4] exists as an algebraic space,
We will simply write S™(Y) if the base X is clear from the context.

Note that this definition makes sense if n = 0, as then Sy is the trivial
group and X = (Y]|X)? = S°(Y|X). If the schemes are affine, or if more
generally the morphism Y — X is affine, then the symmetric products are

according to Proposition [(d)] given by
n\Sn
$"(Y]X) 2 Spec ( (O |0x)®")™ ) = Spec (S, (O Ox))

Example 3.2.2. The fundamental theorem of symmetric polynomials states
that S"(AL]S) = A%. Consequently we also find S™(P§|S) = PZ.
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Lemma 3.2.3. Let n be a non-negative integer. Let X — S be a flat and
separated morphism of algebraic spaces.
Then S™(X|S) is flat over S.

Proof. This can be checked locally, where it amounts to Theorem [2.1.14 @
O

Lemma 3.2.4. Let n be a non-negative integer. Let X — S be a separated
morphism of schemes and let Y be a scheme over X which is AF over S.

Then the symmetric product S"(Y'|X) exists as a scheme and is further-
more AF over S.

Proof. By Lemma [3.1.12)[(c)[ we find (Y'|X)™ to be AF over S. Therefore by
Lemma [3.1.12][(e)] the quotient S"(Y|X) exists and is AF over S. O

As an exemplary consequence we see that S™(S™(X|S")|S) exists as a
scheme for any chain of morphisms X — S’ — S such that S’ is separated
over S and X is AF over S.

Remark 3.2.5. Let S be a scheme. Then the n-fold fibre product (Y'|X) —
(Y|X)™, the latter seen as a scheme over X, defines base-preserving endo-
functors (—|—)" on Schg’, %; and AlgSpg . The endofunctor on the
latter also exists when .S is only an algebraic space.

The universal properties of group quotients as well as Lemma then
readily imply that S™(—|—) gives base-preserving endofunctors on (Schif)=,
Sch;’AF and AlgSp~*°P. They restrict by Lemma to the subcategories
of flat morphisms.

To avoid confusion we will often make the base explicit, for example as
S*MY|X)|X.

3.3 Functorialities of symmetric products

This section is dedicated to three natural transformations 7", ¢"" and
p"™" as well as their properties and compatibilities. We will see in Sections 3.5
to that they correspond on cycles to composition, addition and the tensor
product.

Remark 3.3.1. Over a field, most of the contents of this section, with
the exception of the existence and the properties of the morphisms p""
corresponding to the tensor structure, were stated without explicit proofs
in Appendix A of [Ayol4b|. There, a different setting was used: that of
a category closed under finite products and coproducts satisfying a formal
analogue of the decomposition into connected components and admitting
all quotients by actions of finite groups. Furthermore, the quotients were
assumed to satisfy (X xY)/G = X x (Y/G) for all finite groups G acting
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on an object Y. The latter, however, is not automatically true for arbitrary
schemes, as it requires flatness, which in return is not preserved by finite
group quotients over general bases. Our proofs will work with minor changes
in Ayoub’s setting as well. See also Remark below for additional
details.

Lemma 3.3.2. Let non-negative integers m, n, v and n1, ...n, be given and
let N =377, n;. Recall that Conventionidentiﬁed [m] x [n] with [mn]
and thereby induced a morphism from the semi-direct product Sy, x S to
Smn. It also identified the product H§:1 Sp,; with a subgroup of Sy, 4. 4n,-

Furthermore let S be an algebraic space and let X and X1i,..., X, be
algebraic spaces which are flat and separated over S. Then the identifications
of Convention [1.1.2 induce natural isomorphisms

(a)
HS”i(Xi\S) = (H(Xi|5)”i> / <H5n> ;

i=1

(b)
S™(S™(X[9)]5) = (X]5)™ / (Sm = Sp") -

Proof. We will refrain from repeatedly writing down the base S over which
all symmetric products and fibre products are to be understood.

Let G be a subgroup of Sy acting on X/S. Each S™(X;|S) is flat over S
by Lemma [3.2.3] Thus, using Proposition [3.1.9| and the universal properties,
we get natural isomorphisms

(X/G) x S"(X,) = (X x (X" /Sy,,)) /G =
> (X X XJ7)/Sp,) /G = (X x X™) /(G x Sp,).

Therefore @ follows by induction on 7.
Now @ follows from @ via

S™(S"(X)) = ((X™) /Sn)™ /S =

= (X)) /S3) [ Sm = X[ (S < 537

where the last equality is the identification of Convention [1.1.2
The functoriality is immediate from that of S"(—|—) and fibre products.
O

Proposition 3.3.3. Let X — S’ — S be separated morphisms of algebraic
spaces. Assume that X — S is flat. Furthermore let non-negative integers
m and n be given. We identify [m] x [n] with [mn] as in Convention [1.1.3
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Then there exists a unique morphism
7™ S™(S™M(X|S)|S) — S™(X|S)
of algebraic spaces over S such that the diagram
((X]57)"18)™ —— (X]9)"[5)™

l glConv.
™ ((X]5")"5) (xjs)™

| }

S™(S™(X|S)|S) — §""(X|S)

commutes.
It induces a natural transformation, i.e. if

X s’ S
|
Y T y T

is a commutative diagram of algebraic spaces with the above conditions on
each row, then the diagram

S™(S™(X]9)]S) T8 §m (X | S)

l |

S™(S™(Y|T")|T) === S™(Y|T)
commutes.

Proof. The functorialities of S™(—|—) and S™(—|—) give a natural morphism
S™(S™(X]S8")]S) — S™(S™(X]S)|S), allowing us to assume S = S’

We identify S,,, x S, with a subgroup of S, as in Convention E Then
the existence follows directly from Lemma |3.3.2) “@ and Lemma m The
uniqueness, and therefore the naturality, follow from the universal property
of quotients by a group action. O

Proposition 3.3.4. Let non-negative integers r and ny,ns,...,n, be given
and set N = >, n;. Let X1,Xo,...,X, be algebraic spaces which are
flat and separated over an algebraic space S. Denote the inclusions X; —

H;:l X j by Ly
Then there exists a unique morphism

o) HS”’X|S)—>SN HX|S

7j=1
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of algebraic spaces over S such that the diagram

n; N
r

[Texsy B2 T H1 X;|S Conv. 112 H1 X;8
J= J=

i=1 i=1 B
T

[]s™xi9) o) SNV ]_[ X;|8

i=1 j=1

commutes.
It induces a natural transformation, i.e. if we are given commutative
diagrams
X —— S
Y, —— T

of algebraic spaces for all i € {1,2,...,r}, satisfying the above conditions on
each row, then the diagram

ﬁS”i(Xi|S) o, gN ﬁXj|S

i=1 j=1

| !

T T
[Ism i) =% sV [ [[viIr
i=1 j=1

commutes.

Proof. We identify [[;_, S,, with a subgroup of Sy as in Convention @
Then the existence follows directly from Lemma @ and Lemma @
The uniqueness, and therefore the naturality, follow from the universal
property of quotients by a group action. O

Proposition 3.3.5. Let S be an algebraic space. Let X,Y and X;, 1 € I,
be algebraic spaces which are separated and flat over S. Let k, m and n be
non-negative integers. Denote the inclusions of X and Y into their disjoint
union X UY by x and y, respectively.

Then the composition

o™ o (S™(x|5),S"(y[9))s :
S™(X|S) x5 SM(Y]S) = S™(X UY|S) xg S*(X UY|S) — ™ (X UY]|S)
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is an open and closed immersion.
Furthermore, it induces a natural decomposition

sk <HXZ-|S> =~ I ] s*xils).
el (di)e(No)" €]
ier di= i#0
Proof. For j = (j1,...,jx) € I* we set X =Xj, X5 x5 Xj,.
We hence get a decomposition
k

[Ixis] =TT 11 1%

Jjel jerk s€lk /Sy jEs

into Sk-orbits Z; = HjES Xj, s € I¥/S.. Then the universal property of
group quotients implies

SSITIxsls | = I (Zs/Sw).

Jjel Selk/sk

We now fix an s € I¥/S;. For i € I and an arbitrary j € s we let
d; = #{m € [k] | jm = i} be the number of occurrences of i in j. Note
that it does not depend on the choice of j, but only on s and i. Also set
I, :={iel]|d;#0}.

Thus it suffices to check that ¢(%) induces an isomorphism

11 8%(xils) = 2,/Sk.
i€l

To see this, we let H = [[;;,
Hence we have to show that

[1s%xils) = (H Xf”‘) /H.

1€l i€l

which follows inductively from Lemma [(2)] O

Sq,;, which we identify with the stabilizer of j.

Remark 3.3.6. Note that Proposition [3.3.5| can alternatively be used to
define ¢™™ as the inclusion of the component S™(X|S) xg S™(X|S) into
S™H(X U X|S), followed by the morphism S™™"(X U X|S) — S™*(X|9).

Proposition 3.3.7. Let non-negative integers r and nq,ns,...,n, be given.
Set N = H’;:l n; and let m; be the integers such that m;n; = N. Let
X1, Xa,..., X, be algebraic spaces which are flat and separated over an

algebraic space S. Let
At (X] )™ = (Xl $)™1S)™ = (X;]9)N
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be the m;-fold diagonal morphism, where the isomorphism comes from
Convention [.T.2.

Then there exists a unique morphism
T s
pi): TTS™(Xi18) — SN (H X,-ys)
i=1 i=1
of schemes over S such that the diagram

r , _ r N r N
[Texsy =20 TLoas)y —=— <H<Xi|s>>

i=1 =1

ﬁ S (X,]9) Ll SN (H XZ»\S>
i=1 i=1

commutes.

It induces a natural transformation, i.e. if we are given commutative
diagrams

Y, ——

for all i € {1,2,...,r}, with the above conditions on each row, then the
diagram

T (n) T

[[s™(xils) = sV (H XAS)

i=1 i=1

T (ny) T

[Is" i) = sV (H YAT)

i=1 i=1
commutes.

Proof. Convention fixes a morphism G := [[i_; Sy, — Sn. Welet G act
on (X;|S)™ via its projection to S,, and note that the diagonal morphisms
A; are G-equivariant. This induces a G-equivariant morphism

r T N
[1xr - (H Xi\s> :
=1 =1
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Combining it with Lemma [(2)] and Lemma [3.1.10] we thus get a

natural morphism

r

r r N r
[Is™xils) = (H(XZ-|S)”1'> /G — (H XAS) /G — SN (H X,-]S)
=1 =1

i=1 =1

as desired. Uniqueness and naturality follow from the universal property of
quotients by a group action. O

Lemma 3.3.8. The S be a scheme and let X,Y be flat over S. Then for
all non-negative integers m,n we have a commutative diagram

S™ (X xg SM(Y]9)[S) «——— 8™ (S™(X x5 Y|X)|S)

I

S™ (X x4 S™(Y|S)|S"(Y]S)) o
S™(X|S) x5 SM(Y]S) — " §(X x4 YS)

induced by the functorialities of symmetric products, where the isomorphisms
are those of Lemma

Proof. All occurring objects are flat by Lemma In particular, all the
(iso)morphisms are defined.

Due to the defining properties of 77" and p™", the commutativity of
the lemma reduces to that of the diagram

o

(X x5 (Y]9)"S)" +——— ((X xg Y[X)"S)™

|

(X x5 (Y]9)"[(Y]8)")™ Conv.

E

(X|S)™ x5 (Y]S)" L BIZ (¢ g v]5)™n,
which is trivial. |

Proposition 3.3.9 (Compatibilities of 7", ¢""™ and p™™). Let S be an
algebraic space and let k,l, m,n be non-negative integers. Let X, Y and Z
be algebraic spaces which are flat and separated over S. We now omit the
base S in the sense that we use x for xg and S"(X) for S"(X|S5).

The morphisms ™", 7" and p"™" defined by Propositions
and satisfy, in addition to the naturalities stated in the aforementioned
propositions, also the following compatibilities, whose names will become

clear by Theorem |3.4.11}
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Commutativity of addition:

S™(X) x SM(X) — Ty gmitn(x)

lswap
m

S™(X) x S™(X) — T (X))

Associativity of addition:

SE(X)xagmn

SF(X) x S™(X) x S™(X) SF(X) x S™(X)

lok’mxS"(X) J/o.k,m+n

SHHm(X) x S™(X) ot gktmin(x)
Associativity of composition
k T
SH(S™(8"(X))) i  SH(s™(X)
‘/Tk,m ‘/Tk,mn
Skm(sn (X)) rhm.n Skmn(X)

Left distributivity of addition and composition:

n,k

S™(SF(X)) x S™(SF(X)) — X7 » SFm(X) x $F7(X)

‘/O’m’n Jro,km,kn

S (S (X)) T SO ()

Right distributivity of addition and composition:

(rhmos* (pr!)) ¢

S*(S™(X) x S™(X)) oS o) » S (X)) x SF(X)

‘/am,n Jrsk(o.km,kn)

SH(S™H (X)) s Sk ) ()
Symmetry of multiplication:
S™(X) x SP(Y) — 2 gmr(X x V)
lswap Jsmn(swap)

pn,m

S"(Y) x S™M(X) ——— S"™(Y x X)
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e Associativity of multiplication:

Sk(X) X pm™

SF(X) x S™(Y) x S™(Z) » SE(X) x S™(Y x Z)
‘/pk’mxsn(Z) J/pk,mn
km n prmon kmn
S"MX xY) x S"(2) » SYMNX XY x Z)

e Distributivity of addition and multiplication:

A(S*(X)) (S*(X) x S™(Y))x
X (SF(X) x S™(Y))

SF(X) x (S™(Y) x S™(Y))

Sk(X)XO'm’n pk,mxpk,n
S*(X) x ™ (Y) SF™(X x V) x SF(X x Y)

pk,m+n gkm,kn
Sk(m+n) (X % Y) Sk(m+n) (X > Y)

e Functoriality of multiplication:

k(ql m/Qn TRl xrmn kl mn
S*(S(X)) x S™(S™(Y)) » SY(X) x S™(Y)
pk,m
Skm(Sl(X) % Sn(y)) pkl,mn
Skm(pl,n)
- 7_Icm,ln )

Skm(SI"(X x Y)) » SKmn (X % V).

Proof. This can be checked in a tedious but straightforward way similar to
the proof of Lemma [3.3.8} all properties correspond via the inclusions of
Convention by the definition of 77", ¢"™" and p"™" to commuting
diagrams of fibre products. O

Remark 3.3.10. Let C be a category that admits finite coproducts as well
as finite products. Furthermore assume that it admits quotients by actions
of finite groups and which satisfy (X x Y)/G = X x (Y/G) for all X, Y € C
and finite groups G acting on Y.

Then the proofs of this section work mutatis mutandis for the objects
S™(X) := X"/ S,. We recover our more specific setting by letting C be the
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category of separated algebraic spaces flat over a base S, but have to be
careful: only the symmetric products, not quotients in general, preserve
the flatness that guarantees the isomorphism (X x Y)/G = X x (Y/G) of
Lemma [3.2.3] This, however, was sufficient for our arguments. Alternatively,
one could by Lemmas and [3:2.4] use the category of separated schemes
which are flat and AF over a separated scheme S.

3.4 Multivalued morphisms

This section is based on Appendix 1 of [Ayol4db], but see Section 10 of
[RydO8b| for a closely related yet different approach.

The following formalizes the idea of a map X —o Y that associates to
every x € X a finite set of elements of Y:

Definition 3.4.1. Let S be scheme and let X, Y be schemes over S. An
effective multivalued morphism X —o Y over S is a morphism

X = [[s%v19)
d=0

of schemes over S. We call it homogeneous of degree d if it is simply a
morphism X — S4(Y'|S).

We denote the set of all effective multivalued morphisms X — Y by
Multigh (X, V).

Remark 3.4.2. Note that we assumed the basic objects to be schemes,
yet the resulting symmetric products S¢(Y|S) might only exist as algebraic
spaces. One could without any other change define Multi%lcf for algebraic
spaces which are flat and separated over an algebraic space S. We will further
explore such generalities in Section [3.9

Definition 3.4.3 (Addition of multivalued morphisms). Let S be a scheme
and let X, Y be schemes which are flat over S. Let o, 3: X — Y be effective
multivalued morphisms over S given by morphisms f: X — [[°_,S™(Y]5)
and g: X — [[72,S™(Y]S).

Using the morphisms o of Proposition [3.3.4] we define their sum
a+ fB: X — Y as the composition

m,n

X t)s [1 8™ (v18) xs [[S"(v1S)

[1s"v1s) (im0 ™" [T S™(¥1S) xsS™(Y]9)
k=0

m,n=0
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Lemma 3.4.4. Let S be a scheme and let X, Y be schemes which are flat
over S.

Then addition of multivalued morphisms turns the set of effective multi-
valued morphisms X —o Y into an abelian monoid.

Proof. A neutral element is given by the structure morphism X — § &
S%(Y'|S). Commutativity and associativity follow immediately from the aptly
named compatibilities of Proposition [3.3.9]

This is also found in |Ayol4b|, Appendix A. O

Proposition 3.4.5. Let S be a scheme. Let I and J be arbitrary sets. Also
let schemes X;, i € I, and Y}, j € J, which are flat over S be given.
Then there is a natural additive decomposition

Multigdh | T X [T Y5 | = [] P Multigh (X5, Y5).

il jeJ iel jeJ

Proof. This is part of Appendix A of [Ayol4b], but we give a quick reminder
of their short proofs:

From the universal property of disjoint unions, i.e. coproducts, we trivially
have an additive bijection

Multid | [T X3 [T | = [[Muid® | Xi [ Y5

iel  jeJ iel jeJ

We are thus left to show that additively

Multigh | X3, [T Y5 | = @5 Multigh (X5, v7).
Jj€J Jj€J
By a simple argument, decomposing and recomposing the X; into connected

components, we may assume that the X; are connected.
We have from Proposition [3.3.5] a natural isomorphism

st s )= II IIs*mils).

jeJ (dj)e(No)”’ j€J

jeJ dj:d dj7£0

Hence a multivalued morphism X; —o [] jes Yj is the same as a morphism

Xi— I ]]s“ils).

(dj)e(No)” J€J
Zje] dj<oo %j
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But we assumed X; to be connected, hence it gets mapped to a single

1T 8% ;19).

jeJ
d;#0
The required bijection then becomes the universal property of fibre products

over S. The additivity is immediate from the definition of the monoid
structure. 0

Remark 3.4.6. Lemma [3.4.4] states that every effective multivalued mor-
phism « : X — Y, where X is connected, has a unique decomposition as a
finite sum of homogeneous multivalued morphisms «; : X — Y. Here Y;
runs through the different connected components of Y.

On arbitrary X this then holds individually for each connected compo-
nent.

Definition 3.4.7 (Composition of multivalued morphisms). Let S be a
scheme. Let a: X — Y and 3: Y —o Z be effective multivalued morphisms
between flat schemes over S.

If @ and B are homogeneous of respective degrees m and n, given by mor-
phisms f: X — S™(Y|S) and g: Y — S"(Z]5), then we use the morphisms
™ of Proposition to define their composition B o a as the morphism

"o 8™ (glS) o f1 X — ST(Y]S) — S™(S(Z]S)|S) — S™(Z]S).

It is in particular homogeneous of degree mn.
For general a and 3 we extend this additively by Remark

Remark 3.4.8. A direct definition of composition, not using Remark
can be given: Proposition and the compatibilities compose to a chain

x—+ ﬁ sm(y|s) 25 ]O_o[ sm (]O_O[ S”(Z|S)|S>
m=0 m=0 n=0

|

Hsk 719) «— IT I s"“(219) «—— ] H s (S'(2|9)|S)
(d:) ieNg (@) i€

3

R

OO

where we used (d;) to denote all sequences dy, di, da, . .. € Ny with finite sum.

Definition 3.4.9 (Tensor product of multivalued morphisms). Let S be a
scheme. Let a;: X; — Y;, i € {1,2}, be effective multivalued morphisms
between flat schemes over S, given by morphisms f;: X; — []°_q S™ (Yi]S).
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Using the morphisms p™"™ of Proposition [3.3.7] we define their tensor
product a; @ ap: X1 Xg Xo —0 Y7 Xg Yo as the composition

X1 xg X sk T s=mls) xs [ 8™ (alS)

n1=0 no=0

= k HSZ ,ng=0 prLn2 - ni nag
[T s¥(n1 x5 12l9) [T s™(Ml9) xs8™(¥2l9).

k=0 ni,n2=0

Definition 3.4.10. Let S be a scheme. We define the category Multigff of
effective multivalued morphisms over S as follows:

e its objects are the separated schemes that are flat over .S,

e its morphisms are the multivalued morphisms X — Y of Defini-
tion [3.4.1]

e composition is given by Definition [3.4.7]

This indeed gives a category, and even more:

Theorem 3.4.11. Let S be a scheme.

Then composition (Definition , addition (Deﬁnitionm and tensor
product (Definition turn the category Multi‘gff of effective multivalued
morphisms over S into a symmetric monoidal category enriched over abelian
monoids.

Remark 3.4.12. Note that all three structures, composition, addition and
tensor product, preserve homogeneity. Conversely, Remark [3.4.6] shows that
it is sufficient to define them in this case. Recalling the definitions, they
amount to simple applications of ¢™", 7™ and p"™".

Proof of Theorem|3.4.11. By Remark [3.4.12]it suffices to check everything
for homogeneous multivalued morphisms. There, the theorem follows readily

from the compatibilities of Proposition [3.3.9 O

All but the tensor structure can also already be found in [Ayol4b| as
Proposition A.3 and Proposition A.5.

Remark 3.4.13. Similar to Remark we have a natural embedding
Schg — Multig!:

On objects it is just the identity, and a morphism f: X — Y can
via S1(Y]S) = (Y|S)! 2 Y be interpreted as a homogeneous multivalued
morphism of degree 1. Under the identification S*(Y|S) = Y one immediately
finds that 71! and p™! are the respective identities. Hence this is indeed a
functor that is furthermore compatible with the product structures. It is
also clearly an embedding.
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Due to the abelian monoid structure the following makes sense:

Definition 3.4.14. Let S be a scheme and let A be a ring.
The category Multig s = Multi(S, A) of A-multivalued morphisms has
the same objects as Mul‘cifgff and the A-linear extensions

Multidh (X, V) @y A

as morphisms.
If A = Z we will call it the category of multivalued morphisms and denote
it by Multig.

We hence get from Theorem generalizing and extending Ap-
pendix A of [Ayol4b):

Proposition 3.4.15. Let S be a scheme and let A be a ring.
Then Multig p is a A-linear symmetric tensor category.

We also can easily extend Proposition to:

Proposition 3.4.16. Let S be a scheme. Let I and J be arbitrary sets.
Also let schemes X;, i € I, and Y}, j € J, which are flat over S be given.
Then there is a natural additive decomposition

Multisa | [T X0 []Y5 | = [ €D Multisa (X, ;).

iel  jeJ icl jeJ

Remark 3.4.17. Also compare this result to Proposition

3.5 Symmetrization

Assume that f: Y — X is a map of sets where each z € X has the same
number n of preimages. Then this defines a canonical map sym(f): X —
Y"/S,, sending x € X to the unordered n-tuple sym(f)(z) consisting of its
preimages under f.

The scheme-theoretic analogue of such a map f would be a finite flat
morphism of constant degree n. We now show how the above idea works in
this setting and generalize it to non-flat morphisms. This is possible, at least
over normal schemes, due to generic flatness. It is also helpful that we have,
unlike the set-theoretic setting, an intrinsic notion of multiplicity.

Remark 3.5.1. The reader not interested in the higher generalities offered
by algebraic spaces may always assume to work in the category SchéF
of schemes AF over a fixed base scheme S. By Lemma @ every
morphism in this category is separated and hence AF by Lemma @
By Lemma [3.2.4] it is closed under fibre products and symmetric products.
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We opted for higher generality and hence sometimes get algebraic spaces
instead of schemes when looking at symmetric products. One should be wary
that the theory of cycles in the sense of Section has only been defined
over noetherian schemes, which forces us to work within these constraints.
But this is never a relevant problem.

The following construction is taken from Section 6 of [SV96]. The ring-
theoretic version is much older and can for example be found in [Rob63] and
[Fer9g].

Lemma 3.5.2. Let X be a normal and connected scheme. Let m: ' = X
be a finite and surjective morphism of degree n between schemes.

Then there exists a splitting sym(m): X — S™(I'|X) of the morphism
S*(m): S™M(IX) — S"(X|X) ¢ X.

Proof. As every finite morphism is AF, the symmetric product S"(I'|X)
exists as a scheme by Lemma Let € be the generic point of the
irreducible scheme X and let K(X) = Ox¢ be the corresponding function
field. Then the fibre m¢: I'e — £ is by assumption a morphism of degree n.
By Definition this induces a morphism J¢: S, (Or,|K (X)) — K(X).

Now let U <=— X be an affine open subset of X and set W = 7= (U).
Then W is affine because 7 is finite. We consider the diagram

(Ow|Op)®" +——— S, (Ow|Oy) -—-2Y--5 Oy

[ l l

(Or | K (X))®" +—— S, (Or,|K(X)) —— K(X),

where we want to construct the dotted arrow. The left side commutes by
definition. Now W — U is finite, hence Oy is integral over Oy and thus
the same is true for (O |Opy)®™ and its subring S, (Ow |Oy). Therefore the
image of S,,(Ow|Op) under ¥ is integral over Oy and contained in K(X),
hence it is contained in Oy because X is normal. This gives the dashed
arrow, amounting to a morphism

Oy: U — S"(W|U) — S"(T|X)
by Proposition @

If V. C U is open and affine, then 6y = () by construction. Hence
the 6y glue to a morphism sym(w): X — S™(I'|X). O

Definition 3.5.3 (Symmetrizations). Let X be a noetherian, connected and
normal scheme.

Let m: I' = X be a finite and surjective morphism of degree n. Then the
construction of Lemma |3.5.2| gives us the symmetrization

sym(m) = sym(['X): X — S"(I'|X).
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Let Y — X be a morphism of finite type. Let a € ¢ (Y |X) be a basic
cycle, i.e. by Definition the generic point of a closed integral subscheme
i: supp(a) <— Y finite and surjective over X. It induces a morphism

sym(a) := S"(i| X) osym(7): X — S"(supp(«)|X) — S"(Y|X)

which we again call symmetrization.

Let now o = >1_; o € T3V X) be an effective naive cycle of degree
n =Y., n; Here, the a; are basic cycles of degree n; € N. We also assume
Y — X to be flat. Then, using the addition morphism ¢(") = g™--nr of
Proposition [3.3.4] we define the symmetrization sym(a): X — S"(Y|X) as
the composition

x o) | Trgeyix) 20, gn(yx).
=1

Definition 3.5.4 (Homogeneous symmetrization). Let Y — X be a flat
morphism of finite type between noetherian schemes and assume that X is
normal. Let a € ¢®®12 (Y| X) be of constant degree n. Let X = [[/_, X; be
the decomposition into connected components and let o; = (X; — X)®« be
the restrictions to the connected components.

Then we extend Definition by setting

sym(a) = [[sym(a:): X =[] Xi — S"(V]X).
=1 =1

Remark 3.5.5. Definition should be understood as an additive map

sym: ¢@M(V]X) — Multix (X,Y) = Schx (X, [] $%(V] X)),
d=0

the additivity being immediate from the definition.

The compatibility of addition with composition and the tensor structure
on both sides allows to check some properties on a set of additive generators.
We will often use this to reduce from arbitrary effective cycles to basic ones.
This, however, requires that our property of interest is defined on all naive
cycles 18 (Y'|X), not just the subset of genuine relative cycles ¢ (Y]X).

Remark 3.5.6. Let Y — X be a flat morphism of finite type between
noetherian schemes and let a € ¢®+*f(Y|X) be of degree n. Assume that X
is normal and connected with generic point g: £ — X.

Recall the naive pullback of Definition [1.4.11] From the construction in

Lemma and Definition we get the equality
sym(a) o g = S8"(g xx Y|g) o sym(g*a)
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of morphisms £ — S™(Y|X). This is by Proposition a special case of
Proposition below. Note also that all our morphisms are assumed to
be separated and that X is clearly reduced, thus by Proposition 9.7 ii) of
[GW10] a morphism X — Z is made unique by fixing a morphism ¢ — Z.

Hence when showing properties of sym(—), we may by its construction
via the generic point £ — X often assume that the base X is the spectrum
of a field.

The two main advantages of this reduction are:

e X and hence any I finite over it become affine, allowing us to use the
results of Chapter

e everything becomes flat over X, allowing the usage of Proposition [3.3.3]
and Proposition [3.3.4

Both aspects will be exploited several times. A prime example of this
technique will be the proof of Lemma, [3.6.1

3.6 Structural compatibilities

We show the compatibility of symmetrization with the fundamental op-
erations on cycles, which are: decomposition, pushforward, pullback, the
correspondence map and the exterior product. The most difficult one is the
pullback, whose definition we have to unravel. As soon as it is out of the
way one could, as an alternative to the approach presented in this section,
proceed similar to Section 7 of [RydO8b]. This requires the formalism of
op. cit., which we will only meet in Section Given this formalism, the
results of this section can also be extracted from |[Ryd08d], of which we
only learned after significant parts of this section had been completed. It
is noteworthy that the approach in op. cit. is opposite to ours, mapping
multivalued morphisms to cycles, the latter not necessarily being relative
ones.

Lemma 3.6.1. Let

X+—T

s

X +———1
be a cartesian square of noetherian schemes. Assume that X and X' are con-
nected and normal and that the lower horizontal morphism is flat, surjective

and finite of degree n.
Then the upper horizontal morphism is also flat, surjective and finite of
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the same degree n and the resulting diagram

sym(T'| X)

X S"(T|X)
lf |5t
X/ sym(F’|X ) Sn(PI|Xl)

commutes.

Proof. Flatness, surjectivity and finiteness of the upper morphism are satis-
fied as it is a pullback of such a morphism.

By Remark we may assume that X = {£} consists only of its generic
point and thus is the spectrum of a field A. Similarly we then may replace
X" with the spectrum of the local ring A = Ox f(). As the horizontal
morphisms are finite we get that I' and I are affine. This reduces the lemma
to the following:

Let A be a local integral domain with residue field x and field of quotients
K, let B be a finite, flat and therefore free A-algebra of rank n and let A be
a field extension of k. Then we have to show that the horizontal morphisms
in the diagram

are free of rank n and induce a commutative diagram

9
P8 g (B@a AN

Yp|a

«—— S, (B|4)

|

Sn(B ®a K|K).

— >

VB 4 A|K

K
This is just a twofold application of Lemma [2.3.6 O

Lemma 3.6.2. Let
N . ¢
be finite surjective morphisms between noetherian schemes. Assume that X
and I' are both normal and connected. Let m and n be the degrees of m and
p, respectively. Lastly assume that m and 7 o p are flat.
Then 7 o p is finite and surjective of degree mn. Combined with the
morphism ™" of Proposition we have:
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(a) sym(mop) =71""0S"(sym(p)|X) osym(r), i.e. the diagram

sym(7)

X

» §™(I'|X)
sym(mwop) S™(sym(p)|X)

S™(O]X) +—T—— S™(S"(O[)|X)

commutes.

n times

—
(b) ™M™ o (sym(m)|X)" = S™"(p| X ) o sym(7 o p), i.e. the diagram

(sym(m)|X)"

X  (S™(TX)X)"
Sym(ﬂ—op) mnfilmeb’fn
smn(e]X) — Ay §mn(r|X)

commutes.

Proof. The finiteness and surjectivity of 7 o p is trivial. It suffices by Re-
mark [3.5.6] to check the equalities over the generic point of X, i.e. we may
assume that X = Spec(k) is the spectrum of a field and that all three schemes
are therefore affine and flat over X.

(a) By definition of sym(—) it suffices to show that the maps
Voelk = Jop ik © Sm(Vog o [k) © Tmn
from S, (©|k) to k agree. But this is Proposition [2.4.4]
(b) Note that this can restated as the equality
n - sym(m) = posym(m o p)
of multivalued morphisms over X. We use the shorthand
sy (p) = S"(©]) o sym(p): T = S"(T|X)

and observe that it defines a multivalued endomorphism of I' over X.
Furthermore, part @ states that

sym(r o p) = sym'(p) o sym(r)

as multivalued morphisms.

101



If X =T and m = idx then the result is trivially true. This translates
into n - idp = p o sym’(p) as multivalued morphisms over X. Hence we
conclude from the linearity of composition of multivalued morphisms
that indeed

n - sym(m) = p o sym’(p) o sym(m) = p o sym(r o p).

Corollary 3.6.3. Let
o LT "5 X

be morphisms of finite type between noetherian schemes. Assume that X
and I' are both normal and connected. Also assume that 7 is finite and
surjective of degree m. Lastly assume that m and 7 o p are flat.

Let 8 € c®°(O|T") be of degree n and let T4 € c***%(0|X) be the
same naive cycle interpreted as one over X as in Definition [1.4.19.

Then the diagram

sym(m)

X » S™(T|X)

sym(my 3) S™ (sym(B))

§mm(O]X) +— T S™(S"(OT)|X)
commutes.

Proof. Due to Remark we may assume that § is basic and by Re-
mark we may assume that X is the spectrum of a field. Hence the
tower

supp(f) —— I —— X

satisfies the conditions of Lemma [3.6.2] which immediately implies the
result. O

Proposition 3.6.4 (Symmetrization commutes with decomposition into
cycles). Let Y — X be a flat morphism of finite type between noetherian
schemes where X is connected and normal. Let I' be a closed subscheme
of Y such that the resulting morphism 7: I' — X is finite and surjective of
degree n. Also recall the decomposition cycly | x(I') € e (Y X)) of T into
an effective naive cycle from Definition |1.4.7]
Then
sym(m) = Sym(CyClY|X(F))

as morphisms X — S"(Y|X).
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Proof. The statement holds by definition if I is integral. We show the general
case in three steps:

(a)

By Remark it suffices to check this property over the generic
point of X, i.e. we may assume that X = Spec(k) is the spectrum of a
field k£ and thus that I' is affine. As I' is now flat over X, we may by

the naturality of o~ (cf. Proposition [3.3.4)) in Definition assume
that Y =T.

If T is irreducible, we let d be the degree of the k-algebra Or. Now
cycly x(I') =m- I'*ed by definition, where m is the length of Op. Thus
the theorem follows from Proposition [2.4.3

If T is arbitrary, we write I' = |J;_; I'; as union of its irreducible
components with individual degrees n;. Note that I' is finite over a
field, hence this is actually the decomposition into its points. Then

T
cycly|x () = Z cycly|x (),
i=1

so by the previous case we are left to show that
T
sym (cycly|X(F)) = g(mnzenr) o Hsym (cyclY‘X(Fi)) .
i=1

Switching to global sections, this amounts to

=1

which follows from Lemma [2.4.1] by induction on r. O

Proposition 3.6.5 (Symmetrization commutes with pushforwards). Let

79,y _1,x

be morphisms of finite type between noetherian schemes, where X is normal.
Assume that f and f o g are flat. Let a € ¢ (Z|X) be an effective naive
cycle of constant degree n.

Then g.a has the same constant degree n and we get an equality

sym(g«a) = S"(g|X) o sym(a)

of morphisms X — S"(Y|X).
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Proof. The equality deg(g«a) = deg(«), including the degree being constant,
is Lemma A pullback to a connected component reduces us to the case
where X is connected.

Both sides of the equation are by definition linear in « as described in
Remark Hence we may assume that « is basic.

By Lemma 1.4 of [MVWO06| we have an equality g(supp(«)) = supp(gs«a)
of sets. Equipping the supports with the reduced induced structure we let
m be the degree of the induced finite and surjective morphism supp(«a) —
supp(g«a). Hence by definition of the pushforward we have g.a = m - g(a).

We let d be the degree of supp(g«a) over X, thus we have n = dm. Then
the commutative diagram

9| supp ()

T,

supp(« X su e
pp( ) (ng)l supp(a) f‘ supp(gx o) pp(g )

| |

A Y

induces a diagram

Sm (g\ supp(a))

}Syl’l’l((fog)‘ supp(a)) Sym(df| supp(gx a))\

S™(supp(a)) < - X - » S™(supp(g«))
" sym(a) sym(g (@) .
o Ty
S"(Z > SM(Y
(2) o )
d times
—~
We used the suggestive notation sym(d - f|supp(g.a)) t0 denote obll o

(Sym(f\ supp(g*a)) |X)d

The upper area commutes by Lemma m part b), and the exterior
commutes by functoriality of S®. The left and right triangles are simply
the definition of sym(—). Thus the bottom triangle commutes, proving the
proposition. O
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Proposition 3.6.6 (Symmetrization commutes with pullbacks). Let

X +——Y'

b

X<+——Y

be a cartesian square of noetherian schemes. Assume that the horizontal
morphisms are flat and of finite type. Also assume that X and X' are normal.
Let a € ¢*™(Y|X) be effective of constant degree n.

Then f®a € (Y| X") has the same constant degree n and we have

S™(f'|f) o sym(f¥a) = sym(a) o f,

i.e. the diagram

sym ®Oé
X/ Y (f ) Sn (Y/ | Xl)
lf lS" (f'1)
X ¥ gny)x)

commutes.

Proof. The statement about the degree is Lemma We may also assume
that X and X’ are connected.

We write @ = >, ; a; as a formal sum of points. The points give us
integral subschemes ~;: supp(«;) —— Y which are finite and surjective over
X.

We assume for a moment that all supp(q;) are flat over X. Then by
Proposition each q; is a relative cycle over X and its pullback f®a; is
given by cycly/ (supp(a;) X x X'). By linearity (cf. Remark it suffices
to consider each of the individual «;.

Applying Proposition we have to show that

sdee(@) (f'|p) o sym(y; xy Y') = sym(a) o f,

which is Lemma [3.6.1l This finishes the flat case.

For the general case we closely follow the Definition of fPa:

By Remark and linearity (again cf. Remark we may, due to
the third step of the construction of f®q, replace X’ by its generic point &'
Combined with Lemma [3.6.1] we may, according to the second step in the
definition of f®a, even assume that &’ is a point of X via the morphism f.

Proposition gives us a finite field extension A: u := Spec(L) — &'
of the residue field x({’) such that the resulting morphism v — ¢ — X has
a good factorization N

poi: Spec(L) - X — X
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with respect to a (cf. Definition [1.4.13)). This includes that the individual
supports supp(X x x «;) are flat over X.

We may also assume that X is normal by replacing it with its normaliza-
tion.

By Definition [1.4.15| of relative cycles we find a naive cycle
Qe c Ceff,nai(y X x £/|£/)

such that

ipra= Ny

Then the pullback p®«a was defined to be this cycle.
We look at the following diagram:

6/ Sym(a\f,) Sn(Y XX 5/’&-/)
A /
sym(i*p*a)= n
u O S™MY xx ulu)
X e S™Y xx X|X)
p \
X > SMY | X).
p—— S"(Y]X)

The inner square and the top square commute by the previously considered
flat case. The left square commutes by construction and the right one by
functoriality of S™(—|—).

The bottom square commutes on an open dense subscheme where the
abstract blow-up p: X — X is an isomorphism. Hence by X being re-
duced and S™(Y|X) being separated over X it commutes at all of X by
Proposition 9.7 ii) of [GW10].

We note that v — £’ is an epimorphism in the category of schemes, e.g. by
being surjective and &’ being reduced. We then conclude by a simple diagram
chase that the outside of the diagram commutes, finishing the proof. O

For an alternative proof see Proposition 10.8 of |[Ryd08d].

Corollary 3.6.7. Under the assumptions of Proposition [3.6.60] we get a
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commutative triangle

sym(p®a) Y"X
X’xxmj AP ):p) x
Y|X XX X,

Proposition 3.6.8 (Symmetrization commutes with Cor). Let

z—2sy -1, x
be flat morphisms of finite type between noetherian schemes, where X and Y
are normal. Let o € ¢ (Y|X) and 8 € ¢*(Y|X) be effective relative cycles
of constant degrees m and n, respectively.
Then Cor(B,a) € c*T(Z|X) has constant degree mn and we have the
equality
sym(Cor(8,a)) = 7" 0 S™(sym(53)) o sym(«),

i.e. the diagram

x ol | S™(Y)

Sym(Cor(B,a))l lsm(sym(ﬁ))

S"NZ) «—m— S™(8"(2))
commutes.

Proof. By Lemma we indeed have constant degree deg(Cor(8,«)) =
deg(B) deg(ar) = mn. We may assume that X is connected. Even more, by
Remark and Proposition we may pullback to the generic point of
X, i.e. assume that X is the spectrum of a field. In particular, every naive
cycle is already a relative cycle.

Both sides are linear in the sense of Remark hence we may assume
that « is basic. Then I' := supp(«) is an integral scheme and finite over
X, hence itself the spectrum of a field. We can replace Y by the connected
component which contains I'. By definition we have

Cor(B,a) = (i Xy Z)«(f o i)#Z@ﬂ?

where 7: I' —— Y is the inclusion and
(foi)y: ™ (supp(a) xy Z|X) — ™ (supp(a)|X)

is the interpretation of cycles over I' as cycles over X (cf. Definition |1.4.19)).
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Then I' is an integral scheme that is finite over X, hence is itself the
spectrum of a field. In particular we may assume that I' is normal and
connected. We look at the following diagram:

X X
$™(IX) S S™(Y]X)
sym((foi)i®8) |sm<sym<i@s>) sm<sym<5>x>| sym(Cor(8.0))
87 (8" (T xy Z|0)|Y) — I gmgn(Z]y)|x)

Smn(F Xy Z‘X) S (ixy Z|X)

Smn(le).

The proposition is equivalent to the commutativity of the right square.
Hence by an easy diagram chase it suffices to show the commutativity of the
other squares:

e top square: Definition of sym(a),

e bottom square: naturality of 7™ i.e. Proposition [3.3.3

e outer square: compatibility of sym(—) with the pushforward (i xy Z).,
i.e. Proposition [3.6.5]

e inner square: apply S™(—|X) to the compatibility of sym(—) with the
pullback %, i.e. Proposition [3.6.6}

e left square: this is Corollary O

Also compare this to Proposition 7.8 of [Ryd08b].

Proposition 3.6.9 (Symmetrization is compatible with the exterior prod-
uct). Let S be a noetherian scheme and let Zy, Zy be flat schemes of finite
type over S. Let oy € ¢*®(Z1|S) and ay € ¢(Z,|8) be effective relative
cycles of constant degrees ny and nso, respectively.

Then oy ®g ag € ¢T(Z1 x5 Z5|S) has constant degree nyny and there is
an equality

sym(ag ® ag) = p""2 o (sym(aq) X g sym(as))

of morphisms S — S™"2(Z1Z5).
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Proof. The statement about the degree is Lemma [1.8.10
We let z1: Z1 — S be the structure morphism and set a = sym(az). We
get the diagram

sym(ai ) xXsym(az)

S (Z1) 8™ (Zy) L2 smne (7, 7,)

R

sym(a)

S S™(Z1) xs S 8™ (215" (Z2)| 8" (Z2))
N S™ (Z1x sala) S™M(Z1S™2(Z2)|-)
§ MO (2 xs ) P §m(2,57(2y)

1R

S™(S"2 (21 25| Z1)) T2 §Mn2 (7, 7,)

sym(a1®az)

where we suppressed the base S whenever possible and used our abbreviations
for products. The isomorphisms are that of Lemma [3.3.2] where the required
flatnesses are either given or follows from Lemma We have to show
that the outside commutes, i.e. after a simple diagram chase want to show
that all the areas on the inside commute. The reasons are as follows:

e leftmost square: trivial,
e top left area: trivial,
e bottom area: recall that
a1 ® ag = Cor(2az, a;)

by Definition hence this is just an instance of the compatibility
of sym(—) and Cor(—, —), i.e. Proposition [3.6.8}

e inner parallelogram: naturality of the isomorphism of Lemma [3.3.2

e rectangle on the right: this is the alternative description of p"*"2 of

Lemma [3:3.8]

e lower inner triangle: functoriality of S™ applied to the triangle of

Corollary

e upper inner triangle: functoriality of S™(—|—). O
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3.7 Translation into multivalued morphisms

Definition 3.7.1 (Symmetrization of a finite correspondence). Let S be a
noetherian scheme. Let X and Y be schemes of finite type over S. Assume
that Y is flat over S and that X is normal. Also let a € ¢ (X x ¢ V|X).

We define its symmetrization symg(a): X — S™(Y'|S) as the composition

(pry [X—=5)

X O gnix xgvIX) S(Y[S).

Proposition 3.7.2 (Symmetrization is compatible with composition). Let
S be a noetherian scheme. Let X, Y and Z be schemes over S. Assume
furthermore that X and Y are normal and that Y and Z are flat and of finite
typeover S. Let a: X ~» Y and B: Y ~» Z be effective finite correspondences
of constant degrees m and n, respectively.

Then the composition Soa is effective of constant degree mn and the sym-
metrization morphisms of Definition (3.7.1| are compatible with composition,
i.e. the diagram

x s gmiyg)

lSyms(ﬁoa) lsm(syms(ﬁ)ls )

S™(Z]8) T S™(S"(Z]9)|S)

commutes.

Proof. The effectivity of 8o « is clear from Remark The statement
about the degree is Lemma [1.8.13]

Decomposing X into connected, hence by normality irreducible, com-
ponents and Remark allow us to assume that X is the spectrum of
a field. We can then by linearity (cf. Remark assume that o €
et (X x5 VX)) = (X x5 Y|X) is basic, the equality by Proposi-
tion Then I' := supp(«) is also the spectrum of a field. Let i: I' == Y
be the inclusion.

Combining Definition [1.4.22] with Definition [1.6.5| we see that

Boa=(ixgZ).Cor(i®B,a).
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We look at the diagram

symg (o)

X S"(X Z|X) —— §™(Z)
sym (o)
sym(Cor(i®B,a
X Y ( ( B )) Smn(FZ|X)
sym(a) MmN TN
S™ (sym(i®
() — o) L am gnrz1xY)|X)
sm(y) — O gn (s (Y ZIY)) — S™(3(2))

\/

S (symg(8))

where we suppressed the base S, used our usual abbreviations for products
and refrained from labelling the morphisms that are only the functoriality of
symmetric products. We have to show that the boundary commutes, hence
by a diagram chase want to argue that all the areas on the inside commute:

e areas inside the three arcs: these are the Definition of symg(—),
e two triangles: functoriality of S™(—) and S™(—),
e trapezoid: naturality of 77" (Proposition [3.3.3)),

e top square: this is the compatibility of sym(—) with pushforward

(Proposition [3.6.5)),

e middle square: compatibility of sym(—) with Cor(—,—) (Proposi-

tion [3.6.8)),

e lower square: this is the functoriality of S”"(—) applied to the compati-
bility of sym(—) with pullbacks (Proposition |3.6.6]). O

Remark 3.7.3. For smooth varieties over a field k of characteristic 0 there
exists a short argument involving generic étaleness that can be found in
[Ayol4b|, Appendix A.

Proposition has been stated over arbitrary fields in [BV08]. We
found their proof hard to follow, partially because they make the incorrect
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assertion that the algebra S,,(B|A) is generated by the pure tensor powers
b®", where b runs over the elements of B. Indeed, counterexamples already
exist when B|A is a finite extension of perfect fields of positive characteristic,
see for example Remark and recall that p3(b) = b®3.

Theorem 3.7.4 (Symmetrization is compatible with tensor products). Let
S be a noetherian normal scheme and let X1, X2,Y1,Ys be schemes which
are smooth and of finite type over S. Let

aq X1 ~ Y1
a9 X2 ~ Y2
be effective finite correspondences over S of constant degrees ny and na,

respectively.
Then the exterior product

a1 ®ag: X1 Xg Xo~Y] XgYs

is effective of constant degree nins. Furthermore, the symmetrization of
finite correspondences as in Definition is multiplicative, i.e. the diagram

symg (1) xsymg(az2)

X1 Xg Xg Sm(YﬂS) Xs Sn(Y2|S)

Symsm %

Srinz (Yl X8 Y2|S)

commutes.

Proof. The effectivity of a; ® ao is clear from the definition of the exterior
product. It has constant degree nins by Lemma

From now on we suppress the base S whenever possible. Corollary
gives us two commutative triangles

sym((er )®a1
X1X2 X1Y1X2‘X1X2)

X1Y1‘X1 X X2

sym((er )®a2
X1X2 X1X2Y2‘X1X2)

X1 Xsm /

X1 X Sn XQYQ‘XQ
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where the isomorphisms are those of Lemma [3.3.2] Taking their tensor
product over X; x X9 gives us a single triangle

sym((pry) ¥?)®az)x x, x,
X X XX1Xg Sym((Pr§1X2)®al) . Snl(XIYIXQ‘XlXQ)XX1X2
e " XX, x, S (X1 X2 Yo X1 X>)
sym(aq)xsym(az)

Sn(X1Y1|X1) X Sn(X2Y2|X2)

We extend it to a diagram

S (Yl) X prLn2
X Sn2 (Yg)

gninz (}/11/2)

symg (o) x

X symg(a2) symg(a1®az)

Snl (X1Y1|X1)X
X Sn2 (X2Y2|X2)

sym(aq)xsym(az)

X1Xo

sym (a1 ®az)

1X2\®
5 )

X1 X
XX Xo sym((pry;” ?)®en)

b'e
sym((priy @2) X x; Xy

S™(X1Y1 X0 X1 X2) X x, x,
XXX Sn2 (XlXQYQ ‘X1X2) prinz

S™M72 (XY XoY| X2 X7)

where we refrained from labelling the morphisms that are just the functoriality
of symmetric products. We have to show that the top triangle commutes, i.e.
want to check that all other areas commutes:

e outside: functoriality of p"*"2 (Proposition [3.3.7)),

e leftmost triangle: functoriality of S™ (—), S"2(—) and fibre products,

rightmost triangle: Definition of symg(—),
e upper inner triangle: Definition of symg(—),

lower inner triangle: by the construction above,
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e bottom triangle: by the Definition of the tensor product of finite
correspondences and the compatibility of sym(—) with the exterior
product (Proposition [3.6.9)). O

We are now able to prove the main theorem of this chapter, showing
that the interpretation of effective relative cycles as multivalued maps is
functorial.

Theorem 3.7.5. Let S be a noetherian normal scheme.
Then symmetrization induces an additive, strict monoidal, graded and
faithful functor

sym®! = Symy: SmCor — Multl
between symmetric monoidal Ny-graded categories enriched over abelian
monoids. Additionally, this functor is compatible with the embeddings of
Smg (cf. Remark [4.5.4 and Remark into both sides.
If S is purely of characteristic 0, then this functor is full.

Proof. On objects we let sym®f to be the identity. Let X,Y € Smg and a €
SmCor(X,Y). If X is connected, then we get a morphism symg(a): X —
Sdee(@)(Y'|S). Thus if in general X = [[/_, X; is its decomposition into
connected components and «; is the pullback of o to X;, we get a multivalued

morphism
Hsyms a;) HX — ]_[Sdeg ) (Y|S)

from X to Y as desu"ed.

It is by construction enough to check the remaining properties for a
connected domain X. Functoriality is immediate from Proposition [3.7.2]
The preservation of degree and additivity are clear from the construction. The
compatibility with the tensor structures is Theorem The compatibility
with the embeddings from Smg is immediate from the definitions.

Next we show the injectivity on hom-sets. Let & = Spec(k) be the generic
point of X and let ¢ = Spec(L) be the spectrum of an algebraically closed
field L|k. Then we have by Proposition a commutative square

SmCor! (X,Y) —> Multig(X,Y)

I L
(¢ x5 Y|¢) —*— Homs(¢, [T S*(Y]9)),
where the lower morphism a is induced by symmetrization. Note that f® is
injective by Proposition [1.5.5] It hence suffices to show that a is injective.

We note that every basic cycle a over ( is the spectrum of a finite field
extension of L, thus o = supp(a) = ¢. This identifies ¢* (¢ x5 Y|¢) with the

114



additive monoid No[Y (L)] of formal sums »_;_; g; of not necessarily distinct
L-valued points g;: ¢ — Y over S.

On the other hand, we note that a morphism ¢ — S%(Y|S) over S is the
same as a morphism

¢ = ¢ xgSUY|S) 2 SU¢ x5 YC)

over (, where the isomorphism is that of Proposition Such a morphism,

i.e. a closed point, is by Proposition @ nothing else than an unordered

d-tuple of morphisms ( — Y over S, i.e. a formal sum of d of these points.

Therefore Homg (¢, [[52,S4(Y']S)) can also be identified with No[Y'(L)].
Hence we have a chain

(¢ xg Y| 2 No[Y (L)] 2 Homg (g, 11 Sd(Y|S)>

d=0

of additive bijections. On the L-points themselves, i.e. for actual morphisms,
we already know this identification to be sym®®, and hence by additivity it
is sym®® everywhere. This shows the required injectivity.

If S is purely of characteristic 0, then the fullness of sym®® follows from
the arguments in Appendix A of [Ayol4b]. O

Remark 3.7.6. Following Definitions 8.4 and 8.5 of [Ryd08d| we have the
abelian submonoid

Q' (X,Y) C (X x5 Y]X) @, QF

of quasi-integral naive cycles, freely generated by elements %a. Here a €
e (X %o Y| X) is basic and e is its inseparable discrepancy (cf. Defini-
tion 8.4 of loc. cit.). We let

QX,Y) = QF(X,Y) N (X x5 YY) ®n, QF)

be the effective quasi-integral relative cycles.
Then symg induces by Theorem 10.16 of [Ryd08d| a bijection

Qs(X,Y) = Multidf (X, V).

This gives us an explicit description of the discrepancy between the hom-sets
of both sides in Theorem [3.7.5] In particular, one immediately gets from
their definition that the inseparable discrepancies vanish in characteristic 0,
giving another proof for the fullness of symg in this case.

Theorem 3.7.7. Let S be a noetherian normal scheme.
Then symmetrization induces an additive, strict monoidal, graded and
faithful functor
symy: SmCorg — Multig
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between preadditive symmetric monoidal Z-graded categories. Additionally,
this functor is compatible with the embeddings of Smg (cf. Remark
and Remark into both sides.

If S is purely of characteristic 0, then this functor is full.

Proof. This follows from Proposition [1.4.18 @ by taking the additive group-
completions on both sides in Theorem [3.7.5 O

For the reader’s interest we also quickly state and prove a version for
arbitrary rings of coefficients:

Theorem 3.7.8. Let S be a regular noetherian scheme and let A be a ring.
Then symmetrization induces a A-linear strict monoidal functor

symy : SmCor(S, A) — Multi(S, A).

Additionally, this functor is compatible with the embeddings of A[Smg]
(cf. Remark [4.5.4 and Remark into both sides.

If A is flat as a Z-module or if S is purely of characteristic 0, then this
functor is faithful. In the latter case it is also full.

Proof. Both sides were defined by taking the A-linear extensions of the case
with integral coefficients, i.e. by applying — ®z A to all hom-sets. Hence the
existence of the functor sym, and its compatibility with the embeddings
from A[Smg]| follow from Theorem

If A is a flat Z-module, then — ®z A preserves injectivity, proving faithful-
ness. If S is purely of characteristic 0, then by Theorem we find symy,
to be an isomorphism between the integral hom-sets, which is preserved by
the base change. Hence the functor is fully faithful in this case. O

Remark 3.7.9. The regularity condition in Theorem [3.7.8is necessary for
the reasons explained in Remark

Definition 3.7.10. For a scheme S we let
char(S) = {char(k(s)) | s € S}\{0}
be the set of non-zero characteristics occurring at residue fields.
Remark 3.7.11. Using Remark and unravelling the definitions men-

tioned there, one can show that the functors symy, sym; and sym, of
Theorems [3.7.5] |3.7.7 and |3.7.8| are full whenever char(S) C A*.
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3.8 Commutative group schemes with transfers

Theorem 3.8.1. Let S be a noetherian normal scheme. Let Smg be the
category of schemes that are smooth, separated and of finite type over S and
let AlgSpr be the category of algebraic spaces that are flat and separated
over S. Let G be an abelian group object in AlgSpg.

Then the corresponding presheaf

G(—) = AlgSp(—,G): Smg < AlgSpg — Ab
admits transfers, i.e. it extends to a presheaf
G: SmCor(S,Z) — Ab.

Remark 3.8.2. Theorem generalizes a result by Spiefl and Szamuely
(cf. Lemma 3.2 of [SS03]), who consider the special case where the base S
is the spectrum of a field and where the group object G is represented by
a scheme. Note that the functoriality of the extension was not checked in
[SS03].

Also compare Theorem to the results of Ancona, Huber and Pepin
Lehalleur (cf. Theorem 2.8 of [AHP15]), who give a similar result over an
excellent scheme, but require rational coefficients.

Proof of Theorem[3.8.1 Due to Theorem it suffices to extend G(—) to
a presheaf B
G: Multi(S,Z) — Ab.

On objects we get nothing new, hence we only have to functorially define
G(a) for all multivalued morphisms a: X —o Y between schemes X,Y € Smyg.
Assume for now that « is effective and that X is connected. Hence « is
homogeneous and we denote its degree by n. We also suppress writing the
base S.

Now consider the morphism A,,: G" — G induced by the group structure
of G. Because G is commutative, A,, is unaffected by permuting the factors
of G™. It thus descends, due to the universal property of quotients by a group
action, to a morphism d,: S"(G) — G.

Let f: Y — G be an element of G(Y). The functoriality of S"(—) then
gives us a composite morphism

S™(f) bn
—5

X —°, §(Y) s (g) s g
which defines us an element G(c)(f) € G(X). This is additive in a, hence
extends uniquely to the non-effective multivalued morphisms and similarly
to non-connected X.

We still have to show functoriality. It suffices to check it for effective
homogeneous multivalued morphisms a: X — Y and : Y —o Z of degrees
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m and n, respectively. For this we pick any morphism f: Z — G and consider
the diagram

X " > S™(Y)

(G(a)oG(8))(f) S™(G(B)(f))

G(Boa)(f) -
G <5— Sm(g)

Boa Omn S™(6n) S™(B)

S"(G) ¢ S™(S™(G))

S™(f) s™(S™(f))

smn(Z) S™(S™(2)).

We observe that

e the inner square commutes because both paths are quotients of the
multiplication morphism g™" — G,

e the outside is the Definition [3.4.7] of composition of multivalued mor-
phisms,

e the bottom area is the functoriality of 7™" (Proposition |3.3.3)),

e the remaining three areas are the construction of G (=), where we also
applied S™(—) to the one on the right.

Hence a simple diagram chase shows that indeed
G(50a)(f) = (Gla) 0 G(9)) (£),
i.e. that QN is a contravariant functor Multig — Ab. OJ

Remark 3.8.3. The assumption that G is flat over S was only needed for
the functorial morphism 77" to exist. This assumption can be removed by
using divided powers as defined in the next Section [3.9] Theorem in
particular. Note that symmetric products and divided powers agree on flat
objects by Proposition hence this change does not influence any other
part of the proof.
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3.9 Divided powers

Let us explain the more general theory of divided powers as developed by
Rydh in [Ryd08a), [Ryd08b|, [Ryd08c| and [Ryd08d]. Just like Section [2.6]
this section will not be used anywhere else in this thesis.

We have already met the affine versions in Section [2.6] The general
definition is as follows:

Definition 3.9.1. Let f: X — S be an affine morphism of schemes. Then,
as described in more details in Section 1.4 of [Ryd08a], the scheme T'%(X|S)
of divided powers is defined by glueing Spec(I'q(Oxx47|Or)) where U runs
over all affine open subschemes U <= S. In other words, one can describe it
as I'Y(X|S) = Spec(I'4(fOx|053)).

By loc. cit. this extends via étale descent to an algebraic space T%(X|S)
whenever X — S is an affine morphism of algebraic spaces.

Definitions 3.1.1 and 3.1.3 of [Ryd08a] extend this to non-affine morphisms
as follows:

Definition 3.9.2. Let X — S be a separated morphism of algebraic spaces.
A family of zero-cycles of degree d on X|S consists of:

e a closed subscheme Z —— X such that the resulting morphism Z — S
is integral, in particular affine,

e a morphism a: S — I'Y(Z|9).
Two families (71, 1) and (Z2, ag) of zero-cycles are called equivalent if:
e they have the same degree d,

e there exists a family of zero-cycles (Z, «) of degree d, where Z ——
Z1 N Zy is a common closed subscheme,

e we have factorizations oy, = I'*(iy|S)oa, where k € {1,2} and iy: Z <
Zy, is the inclusion.

Let T be another scheme over S. We define the functor
ggl(l ¢¢ Schg — Set

by sending T to the set of equivalence classes of families of zero cycles of
degree d on X xgT|T.

Lastly, by [Ryd08a], Theorem 3.4.1, this functor is represented by an
algebraic space I'Y(X|S) of divided powers, which agrees with the algebraic
space of Definition [3.9.1]if X — S is affine.

Remark 3.9.3. In the case d = 1 we always have a natural isomorphism
I'(X]9) = X by Remark 3.1.5 of [Ryd08a].
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Remark 3.9.4. The existence of the algebraic space T'Y(X|S) is far from
trivial and is one of the main results of [Ryd08a]. It becomes significantly
easier in the following case:

Proposition 3.9.5. Let the scheme X be AF over a separated scheme S.
Then T'%(X|S) is a scheme and AF over S.

Proof. This is Theorem 3.1.11 of [Ryd08a]. O

Remark 3.9.6. Divided powers behaves very well with respect to our
functorialities: all the results of Sections 3.2] and [3.3] remain true when
replacing S®(—|—) by I'*(—|—), even if we remove all assumptions of flatness.
Let us now elaborate on these generalities, whose affine counterparts we saw
in Section

Lemma 3.9.7. Let X, Y be an algebraic spaces separated over an algebraic
space S and let d be a non-negative integer.
Then there is a natural isomorphism

(X xsV|Y)=T%X|S) xg Y.
Proof. One can directly check that the functor Eg(XsYIY is represented by
I4(X|[9) xgY. O

Lemma 3.9.8. Let d be a non-negative integer and let AlgSp~"°°P be the
category of separated morphisms between algebraic spaces.
Then T'Y(—|—) constitutes a base-preserving endofunctor

AlgSp %P — AlgSp %P .

Proof. For every morphism f: X — Y of algebraic spaces separated over an
algebraic space S, a pushforward f,: T4(X|S) — I'%(Y'|S) is constructed in
Definition 3.3.1 of [Ryd08a] by taking scheme-theoretic images.

Let now (Y|T') — (X|S) be any morphism in AlgSp~**P. This induces a
morphism a: Y — X xgT. We get the desired natural morphism I'*(Y|T) —
I'“(X|S) as the composition

MUY |T) =% TX xg T|T) 2 T4X|S) xg T —1 T4(X|9),

the isomorphism being that of Lemma [3.9.7] O

Proposition 3.9.9. Let X, Y be algebraic spaces separated over an algebraic
space S and let k be a non-negative integer.
There exists a natural decomposition

rfxuys)= JI I™EX|S) xs T (Y]S).

m/+n'=k
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Proof. On the represented functors this is Proposition 3.1.8 of [Ryd08a],
whence it also holds on the representing algebraic spaces. O

Theorem 3.9.10. Let S be an algebraic space.

1. For all separated morphisms X — T — S of algebraic spaces and
non-negative integers m,n there exists a natural morphism

2. For all separated morphism X — S of algebraic spaces and non-negative
integers ni, ...,n, there exists a natural morphism

T

o) T (x|8) = rZi=1m(X]S).

i=1
3. For all algebraic spaces X1, ..., X, separated over S and non-negative
integers ni, ...,n, there exists a natural morphism
T T
pi) s TTT™(X4]8) — rllimam <H XAS) .
i=1 =1

Proof.
1. The morphism 7" can be found as Definition 7.2 of [Ryd08b], where

it follows from the affine variant, which again is induced by the homo-
geneous multiplicative polynomial law

A~ T™T"(B|A)|A)

z = Ym (Y ()
of degree mn (cf. Proposition .

2. This is Definition-Proposition 4.1.1 of [Ryd08a]: The morphism ¢""
can be constructed from Proposition by means of Remark
i.e. by setting X = Y and using the obvious projection X LI X — X.
The variant with three or more integers n; follows by iteration.

3. Similarly it suffices to construct the morphism p™™. It is defined in
Section 8 of [Ryd08b|, but we give a different yet related construction:
the morphism can be obtained by mimicking Lemma [3.3.8] i.e. using
Lemma [3.9.7 to get a diagram

(X xgT™(Y|8)|S) «+——— I (I"(X x5 Y|X)|5)

I

™ (X xg I™(Y|S)|I™(Y]S)) i

i pm,n

T(X]S) xg T"(Y]S) —2 5 I™(X xgY|S).
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defining the desired morphism. O

We state without an explicit proof:

Proposition 3.9.11. Let S be an algebraic space, let X,Y, Z be algebraic
spaces separated over S and let k,l,m,n be positive integers.

Then the three natural morphisms of Theorem satisfy the commu-
tative diagrams of Proposition but with all occurrences of S* replaced
by I'°.

We can also compare divided powers to symmetric products, which turns
the results of Sections and into special cases of the above:

Proposition 3.9.12. Let X — S be a separated morphism of algebraic
spaces and let n be a non-negative integer.
Then there exists a natural morphism

SG% g S™(X|S) = I™(X]S)

which is a universal homeomorphism with trivial residue field extensions.

It is an isomorphism if X — S is flat or S is purely of characteristic 0.
This isomorphism is compatible with the functorialities ¢™™, ™™ and p™"
in the obvious sense.

Proof. If n =1 then both sides are naturally isomorphic to X, hence this is
trivially true. The general existence of the morphism is found as Proposi-
tion 4.1.5 i) and Remark 4.2.2 of [Ryd08al: there is a canonical S,,-invariant
morphism

n times

—~
Uy =ohhlo (8G g 9)": (X]9)" = (IH(X]9)]S)" — T™(X]S),

which descends to the desired morphism due to the universal property of
quotients by group actions.

Corollary 4.2.5 of op. cit. shows that SG’}(I g is an isomorphism when the
additional assumptions are satisfied. The compatibility with ¢”>" is almost
by construction, and that with 7" and p™"™ is a lengthy but straightforward
check. We omit the details. O

Remark 3.9.13. Apart from results regarding relative cycles, we only used
the aforementioned results in sections [3.4] to Therefore one can now
mutatis mutandis transfer everything into the formalism of divided powers,
while omitting assumptions of flatness where not needed, i.e. when they
were only required to assure the functorial properties of symmetric products.
Many of these results already appear in [Ryd08d].

We finish this section by giving some important examples, but often omit
the proof.
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Definition 3.9.14. Let S be an algebraic space and let X, Y be algebraic
spaces separated over S. An effective multivalued morphism X — Y over S
is a morphism

o0
X = [[rv1s)
d=0
of algebraic spaces over S. We call it homogeneous of degree d if it is simply
a morphism X — T'4(Y]S).
eff
S

We denote the set of all multivalued morphisms X — Y by Multig (X,Y).
Composition, sum and tensor product of multivalued morphisms are then
defined completely analogous to Definitions [3.4.3] [3.4.7 and [3.4.9]

Note that this agrees with our previous definition whenever it applies.

Proposition 3.9.15. Let S be an algebraic space. Let I and J be arbitrary
sets. Also let algebraic spaces X;, ¢ € I, and Y;, j € J, separated over S be
given.

Then there is a natural additive decomposition

—~—eff —~—eff
Multig | [T X0 [T Y5 | = [[ €D Multis (Xi,15).
i€l jeJ i€l jeJ

Definition 3.9.16. Let S be an algebraic space. We define the category

———eff

Multig of effective extended multivalued morphisms over S as follows:

e its objects are the algebraic spaces that are separated over S,

e its morphisms are the multivalued morphisms X — Y of Defini-

tion BU1T,

e composition is as described in Definition

Almost identical to Theorem [3.4.11] we get, this time from Proposi-

tion 3.9.11k

Theorem 3.9.17. Let S be an algebraic space.
eff
Then composition, addition and tensor product turn the category Multig

of effective extended multivalued morphisms over S into a symmetric monoidal

category enriched over abelian monoids.

Remark 3.9.18. The natural isomorphism I'' (Y|S) 2 Y induces, analogous
to Remark a natural embedding of the category of algebraic spaces
separated over S into MultiZ.
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Definition 3.9.19. Let S be an algebraic space and let A be a ring.

The category Multig A of extended A-multivalued morphisms has the same

objects as Multig and the A-linear extensions

—~——cff
Multig (X,Y) @y A

as morphisms.
If A =7 we will call it the category of extended multivalued morphisms

and denote it by Multig.

Proposition 3.9.20. Let S be an algebraic space and let A be a ring.

Then Multig s is a A-linear symmetric tensor category.

The results of Sections [3.5] to [3.7] now translate, which in particular gives
us:

Theorem 3.9.21. Let S be a noetherian scheme. Let Nmg be the category
of normal schemes which are separated and of finite type over S. Let NmCorgff
be the full subcategory of SchCOJreSﬂr consisting of normal schemes which are
separated and of finite type over S.

Then symmetrization induces an additive, graded and faithful functor

et . eff off
sym = symy: NmCorg — Multig

between preadditive Ny-graded categories. This functor is compatible with
the embeddings of Nmg into both sides.

Sketch of proof. This follows from the results of [Ryd08b| and [Ryd08d|. Let
us give a quick description how one argues based on our results:

For any finite surjective w: I' — X of degree n into a normal and
connected scheme X, a morphism sym(r): X — I'(I'|X) is given by
sym(m) = SG%S osym(m) (cf. Corollary [2.6.14] for the relation to the univer-
sal property in the affine case). It extends as in Definitions and

The compatibilities analogous to Section follow by similar proofs.
Often they can, using Remark be reduced to spectra of fields, where
everything becomes flat. Hence in those cases the required properties follow
from Proposition and the already established variants with symmetric
products. More directly, they can be extracted from Section 7 of [Ryd08b]
and Section 10 of [Ryd08d].

After this, the theorem follows from the same arguments as found in the
proofs of Proposition and Theorem [3.7.5 O

Remark 3.9.22. The other functors of Section have similar analogues.

Remark 3.9.23. Note that we cannot simply transfer the tensor structure: a
fibre product of normal schemes is not always normal. Restricting to smooth
schemes over a normal base will by Proposition give us nothing new
beyond Theorem [3.7.5
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Chapter 4

Yoga of Good Filtrations

Working with Nori motives often involves the so-called ‘yoga of good pairs’.
Its main idea is to find certain algebraic filtrations F on varieties that behave
like skeleta of CW-structures on cohomology (cf. Definition to get
(very) good pairs, hence the name. A lot of the required groundwork was
already laid by Nori, Huber, Miiller-Stach and others.

We first repeat the basic definitions and properties as found in [HM16],
in particular Nori’s cellular complexes C%(X) € CO(MMSE ) (cf. Defini-
tion that will not depend on F as an object of DP(MMEE ) (cf.
Lemma . Their existence is a consequence of Nori’s Basic Lemma m

Following Nori’s original construction, we associate to every finite corre-
spondence a: X — Y between smooth affine varieties a morphism

Cx(a): Cx(Y) = Cx(X)

(cf. Definition [4.6.2]). As a connected smooth variety is automatically irre-
ducible and normal, we will be able to apply the results of Chapter |3, which
allows us to replace finite correspondences by multivalued morphisms.
Thereafter, the primary goal of this section will be to prove Theorem [4.8.1]
It roughly states that assigning to a smooth affine variety X the pro-object
lim C%(X) € pro-C*(MMFE;)
f
is functorial with respect to arbitrary finite correspondences. By the nature
of this functor and the C%(X) it will then follow quite formally that it
extends to a functor

C?(SmCor®™) — pro-C*(MMSE )

such that the individual objects of the projective system become naturally
isomorphic in DY(MMSE ) (cf. Theorem [7.2.4). This completes Step [3.| of
our overarching Strategy
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Similarities with the arguments in Section 9.2 of [HM16] are not coinci-
dental: on morphisms, they are simply identical as explained in Remark [£.5.4]
But to get functoriality for finite correspondences, not just morphisms, one
needs to add several additional arguments. Most prominently this involves
Nori’s equivariant version (cf. Theorem of his Basic Lemma m
The diagrams will, in contrast to the case of morphisms, contain additional
objects that serve as stepping stones for constructing morphisms and proving
their properties. We thus have to introduce the notion of a filtration on
a finite correspondence (cf. Definition and then that of functorial

filtrations (cf. Definition |4.8.2]).

Convention 4.0.1. For this chapter we assume that & C C is a fixed base
field. Recall that by a variety we mean a reduced and separated scheme
of finite type over k. We also fix a noetherian ring of coefficients A and
will often work in the category SmCor(k, A) of finite correspondences with
coefficients in A between smooth varieties over k as given in Definition [1.9.1
We will also use the category SmCor® (k) = SmCor(k,N) of effective finite
correspondences defined there.

An important idea when working with Nori motives is to work in-between
the algebraic and the analytic topology. All topological notions are, unless
stated otherwise, within the context of varieties, i.e. in the Zariski topology.
In contrast we will consider sheaves to be on the analytic side:

Convention 4.0.2. Throughout this chapter, a sheaf on a variety X € Vary
is by definition a sheaf on the analytification X?" = X (C) with the analytic
topology. Consequently, if f: X — Y is a morphism of varieties over k, then
the pushforward f,, the proper pushforward fi and the pullback f* denote
their analytic counterparts. Therefore Ax will be the constant sheaf A xan on
X?#". Constructible sheaves (cf. Definition follow suit, but we require
all stratifications to come from ones on varieties.

If now F' is a sheaf on X, i.e. by our convention a sheaf on X" then we
use the shortcut H"(X, F') instead of H™ (X", F) for sheaf cohomology. If Y’
is a closed subset of X, we denote by Hgng(X , Y, A) the singular cohomology
HY (X Y2 A) with coefficients in A. In particular we set

sing

iing (X, A) = Hgpo (X*, A).

sing

4.1 Cellular filtrations

To formalize our results and techniques we will need some notation, most of

which are standard. Also recall Definitions [1.2.2] [T.2.5] and [1.2.9]
Based on Nori’s work and [HM16| we define:
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Definition 4.1.1 (Cellular filtrations).

A standard filtration F on a scheme X is an increasing filtration
Xo = FoX of X by closed subsets such that dim X; < i. Here we
set dim () = —oo and thus require X; = () for all 7 < 0. Unless stated
otherwise we understand the X; as closed subschemes of X with the
reduced induced structure.

If F and G are two standard filtrations on X, we say that F is finer
than G, or that G is coarser than F, if ;X C G; X for all i.

We call standard filtrations FeX and FoY on schemes X and Y com-
patible with a morphism f: X — Y if f(F;X) C FY for all i.

A standard filtration on a diagram of schemes consists of standard
filtrations on each object. We do not require them to be compatible.
We call a standard filtration finer (respectively coarser) than another
one if it is finer (respectively coarser) on each object.

Let D be a diagram of schemes and let F be a standard filtration on
D. Then its restriction to a subdiagram D' C D is the filtration Fipr
on D’ obtained by forgetting the objects outside of D’. We say that F
extends a standard filtration G on D’ if Fipr =G.

A (cohomological) A-cellular filtration on a variety X over k is a
standard filtration Xe = F¢X on X such that:

e X;\X;_1 is smooth for all i € Z,
e X, =X fori>dim(X),

o HY (Xi, X;-1,A) =0 for all integers i # j,

sing
. Hging(Xz-, Xi—1,A) is a finitely generated projective A-module for

all integers i.

A A-cellular filtration on a diagram of varieties is a standard filtration
on the diagram which is a A-cellular filtration on each object and
compatible with all morphisms.

Remark 4.1.2. Note that we do not require standard filtrations on diagrams
to be compatible with the morphisms, in contrast to the case of A-cellular
filtrations.

Remark 4.1.3. The dual notion of a homological A-cellular filtration exists,
defined by using singular homology instead of cohomology. We have the
following interesting observation:

Proposition 4.1.4. Let X be a variety over a field k C C. The following
are equivalent for a standard filtration F, on X:
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(a) Fe is cohomologically Z-cellular,
(b) Fe is cohomologically A-cellular for all rings A,
(c) Fe is homologically Z-cellular,

(d) Fe is homologically A-cellular for all rings A.

Proof. Trivially @ implies @ and @ implies The universal coefficient
theorems for homology and cohomology show that property implies the
others. It hence suffices to show that implies [(c)|

Assume that F, is cohomologically Z-cellular and let ¢, j € Z. As singular
homology of varieties, all the abelian groups H;mg (X2, X)) are finitely
generated. Thus there exist non-canonical decompositions

H™ (XM X)) =2 Fyj @ T

into a free and a torsion part. We furthermore have non-canonical isomor-
phisms _

Hom(H;™ (X", X)), Z) = Fy
and .

Ext!' (H;"8(X™", X)), Z) = T, 5.

i

Therefore the universal coefficient theorem (cf. [Hat02], Theorem 3.2) for
singular cohomology turns into the exactness of

N s Y
0 T’ZJ*1 Hsing

(Xinifl) E,j > 0.

The middle term is by assumption free for all ¢, j, thus all T; ;_; are trivial.

. : J an an \ o~ 1. . o sing . .
Hence, again non-canonically, Hsing(Xi , X)) =2 By = H; (X, Xi1),

proving that F, is homologically Z-cellular. O

4.2 Cellular complexes

Recall Definition [.3.5]

Definition 4.2.1 (Cellular complex). Let X € Vary be an affine variety with
a A-cellular filtration X = F¢X. Then the (X;, X;_1,7) are very good pairs
(cf. Definition[1.3.7)) and we define Nori’s cellular complezr C%(X) = C%(X, A)
as the complex

{0 = Hiou(Xi, Xio1, A) = HIFL (X1, Xi, A) — ..} € MMSE (K, A).

Here we put Hf\I X, X;—1,A) in degree i and let

ori(

Hli\Tori(Xiv Xiflv A) - Hliltii(XHla Xiv A)

be the boundary morphisms of MM%%ri(k, A) corresponding to the triple
(Xit1, Xi, Xi1).
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Definition 4.2.2. If f: X — Y is a morphism of affine varieties over k and
F is a A-cellular filtration on each of X and Y compatible with f, then the
pullback edges of Definition induce morphisms

Co(f): Hio(FY, Fis1Y, A) = Hioi(FiX, Fim1 X, A)

in MM (K, A).

They assemble to a morphism
Cx(f) = C=(f,A): CE(Y,A) = Cx(X, A).

Note that C%(X) is a complex and that C%(f) is indeed a morphism of
complexes. This can, for example, be seen by applying the faithful forgetful
functor weing: MMSE . (k, A) — A-Mod.

Proposition 4.2.3. Let X € Vaurzff be an affine variety and let F be a
A-cellular filtration on X.

Then C%(X,A) naturally calculates, after application of the forgetful
functor wsing: MMSE .(k,A) — A-Mod, the singular cohomology of X:
there is a natural isomorphism

H g (X, A) 2 g (H"(C3(X, A)).

sing

Proof. As wging is exact and faithful it is sufficient to show that the complex

Rt Hsiing(

FiX, FiaX,A) = HG (Fin X, FiX, A) — ...
of boundary morphisms computes singular cohomology. This is shown as in
the standard proofs that cellular cohomology computes singular cohomology
of CW-complexes. If we use the shortcut X; := F;(X) this is for example
the dual of [Hat02], Theorem 2.35. O

All maps in the construction of C%(X) are the natural ones on singular
cohomology. Thus the following is immediate from Proposition [4.2.3] and the
faithfulness of weing : MM . (k, A) — A-Mod.

Lemma 4.2.4. Let k C C be a field and let A be a ring. Then:

(a) Let X € Vary be an affine variety. Let F and G be two A-cellular
filtrations on X with F finer than G. Then the inclusion induces a
natural quasi-isomorphism Cg(X) — C%(X).

(b) Let f: X — Y be a morphism of affine varieties over k. Let F and G
be two A-cellular filtrations on the corresponding diagram X — Y, i.e.
on both objects and compatible with f. Assume that F is finer than G.
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Then the diagram

. Cg(f) o
Cg(Y) ? Cg(X)
q.-is. q.-is.
cr(v) — P esx)

commutes.

4.3 Nori’s Basic Lemma

The existence of A-cellular filtrations on an affine variety is the content of
Nori’s Basic Lemma which appeared in [Nor02]:

Theorem 4.3.1 (Nori’s Basic Lemma, classical version). Let X € Vari be
an affine variety of dimension n over k C C and let A be a ring. Let Y C X
be a closed subset of dimension at most n — 1.

Then there exists a closed subset Z C X containing Y such that:

. H;ng(X, Z,\) =0 for all integers i # n,
° Hgng(X, Z,\) is a finitely generated free A-module.

Remark 4.3.2. For A = Z this is Theorem 2.5.2 of [HM16]. The general
version follows easily from Nori’s more general sheaf-theoretic version of The-
orem below. We point to [HM16], after the statement of Theorem 2.5.7,
for an explicit reduction.

Remark 4.3.3. We cannot expect Nori’s Basic Lemma to hold for non-affine
varieties. Indeed, it is wrong for any projective variety of positive dimension.

Remark 4.3.4. By enlarging Y to contain the singular locus of X we can
also achieve that X\ Z is smooth.

Recall that by Convention all sheaves are in the analytic topology.

Definition 4.3.5 (Stratification, constructible). Let A be a ring and let X
be a scheme.

A stratification of X is a disjoint decomposition S = {S;|i € I} of the
Zariski-topological space X into finitely many locally closed subsets such
that the frontier condition

Si= U S

SjGSTi
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holds.

A sheaf F' of A-modules on X is called weakly constructible if there is
a stratification S = {S;|i € I} such that the restrictions Fg, are locally
constant. It is then called constructible if all stalks of F' are finitely generated
A-modules.

We list their most important properties in the form of two lemmas:

Lemma 4.3.6. Constructibility and weak constructibility are stable under
finite limits and finite colimits of sheaves. Explicitly this means for a variety
X over a field k C C and a finite diagram D: C — Shv(X) of (weakly)
constructible sheaves on X:

(a) limecc D(c) is (weakly) constructible,
(b) colim.ec D(c) is (weakly) constructible.

Proof. By taking intersections of the individual stratifications we may assume
that S = {S;|i € I} is a stratification of X such that each of the D(c), c € C, is
locally constant on each .S;. As pullbacks, restrictions in particular, commute
with finite (co)limits, we can restrict to a single S;. Thus we need to show
that locally constant sheaves are stable under finite (co)limits. This property
is clear for constant sheaves, to which it can be reduced by taking sufficiently
fine open covers.

If additionally the stalks of all the D(c), ¢ € C, are finitely generated,
then the same is clearly true for the (co)limit over the finite diagram D. [J

Lemma 4.3.7. Constructibility and weak constructibility are stable under
arbitrary pullbacks, pushforwards along finite morphisms and the extension-
by-0 functor. Explicitly this means for a morphism f: X — Y of varieties
over a field k C C:

(a) If G is a (weakly) constructible sheaf on Y, then f*(G) is a (weakly)
constructible sheaf on X.

(b) If f is finite and F is a (weakly) constructible sheaf on X, then f.(F)
is a (weakly) constructible sheaf on Y .

(c) If f is an open immersion and F is a (weakly) constructible sheaf on
X, then fi(F) is a (weakly) constructible sheaf on Y.

Proof. Part is easy and together with part @ given as Lemma 2.5.10 of
[HM16]. Part [(a)]is almost trivial:

Let S = {S;|i € I} be a stratification of Y such that the restrictions
G|s, are locally constant. Then the restriction of f*(G) to the locally closed
S71(S;) is the pullback f*(Gjs,). Using an open cover of S; on which S; is
constant then shows that f*(Gg,) is locally constant.

As taking stalks commutes with pullbacks, we conclude that constructibil-
ity is preserved as well. O
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This allows us to formulate the following more precise version of The-
orem that was independently shown in [Nor02] and, with a slight
twist, in |Bei87] as part of Proof 3.3.1. Both arguments are elaborated in
Section 2.5 of [HM16].

Theorem 4.3.8 (Nori’s Basic Lemma, sheaf-theoretic version). Let k C C
be a field and let A be a ring. Let X be an affine variety of dimension n over
k and let Y C X be closed subset of dimension at most n — 1. Assume that
F is a weakly constructible sheaf of A-modules on X.

Then there exists a closed subset Z C X of dimension n — 1, containing
Y and with open complement j: U —— X such that:

(a) H™(X, jij*F) = 0 for m # n,
(b) H™"(X,j1j*F) is a finite sum of stalks F,.

Proof. This is a variant of Theorem 2.5.7 of [HM16]| mentioned in Subsec-
tion 2.5.2 of op. cit. at the beginning of Nori’s proof of their Theorem 2.5.7.
They work over A = Z, but the proof as given works for an arbitrary ring
because all morphisms used (i.e. pushforwards and pullbacks) restrict to
A-modules. O

Two easy inductions (cf. Theorem Lemma and Theorem [4.8.4]
for generalizations and explicit proofs) using Nori’s Basic Lemma show:

Lemma 4.3.9. Let k C C be a field and let A be a ring.

(a) Every affine variety X € Varil admits a A-cellular filtration coarser
than a given standard filtration on X.

(b) Let D: C — Varzff be a finite acyclic diagram of affine varieties and let
F be a standard filtration on D. Then D admits a A-cellular filtration
coarser than F.

4.4 The equivariant version of Nori’s Basic Lemma

Recall that our sheaves were defined on the analytifications. The following
lemma is surely well-known, but we have not been able to find a reference:

Lemma 4.4.1. Let m: X — Y be a finite morphism of varieties over k C C.
Then the pushforward m,: Shv(X) — Shv(Y') is exact. Thus for any
sheaf F on X we have a canonical isomorphism H" (X, F) =2 H"(Y, n.F).

Proof. By the Leray spectral sequence it suffices to show that the right
derived sheaves (R".)F vanish for n > 0. Looking at the stalk X" over
y € Y2 the stalk-wise version of proper base change states that

(R"m)F)y = HY(XZ, Fixan).
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But 7 is quasi-finite, thus X7" is a finite union of points. Therefore all
cohomology in degree n > 0 vanishes as required. O

Lemma 4.4.2. Let A be a finite set with a transitive action by a finite
group G. Let A be a ring.
Consider the morphism

q: At — ANC

()\a)aeA = (>\a - /\ga)aeA, geG

and the G-action on A induced by that on A.

Then the kernel ker(q) is the A-submodule of G-invariant elements of A4
and is isomorphic to A via the diagonal embedding A: A — A?. The image
im(q) and cokernel coker(q) are free A-modules.

Proof. An element (\y)qea € A is annihilated by ¢ if and only if A\, = Aga
for all @ € A and g € G. In other words, if it is G-invariant. By transitivity
this means that all A\, are equal.

Let us now deal with the image and the cokernel. We understand A4 as
the free A-module with basis A and A4*C as the free A-module with basis
A x G.

Fix an element b € A and for each ¢ € A a g, € G such that g,b = a,
possible by transitivity. We claim that a A-basis of coker(q) is represented by
B:=(AxG)\{(b,ga) | a € A, a # b}. We furthermore claim that a A-basis
C of im(q) is given by the g(a), a € A\{b}.

The latter is easily verified: A is freely generated by Y acaa € ker(q) =
A and the a € A\{b}, hence the image of q is freely generated by C. It now
suffices to check that B U C forms a A-basis of A4XC.

Let M be the A-submodule of A4*C generated by B. Note that

gla) = (a,9) =D (9 "a,9).

geG geG

For a € A, a # b, we find that ¢(a) + (b, g,) € M. Indeed:

The first sum for ¢(a) contains only pairs (a,g) € B. Let now ¢ € A be
such that the summand (b, g.) appears in the second sum. This means that
g-ta=b,ie. a=gb=c Hence (b,g,) is the only summand not in B.

This shows that B U C is a generating system of A4*C. Observing
#(BUC) < #B+ #C = #A - #G we conclude that BUC = BUC is a
basis. O

The next Theorems 4.4.3] and 4.4.5] mimic Nori’s ideas on how to work
with quotients by finite groups. As before we give a cohomological instead
of his original homological version.
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Theorem 4.4.3 (Nori’s Basic Lemma, equivariant version). Let k C C be a
field and let A be a ring. Let X be an affine variety of dimension n over k
and let G be a finite group acting on X via morphisms over k.

Then there exists a G-invariant closed subset D C X of dimension n — 1
such that:

* Hin,
A-modules,

(X,D,A) and H?

sing

(X/G,D/G) are finitely generated projective

o H:

sing

(X/G,D/G,A) =0 fori#n,

o I

sing

(X,D,A) =0 for i #n,
e The projection w: X — X /G induces an isomorphism

Hjwg(X/G, D/G,A) 2 HE, (X, D, A)C.
Additionally, D can be chosen to contain an arbitrary closed subset of X of
dimension at most n — 1.

Proof. Let K be an arbitrary closed subscheme of X of dimension at most
n—1. Then 7(K) has dimension at most n — 1, hence there is a closed subset
D’ of X/G of dimension n — 1 containing it. Let U = (X/G)\ D' be its open
complement and let i: U <+ X/G and i: 7~ 1(U) — X be the inclusions.

By proper base change we have an isomorphism 7*iAy =2 Zm*AU =
ZAWA(U). Its adjoint gives the middle morphism of a sequence

0 s WAy > W*/\Z:!Aﬂfl(U) 9, H 71'*;1/\”71((]) (4.1)
geG

of sheaves on X/G. The last morphism ¢ is the product over the morphisms
id —7r*21g* : W*EAWA(U) — W*Z!AWA(U)

induced by the adjoint action g.: Ar-1(gy — Ar—1(y) of g € G on the constant
sheaf Ar-17) & g"Ar—1(7). This sequence is exact:
If x € D'(C), then all stalks vanish. If z € U(C), pick any preimage
y € X(C). Then 7w~ !(x) is the orbit Gy (cf. Proposition @) Thus, by
the stalk-wise version of proper base change, the sequence at the stalk at x
reads as
0 — A —— AGY — AGYXG,

where the middle morphism is the diagonal one and the last morphism sends
(A2)zeqy to (Az — Agz)zeqy, geg- As the action of G on the orbit Gy is
transitive we conclude the exactness from Lemma 4.2l Tt also tells us that
the stalks of im(gq) and coker(q) are finitely generated free A-modules.
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We set
F=i4Ay® W*EAWA(U) @ im(q) @ coker(q).
Each of the summands is constructible by Lemmas and so by the
sheaf-theoretic version of Nori’s Basic Lemma there is an open dense
subset j: V <= X/G contained in U and such that H™(X/G, 1j*F) is a
free A-module of finite rank for m = n and 0 otherwise. We claim that the
obviously G-invariant complement D of 7—!(V) satisfies the conditions of

the lemma.
Let j: 771(V) — X and u: V <> U be the inclusions. We note that

j*igAU = Ay 2 utAy = Ay (42)

and analogously }*ZAW_1(U) = Az-1(v). The second isomorphism, m, = m
and proper base change give us

P T - ) 2 i i A ) & T ). (4.3)

On cohomology we therefore get

@2
H™(X/G,h5"uAy) =& H™(X/G,jAy) = Hg;lg(X/G, D/G,A)
as well as

H™X/G, jij*miih 1)) = H™X/G, mgih1(v)) =
gHm(X,}!Aﬂ—l(V))g dir (X,D,A),

sing
the second isomorphism by Lemma
Both cohomologies are summands of H™(X/G, jij*F), therefore trivial
if m # n and projective if m = n. As summands, in particular quotients, of
a finitely generated A-module we find them to be finitely generated as well.
Thus we have shown everything except the last point.
By definition we can split into two short exact sequences

0 — ilAy — mitA,—1() — im(q) — 0,

0 — im(q) — H W*ZAﬂ.—l(U) —— coker(q) — 0.
geG

Now we apply H"(X/G, j1j*—) to them. The long exact sequence of
sheaf cohomology together with the vanishing of H™(X/G, j17*—) for m # n
and the above isomorphisms turn them into short exact sequences

0 — H™ (X/G,D/G,A) — H™

sing sing

(X,D,A) — H"(X/G, jij* im(q)) — 0,
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0 — H™(X/G, jij*im(q)) — H sing (X D, A) — H"(X/G, jij* coker(q)) — 0.

geqG
Recombining them shows that H{},(X/G, D/G,A) is the kernel of
Ho(X, D, A) — [ Hihe(X, D, A)

geG

induced by the action of G on X, i.e. that indeed

X/G,D/G,A) = H" (X, D)C.

Slﬂg ( smg

O

Definition 4.4.4. Let X be an affine variety with an action of a finite
group G. A standard filtration F on X is called G-invariant if each F; X
is. If this is satisfied we get a quotient filtration F/G on X/G defined by
(F/G)i(X/G) = (FiX)/G.

Note that X being affine assures the existence of the quotients as varieties
(cf. Remark [3.1.5).

Theorem 4.4.5. Let G be a finite group acting on an affine variety X over
k C C via morphisms over k. Let m: X — X /G be the corresponding quotient
morphism and let G be a standard filtration on X (cf. Definition . Let
A be a noetherian ring.

Then there exists a standard filtration F on X coarser than G such that:

e F is G-invariant,
o F is A-cellular,
e the quotient filtration F/G on X/G is A-cellular,

e the quotient morphism 7: X — X /G induces an isomorphism
O (X/G) = C3(X)C

of complexes over MM . (k, A).

Proof. Let X,, = X. By using Theorem we can inductively choose
closed subsets X,_1, Xn—2,..., X0, X_1 = 0 of X such that:

e X; D G;(X) is invariant under G and has dimension j
o Fi(X):=X; and (F/GQ)i(X/G) = X;/G are A-cellular filtrations,
o HYo(Xi/G, Xi-1/G) =

sing

sz Xz 1)

smg(
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The filtrations on X and X/G are in particular compatible with 7. The
natural map C%(X/G) — C(X) becomes by construction an isomorphism

onto C%(X)% when considered in singular cohomology, i.e. after applying
the faithful exact forgetful functor weing: MMSE . (k, A) — A-Mod. Thus 7
induces an isomorphism

%6 (X/G) = CH(X)C.
J

Definition 4.4.6. Let D be a diagram of affine varieties over £k C C and
let 7: X — X/G be a morphism in D that is a quotient by the action of a
finite group. We call a A-cellular filtration F, on D nice at 7w if Fo(X) is G-

invariant and 7 induces an isomorphism C%(X/G) = C%(X)% of complexes
over MMSE L (k, ).

It is easy to find A-cellular filtrations on finite acyclic diagrams of affine
schemes. But if we want them to be nice at group quotients X — X/G we
require a more technical obstruction than acyclicity. The reason is that the
filtrations of X and X/G need to be chosen at the same time.

Lemma 4.4.7. Let D: C — Vaur,é’;ff be a finite acyclic diagram of affine
varieties over k C C and let A be a noetherian ring. Let S be a set of arrows
in C that map to finite group quotients X — X/G. We assume for all arrows
stx—yinS:

- no other arrow in S has x or y as one if its endpoints,
- there is no other arrow x — y in C,

- there is no third object z # x,y in C such that there are arrows r — z
and z — y in C.

Then there exists a A-cellular filtration F on D coarser than a given
standard filtration on D and nice at every arrow of S. If furthermore we are
already given such a A-cellular filtration on an initial segment I of D that
for each s € S contains either none or both of its endpoints, then F can be
chosen to extend it.

Proof. By the finiteness and acyclicity of D there is a terminal object y € C,
i.e. one that has no arrow into any other object of C. There is then at most
one object x € C mapping to y via a morphism 7 € S; we set x = y and
m = idy if no such object and morphism exist. Then by assumption the
subdiagram on C\{x,y} obtained by removing z, y and all involved arrows
is an initial segment of C.

Let G be a standard filtration on D. By induction we may assume that
we have found a A-cellular filtration F coarser than G on the initial segment

137



I =C\{z,y} — Vari®. Let f be an arrow from any z € C\{z,y} to z. As
our varieties are of finite type over a field we get

dim (m) < dim (F;D(2)) < i

and thus may assume that f(F;D(z)) C G;D(x). We do this for all the
finitely many such f and analogously for all arrows with target y.
Because D(7) is a finite morphism, we have

dim (D(x)'(GiD(y))) < dim (G:D(y)) <

and can therefore also assume that D(7)~1(G;D(y)) C G;D(z). We apply
Theorem to the finite group quotient D(7): D(x) — D(y) and the
given standard filtration on GeD(x), thereby extending F to all of D. By
construction it is coarser than G, extends the given filtration on I, is a

A-cellular filtration, compatible with all morphisms and nice at all elements
of S. O

4.5 Cellular filtrations on finite correspondences

In order to work with finite correspondences it is not enough to use A-cellular
filtrations on the objects. One has to use filtrations on the morphisms as
well, a notion we now want to make precise:

Definition 4.5.1 (Edges). Let a: X ~» Y be an effective finite correspon-
dence of constant degree n (cf. Definition between smooth affine
varieties over a field k C C. We define the (effective) edge E(a) as the
diagram

X%S”(Y)«“—Y"%Y.

Here, the left arrow is the symmetrization symy(a) = symgyeqr) (@) (see
Definition and Theorem , the middle arrow is the quotient by the
symmetric group S, acting via permutation of the factors and the rightmost
morphisms are the different projections onto the factors.

Assume now that o =Y, ; a;e;: X ~» Y is a finite correspondence in
SmCoraﬁ(k, A) with a; € A and basic finite correspondences «a;: X; ~ Y,
where X; and Y; are the connected components of X and Y, respectively,
over which «; is defined (cf. Proposition [1.6.4). We define the edge E(a) as
the disjoint union [[;_; E(c) of the edges of the individual «.

By abuse of notation we will call a A-cellular filtration on an edge E (@)
or E(«) nice if it is nice at the finite group quotients Y — S"(Y).
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Remark 4.5.2. There is some slight overlap between the two definitions of
edges: every effective finite correspondence a: X ~» Y can be understood as
a finite A-correspondence o ® A, amounting to a functor

— @ A: SmCor®f (k) — SmCor(k, A).

But the edges will not be the same, as the effective version E creates a single
connected diagram while the general version F creates one for each basic
summand. In theory, this is never a problem if one does not suppress the
functor —® A. We prefer to be cautious and choose to have different symbols
F and E.

Definition 4.5.3 (Filtrations on finite correspondences). Let & C C be a field
and let o = 3°7_, a;o: X ~» Y be a finite correspondence in SmCor® (k, A)
as in Definition 5.1

- A standard filtration on « is a standard filtration F on the edge E(«).
We call it a A-cellular filtration on « if it is a nice A-cellular filtration.
The notions of being finer or coarser extend in the obvious way.

- Let FoX, GoY and Hea be standard filtrations on the two objects and
the finite correspondence. We call them compatible if

o the filtration Heax on E(a) is compatible at each morphism in
E(a),

e the filtrations F, and H, agree on thg connected components of
X appearing in the individual edges E(«;),

e the filtrations G, and He agree on the connected components of
Y appearing in the individual edges F(«;).

- A standard filtration on a diagram in SmCor(k, A) consists of a standard
filtration on each object and each finite correspondence. The notions
of being finer or coarser transfer accordingly.

- A A-cellular filtration on a diagram D in SmCor(k, A) is a standard
filtration on D such that the standard filtrations on the objects and
the finite correspondences are A-cellular as well as compatible with
each other.

Remark 4.5.4. There is the embedding Sm; — SmCor(k,A) of Defini-
tion mapping a morphism f: X — Y to its graph I'y. In this sense
every standard (respectively A-cellular) filtration on a diagram of smooth
affine varieties induces a standard (respectively A-cellular) filtration on the
induced diagram in SmCor®¥(k, A) via the identification Y = Y1 = S1(Y).
This obviously preserves coarseness, thus our constructions are fully compat-
ible with those obtained in [HM16] for morphisms of smooth affine varieties.
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Once more we find enough A-cellular filtrations:

Lemma 4.5.5. Let k C C be a field and let A be a noetherian ring. Let
D: C — SmCor®(k, A) be a finite acyclic diagram.

Then there exists a A-cellular filtration F on D coarser than a given
standard filtration on D. In particular they form a directed system. If we
are already given such a A-cellular filtration on an initial segment I of D,
then F can be chosen to extend it.

Proof. As in the proof of Lemma[4.4.7] it suffices to consider the case where I
contains all but one terminal object D(z) of D. For each arrow a:: y — z in
C we find, using Lemma [£.4.7, a A-cellular filtration on D(«) which extends
the given one on D(y). In the end we also pick a A-cellular filtration on D(z)
coarser than those on the individual D(«) mapping to D(z). O

4.6 Mapping finite correspondences to Nori mo-
tives

Let us state the following trivial observation:

Lemma 4.6.1. Let A be an abelian category and let G be a finite group
acting on B € A. Let f: A— B be a morphism in A.
Then the orbit sum
Z f+A—=B
f'eGof

factors over the G-invariants

BY := ker H(idB —g): B— H B
geG geqG

Definition 4.6.2. Let a: X ~~ Y be an effective finite correspondence of
constant degree n between smooth affine varieties over a field £ C C and let
F be a nice A-cellular filtration on the edge E(a). Let

L= Ch(pry): CR(Y) 5 Cx(Y™)
=1

be the sum over the C%(—) (cf. Definition [4.2.1)) of the projections pr; onto
the i-th factor.
By Lemma the image im(X}) is contained in C%(Y™)*". Thus we

can define a morphism
Cxa): Cx(Y) = Cx(X)
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between the respective cellular complexes as the composition

CS(symy(a))

CH(Y) — C(Y™)5 = CH(S(Y)) C(X)
along the edge E(a), the isomorphism due to the Definition of niceness.

Assume now that a« =Y, _; a;oy: X ~» Y is a finite correspondence in
SmCor™ (k, A) with basic finite correspondences a; and coefficients a; € A.
Let F be a A-cellular filtration on F(«), thus satisfying the above assumption
on the individual effective edges E (cvi). We define the transfer map

C(a) =D aiCr(as): CH(Y) = CH(X)
i=1

by A-linear continuation from the basic finite correspondences.

By Definition [4.5.3] a refinement is one on each object in all relevant
edges. Thus Lemma implies the following generalization of itself:

Lemma 4.6.3. Let k C C be a field and let A be a noetherian ring. Let
a: X ~ Y be a finite correspondence in SmCor®® (k, A). Let F and G be
two A-cellular filtrations on this diagram such that F is finer than G.

Then the diagram

Cy(y) —— *(X)

q.—is. q.—is.

C% (@)

C%(Y) Cx(X)

commutes.

4.7 Additivity of C%
Note that 6}(@) is defined for all effective finite correspondences, not just
basic ones. But this gives nothing new:

Proposition 4.7.1. Let A be a noetherian ring. Let aj,as: X ~~ Y be
effective finite correspondences of constant degree between smooth affine
varieties over a field k C C.

Then for every sufficiently coarse A-cellular filtration F we have

6;_—(&1 + Ozg) = 6;:(041) + 6;_—(042) (4.4)

as morphisms C%(Y) — C%(X) between Nori’s cellular complexes.
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Precisely this means: for every given A-cellular filtration H on X there
exists a nice A-cellular filtration G on the effective edges E(aq), E(ag) and

E(aq + o) such that
e the filtrations on the edges agree with H on X,
e the filtrations on the edges agree on Y,

e if F is a nice A-cellular filtration on the edges, coarser than G and
satisfying the previous two properties, then equation (4.4)) holds.

Proof. Let ni and no be the degrees of a1 and «ao, respectively. The morphism
symy(aq + ag): X — SMT"2(Y)
factors by Definitions and through
a = (symy(ay), symy(ag)): X — S"™(Y) x S"2(Y)
via the morphism
Onymy: S™(Y) x S™2(Y) — S™MTm2(Y)

of Proposition m The other two symmetrization morphisms sympy(a;)
and symy(ag) also factor through «, this time via the projections p; and ps
onto the factors. Thus we get a commutative diagram

symy(a1)

where we omitted to draw sympy(a; + a2) and the projections prj,: Y1172 —
Y for clarity. Invoking Lemma [.4.7] gives us a A-cellular filtration G on this
diagram which is nice at the four dotted arrows and is the given one on X.
For a morphism f we now use the shorthand f* := Cg(f).
We note that 7§, 75, 7 and 7* are, by niceness of G at the dotted arrows,
isomorphisms onto their images, which are certain invariant complexes. We
will freely use their inverses (77)~%, (75) 7L, (7*)~! and (7*)~! as morphisms
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starting at those images. In all cases where they appear it is easily verified,
using Lemma that we are inside the respective images.
Then the following calculation shows that the lemma is true for G:

6;(041) + 6:3(042) =

ni
=symy(a1)"(m}) 7" Y pri; +symy(az)(n3) lzprz,j
=1 7j=1

=a’pi(71) 12131“1@‘*'04 p3(73) 12131“2,3

Z prl K +O[ Z pI‘2 N
ni n2

Z pIpri,; + Z Papr3; | =
i=1 j=1

ni1+nsg ni+nz
-1 —
! Zprk*aamm ) Zprlt:
k=1 k=1
ni+ng e
=symy(o1 + a2)*(7) " Y P = Cglan + ag)
k=1

Now consider a general F as in the precise formulation. Lemma [4.6.3
gives us a factorization C%(Y) — Cg(Y) — Cg(X) = C%(X) for each of the
three maps 6}(&1), 6}((12) and 6.;(041 + a3), proving the lemma. O
Proposition 4.7.2. Let a: X ~» Y be an effective finite correspondence of

constant degree between smooth affine varieties over a field k C C. Let A be

a noetherian ring.
Then for every sufficiently coarse A-cellular filtration F we have the

equality
C%(a®A) = Cx(a) (4.5)

of morphisms C%(Y') — C%(X) between Nori’s cellular complexes.
The precise meaning of this is as follows:
Given a A-cellular filtration H on X there exists a nice A-cellular filtration

G on the edges E(a) and E(a® A) such that:
e the filtrations on the edges agree with H on X,
e the filtrations on the edges agree on Y,
e if F is a nice A-cellular filtration on the two edges, coarser than G and

satisfying the previous two properties, then equation (4.5)) holds.
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Proof. Let X = [[;c;X; and Y = [];.;Y; be the decompositions into
connected components and let «; ;: X; ~» Y} be the resulting effective finite
correspondences as in Proposition

Note a finite correspondence over the connected, thus by smoothness
irreducible, X; is automatically of constant degree. Therefore a simple
induction on the number of basic summands based on Proposition gives
us a filtration G; ; on the respective edges, agreeing with H on X;, such that

Cg., (i ®A) = Cg, (aiy)-

Let us write a; ; for o j interpreted as a finite correspondence X; ~ Y via
postcomposition with the embedding Y; < Y. This does clearly not change
the degree. Note that the objects Y, deeg(ai’j ) and Sdeg(ai’f)(Yj) occurring
in the effective edge F(qy ;) consist of unions of connected components of the
objects Y, Ydeg(®i5) and $9¢8(i.3) (V') occurring in the effective edge E(ag’j),
the third one by Proposition We can thus extend G; ; to E(a;j) and
get .

Cbm (;j @A) = Cgm_ (a;,j) )

Another application of Proposition [£.7.1] shows that

Cgi Z 0627]' = Z ng‘ (agvj)
JjeJ Jje€J
for a sufficiently coarse G;, still agreeing with H on X; and coarser than the
individual G; ;.

Now we note that the degree n of ZjEJ «; j does not depend on ¢ by
assumption. We choose a common coarsening G of the G; on Y, Y” and
S™(Y) with G = H on X. This is by definition a nice A-cellular filtration on
the edge F(«) and satisfies

~° / _ ~° /

Co | D aiy|=>_ColD aiy
el el jeJ
jeJ

Combining the equations we find that indeed

Cr(@@A) =C% | Y aj ;@A | =) Cx(aj;®A) =

iel iel
jeT jeJ
. ~ @ / o ~ @ / _N. / _"V.
=> Cr(ai;)=> Cr (D aij| =Cx|D ai;| =Cr(@)
iel iel jeJ iel
jeJ jeJ
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for every A-cellular filtration F coarser than the ones constructed above, yet
agreeing with H on X. O

Remark 4.7.3. Proposition and Proposition demonstrate the
behaviour of A-cellular filtrations on finite correspondences: it is no longer
enough to have sufficiently coarse filtrations on the objects, but we get
constraints from the morphisms as well. This will become even more apparent
in Theorems [.8.1] and [£.9.6] From the viewpoint of ind-systems it means
that certain properties are only eventually true.

Remark 4.7.4. Instead of using finite correspondences it should be possible
to directly use multivalued morphisms as defined in Definition [3.4.10] This
has the advantage of working over non-smooth varieties. But there is one
technical subtlety one has to deal with, especially for more general bases .S
and non-smooth schemes: there might not be a nicely-behaved set of linearly
independent generators of the abelian group Multig(X,Y") of multivalued
morphisms, which we have in our case, namely the basic finite correspon-
dences. We will not go deeper into this, but offer a short description how
one could resolve this problem:

One has to fix as part of the filtration F a finite set S of effective elements
of Multig(X,Y') such that the respective element o € Multig(X,Y) ®n A is
generated as a A-linear combination from Sr. The edge Er(«) is then the
disjoint union of all edges E(s) with s € Sr. For a filtration G to be coarser
than F it would then be required that Sy C Sg.

Proposition then becomes essential to show that C%(«a) is well-
defined, as we might have non-trivial relations between the elements of
Sr.

4.8 Functoriality of C%

We are now able to deal with compositions of finite correspondences. As we
will see in the proof, it is necessary to further restrict the filtrations.

Theorem 4.8.1. Let A be a noetherian ring. Let X, Y and Z be smooth
affine varieties over a field k C C, and let a: X ~ Y and 3:Y ~» Z be finite
correspondences in SmCor®T (K, A).

Then every sufficiently coarse A-cellular filtration F on the diagram

x4y 2z
as in Definitions and satisfies
Cx(Boa)=Cx(a)o Cx(B) (4.6)

as morphisms C%(Z) — C%(X) between Nori’s cellular complexes.

145



Rigorously this means:
Any given A-cellular filtration H on the diagram X —— Y extends to

a A-cellular filtration G on the diagram X —Y i> Z with the following
property: if F is an arbitrary A-cellular filtration on the same diagram
which extends the restriction of H to X and which is coarser than G, then

equation holds.

Proof. By definition and linearity we reduce to the case where « = a® A and
b= B ®A come from basic finite correspondences & and B . In particular, they
are each represented by a single irreducible variety, thus their projections
to Y each land in a single connected component of Y, as also witnessed by
Proposition If these two connected components are different, then
Boa =0 and Ck(a) o Cx(B) = 0 for any A-cellular filtration F on the
diagram, thus the equality is automatically satisfied. Otherwise we may
replace Y by the connected component both cycles lie over. We can also
replace X and Z by the respective connected components o and S lie over
and observe that by A-linearity Soa = (8oa) ® A.
We have a commutative diagram

symy(6) symy (o)

symN(E)"" Sm(symN(E))

m SMY) —m
Y v e RS ) e X

including the edges E(a) = E(&), E(8) = E(B) and E(8 o &) as boundary
(cf. Remark for the subtle differences between the edges). Note that
the lower right area is the Definition of composition of multivalued
morphisms. Proposition gives us a A-cellular filtration G on the edges
E((foa)®A) = E(oa) and E(S o &) such that Cg(Boa) = 6;(50 Q).

Hence we are left to show that
Cg(Boa) = Cg(a) o Cg(B)
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and are by the precise version of Proposition allowed to coarsen G
everywhere except on X. N

By potentially coarsening it on E(ﬁ o), Lemma allows us to extend
G to a A-cellular filtration on the above diagram th@vt it is nice at the four
dotted arrows and extends the given filtration 4 on E(«). In particular, we
left the filtration unchanged at X as desired above. We therefore arrive at
the diagram

C5(2)

/

Co(@) C&(Zm)5n C&(Zmn)Sr Cg(Boa)

~
Cy((znymysmesi \

IR

CG(Y) ———— CG(Y™)"m 4= C5(S"(V)) ——— C5(X)

Cg(B)

which commutes on the three outer areas by the definition of 6;(—) It
commutes on the inner areas because this is already true on the geometric
counterparts. Thus a diagram chase using the four isomorphisms shows

Cg(Boa) = Cg(a) o Cg(B).
If F is any A-cellular filtration on X Yy ﬂ Z coarser than G, but

the same on X, we argue as in the end of the proof of Proposition
both C%(8 o o) and C%(a) o C%(p) factor by Lemma as

CH(Z) = C3(2) — C3(X) = CH(X)
over Cg(B o a) and Cg(a) o C%(B) and are thus equal. O
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Definition 4.8.2. We define a A-cellular filtration F on a diagram D in
SmCor™ (k, A) to be functorial if

C3(B0a) = C(a) 0 CH(8)
for each pair (o, ) of composable finite correspondences in D.

Definition 4.8.3. An almost acyclic diagram (cf. Definition [1.2.9) D : C —
SmCor(k, A) is called hom-almost acyclic if every automorphism D(a), with
a an automorphism of ¢ € C, comes from a scheme-theoretic automorphism

of D(c) via the embedding Smj, < SmCor(k, A) of Definition [1.6.9]

Theorem 4.8.4. Let k C C be a field and let A be a noetherian ring. Let
D:C — SmCor®®(k,A) be a finite and hom-almost acyclic diagram (cf.
Definition .

Then there exists a functorial A-cellular filtration F on D coarser than a
given standard filtration. In particular they form a directed system.

Proof. Similar to the proofs of Lemma and Lemma this is a
straightforward induction using Theorem

Let z be a terminal object of C, i.e. one that maps to no other object.
By induction on the size of C we may assume to already have a functorial
A-cellular filtration on the rest C\{z} of the diagram. Let now a: z — y and
B:y — z be a pair of composable arrows in C. Then by Theorem all
sufficiently coarse A-cellular filtrations on D(x) — D(y) — D(z) extending
the given one on D(z) — D(y) are functorial.

We do this for every such pair («, 5). Each time we might have to coarsen
the filtration on D(8) and thus on D(z), which is clearly allowed by the
precise version of Theorem

Lastly, we consider the finite automorphism group G := Autp(z) =
Endp(z). By Theorem we can then coarsen the found A-cellular
filtration on D(z) to a G-invariant one, finishing the proof. O

4.9 Tensor structure

If (X,Y) and (X', Y’) are good pairs (cf. Definition [1.3.7)), then we have the
Kiinneth isomorphism

HI7 (X x X, X xY'UY x X') =2 Hy (X,Y) @) HY

sing S sing

(X, Y.
Thus expecting

X,Y)2HI (X x X', X xY'UY x X')

HIZ'\Tori(Xv Y) ® HIJ\I Nori

ori(

is natural. Indeed, this motivates the definition of the tensor product on
MM L (k,A) in [HM16]. Combined with the formal tensor structures
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on diagrams of op. cit. it turns MMSE .(k, A) into a symmetric monoidal
category such that the faithful exact functor wging to A- Mod preserves the
tensor structure.

Definition 4.9.1. Let X and Y be affine varieties with standard filtrations
F and G, respectively. The product filtration F x G on X X Y is defined as

(Fx (X xY):= ] FXxgY.

i+j=n

Proposition 4.9.2. Let A be a noetherian ring. Let X and Y be affine
varieties over a field k C C with A-cellular filtrations F and G, respectively.
Then F x G is a A-cellular filtration on X x Y.
Furthermore, the tensor structure of MMSE (k, A) induces a natural
isomorphism

g Chrg(X X V) =5 Tot*(CH(X) @ C3(Y))
of bounded chain complexes over MMSE .(k, ).

Proof. If Z is any of the objects X, Y or X x Y we use the shorthand Z;
to denote the i-th element of the corresponding filtration F, G or F x G,
respectively. We also write Hg (A, B) for Hs‘mg(A, B, A).

As each H (X;, X;—1) and Hsmg(ij Yj_1) is projective, in particular
flat, the Kiinneth formula for relative cohomology with an arbitrary ring of
coefficients states

HE o (Xix Y, X xY;UX; xYq) =

sing

@ smg X“Xl 1) @A Hsmg(Yijijl)'
s+t=n

The summands at the bottom vanish by assumption unless s = ¢ and
t = j. Therefore we have an isomorphism

HAT (X x Vi, Xiy x YU X x Yig) & HE (X, Xioy) @ HY,

sing simg S]ng

(Y}a Y}—l)

and H} , (X; x Y}, X;_1 x Y; UX; x Yj_1) =0 whenever n # i + j.

sing
Then an iterated application of the Mayer-Vietoris long exact sequence

shows

H (X XY )y (X X Y ) y) 2

sing

>~ (P HE (Xix Y, X1 x Y;UX; xYj_q).
1+j=n

In particular this is 0 unless m = n.
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By combining the above isomorphisms we get a natural isomorphism

Hgng ((X X Y)7'“ (‘X X Y n 1 @ 51ng X’MX’L 1) ®A H

sing

(Y5, Yj-1)
i+j=n
which we denote as ¢’ ;.
All the summands on the left are tensor products of finitely generated

projective A-modules and therefore finitely generated and projective. Hence
the same is true for the finite sum. Thus H (X X Y)u, (X X Y),—1) is

sing
finitely generated, projective and vanishes if m # n. Therefore F x G satisfies

the defining properties of a A-cellular filtration.
We now use Proposition 9.3.1 of [HM16] to lift this to Nori motives:
The graded multiplicative structure on the quiver VGood®® induces a
morphism

Hjory (Xi X Y, Xica X YU Xi % Y1) = Higon (X, Xi1) © Hgys (Y, Y1)
whenever ¢ + j = n. The inclusion
(X x Y, X qa xY;UX; x Y1) = (X XY)p, (X xY)p_1)
of very good pairs gives a morphisms
Hyon (X XY ), (X X Y1) = Hori (Xi X ¥, Xioq X YU X x ¥j).

Composing them and taking the sum over all ¢, j with ¢ + j = n gives us
a morphism ¢’ ;:
Hjori (X % Y )y (X X Y)o1) = @D Hlon(Xi, Xim1) © H (Y, Yi1)
i+j=n

such that, by Proposition 9.3.1 of [HM16] and the construction, we have
wsing(w%g) ¢ g Here wging is the faithful tensor functor MMNOH(]C, A) —
A-Mod, hence 1/1?7 is an isomorphism as well. Due to the graded compatibil-
ity of the Kiinneth formula with boundary morphisms (cf. Proposition 2.4.3
of [HM16]) we thus got the desired isomorphism

gt Chrug(X X V) = Tot*(CH(X) ® Cg(Y)).
OJ

Definition 4.9.3. Let X and Y be affine varieties over k C C with A-cellular
filtrations F and G, respectively. Let H be a A-cellular filtration on X x Y
coarser than F x G. Then we denote the resulting morphism

CH(X XY) = CHryg(X xY) = Tot*(CH(X) ® Cg(Y))
again by Y% ;.
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Remark 4.9.4. From Proposition and Lemma we see that 9% ;

is a quasi-isomorphism.

Remark 4.9.5. The product filtrations F x G on X x Y do in general not
form a final subsystem, neither for standard nor for A-cellular filtrations.
For example, the filtration

0> A s A?

of A2, where A is the diagonal, is A-cellular, but A is not contained in any
Xo x Y1 U X, x Yy, even if we allow arbitrary closed subsets X;,Y; < Al
of dimension at most i. For the monoidal structure on motives this means
that we cannot expect a strict tensor functor unless we invert the morphisms
corresponding to coarsenings of A-cellular filtrations.

Theorem 4.9.6. Let k C C be a field and let A be a noetherian ring. Let

ap: X1~ Y,
ag: Xo ~ Y]

be finite correspondences in SmCor®® (k, A) and recall the Definition of
their tensor product

a1 ®ag: X1 X Xog ~ Y] xYs.

Then all sufficiently coarse A-cellular filtrations Fy, Fo and F on the
finite correspondences a1, ao and o ® «o, respectively, induce, together
with the quasi-isomorphisms w.f,g of Definition , a natural commutative
square

Tot*(C% (01)®C%. (a2))
Tot*(C, (X1) ® C, (Xa)) ¢ T2

Tot*(C%, (Y1) ® C%, (Y2))

L] . L] .
'911]:1,]:2 q.-is. 111_7:1’]:2 q.-is.

C;_—(Oz1®042)

C;_—(Xl X X2) C;_—(Yl X YQ)
(4.7)
Rigorously this means:
Let any A-cellular filtrations Gy and Go on the finite correspondences o
and «g, respectively, be given. Then there exists a A-cellular filtration G on
the finite correspondence a1 ® ao which extends Gy X Go on X1 X Xo and is

coarser than G; X Gy on Y7 X Ys. It is such that, given

e a A-cellular filtration F; on a1, which is coarser than G and agrees
with it on X7,
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e a A-cellular filtration F» on «so, which is coarser than G, and agrees
with it on Xo,

e a A-cellular filtration F on a1 ® ao, which is coarser than G,

the diagram [4.7 commutes.

Proof. By definition and linearity we may assume that a; and ao are basic
of degrees ni and no, respectively. We then replace X1, Y7, X5 and Ys by
their respective connected components over which the correspondences are
defined. By Remark and Lemma the tensor product o ® ag is
represented by an effective finite correspondence a: X; X Xo ~» Y] X Y5 of
constant degree nins.

We consider the diagram

symy (1) X%

ovmn(z) sy §M(Y1) x §"2(Ya) 4 V" X Y5

pr; X pr;

P12 (pr;,pr;)
SymN(a) ning nin Pli,j
XixXg ——— S (Y1 xY3) ¢———- (1 xYo)m™ ———— Vi x Y,

where the dashed arrows are the respective quotients by the group actions.
The middle square is the defining one of Proposition [3.3.7 and therefore
commutes. The area on the right commutes trivially. Finally, the area on

the left commutes by Theorem We also observe that the bottom row
is the effective edge E(a).

By Lemma |4.4.7] and Proposition [4.7.2| we find a A-cellular filtration G
on the entire diagram and the edge E(a ® A) which

e agrees with G; X Gs on X x Xo,

e is coarser than the product filtrations G; x Gz on S™ (Y1) x S"2(Y3),
Y™ x Y5, and V) X Ya,

e is nice at the dotted arrows,

e satisfies

Ce(@®A) = Cg(a).
Hence we produced a commutative diagram
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Tot®(Cg, (1)®Cg, (a2))

e (L CpO09) e (S0 % e c:;lm"l)%@) o (, 1)
Go 2

®Cg,(X2) Ce.(S™(Y3)) ® Cg, (Y5'2)5n2 ®Cg,(Yz)
¥&,.62 VG, .0,
CE(S™ (V1) x 8™ (Ya)) —— Cg(Y{" x Yy'2)Sm XSnz $81.6,

Y86, /

Célxgg(Xl X Xz) — Cé(smnz (Yl X YQ)) = C&(Yl’nln? x Yzmng)s”l“? Cé(Yl « Yg)

Cg(@wn)=Cg(a)

This shows the result for the constructed filtrations. If 77, F» and F are
as in the precise version, then the diagram (4.7) commutes by Lemma m
due to a similar argument as seen at the end of the proof of Theorem[£.8.1] O

There is again a version on diagrams:
Theorem 4.9.7. Let k C C be a field and let A be a noetherian ring. Let
Dy: Cp — SmCor® (k, A),
Dy: Cy — SmCor®T (k, A)

be two finite hom-almost acyclic diagrams (cf. Definition .
Then the product diagram (cf. Definition|1.2.11

D1 ® Dy: Cy x Cy — SmCor®T (k, A)

induced by the tensor structure of SmCor®¥(k, A) is finite and hom-almost
acyclic. Furthermore, there exist functorial A-cellular filtrations F1, Fo and
F on D1, Dy and D1 ® Do, respectively, which are finer than given standard
filtrations on them and compatible with tensor products in the following
sense:

For any arrows a;: x; — y; in C;, where i € {1,2}, we set X; = D;(z;),
Y:; = D;(y;) and «; = D;(a;). Then F is coarser than F; X Fa on each
X1 x X9 and the diagrams

Tot® (C% (01)®C%. (a2))
Tot* (C3: (X1) @ C, (X2)) 62—

Tot*(C3 (V1) @ C3, (Va))

[ . [ .
1#;17;2 q.-1s. "p]:l’].‘z q.-1S.

C'f(a1®o<2)

C;_—(Xl X XQ) C;_—(}/l X Yg).

involving the morphisms V%, z, of Definition commute.
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Proof. The finiteness and hom-almost acyclicity of D1 ® Dy are trivial. We
can choose functorial A-cellular filtrations on Dy and Dy by Theorem [4.8.4
Afterwards one uses Theorem to do a straightforward induction on
D1 ® Ds. ]
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Chapter 5

Covers, Bridges and Cech
Complexes

As seen in Chapter 4] A-cellular filtrations functorially exist on affine varieties
and by extension complexes of them. But, as explained in Remark we
cannot expect to extend this to non-affine varieties.

One might attempt to resolve this problem by choosing an open affine
cover U = {U;} —» X and then to work with its (reduced) Cech complex (cf.
Definitions [5.4.1 and [5.4.2]). We will see in Theorem that this indeed
gives us an adequate object of DP(MMEE ) and Section 9.2 of [HM16]
explains how to deal with morphisms of varieties. This does, however, not
allow us to extend the functor to arbitrary finite correspondences X ~» Y.

It is central to this problem that Zariski covers do not induce a pretopology
on SmCor(S). The solution is to instead use the finer Nisnevich covers.
Consequently, we have to deal with several technicalities not encountered in
[HM16]. The main ideas are, given a regular scheme S of finite dimension:

1. Every object of Smg becomes in DM®T(S, A) isomorphic to the (re-
duced) Cech complex of appropriate Nisnevich covers as witnessed by
Theorem 10.3.3 of [CD12] and by Theorem Hence it is natural
to work with them.

2. Finite correspondences lift via so-called bridges (cf. Definition |5.2.1)
to Nisnevich or even more general covers and their Cech complexes

(Definition and Proposition [6.4.6]).

3. Morphisms, and consequently finite correspondences that come from
bridges, can be made unique by choosing rigidifications (Definition

Lemma and Theorem (6.4.9)).

4. Every finite acyclic diagram in SmCor(S) admits enough Nisnevich
covers satisfying the previous properties (Theorem [6.5.3]).
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5. The diagrams resulting from the infinite Cech complexes can be re-
interpreted to finite diagrams by identifying schemes isomorphic over
the respective bases (Proposition . This finiteness then extends
to the finite correspondences between them (Proposition .

This chapter will focus on the notions of covers, bridges and Cech com-
plexes. The following Chapter [6] then uses those techniques to define and
use rigidifications. Altogether, this will, as desired, ultimately allow us to
apply the results of Chapter |4] to finite acyclic diagrams in SmCor(k, A).

We will also briefly talk about the new notion of unifibrant Nisnevich
covers. They are interesting on their own because they behave similar to
the pretopology induced by Nisnevich cd-squares and because they satisfy a
strong finiteness result on which we elaborate in Appendix [A]

Lastly, we note that most of our results, with the exceptions of those
involving the finitistic covers of Definition have analogues for étale
covers, which we will neither need nor prove.

5.1 Generalities on covers
Fix a category C. The following definitions are standard:

Definition 5.1.1. Let X € C. A pseudocover of X is a set of morphisms
fi:UUi = X, i€ I, in C. If the category C permits coproducts over I we will
often understand this as a single morphism U = [[,.;U; — X together with
the fixed decomposition U = [[;.;U;. We call X its base and I its indexing
set. We write

fr U —» X

to denote a pseudocover, or simply f: U — X if the indexing set or the
decomposition do not matter.

We call a pseudocover finitely indexed if its indexing set is a finite set. We
will respectively use the words piecewise and jointly to differentiate between
the properties of the individual morphism ¢; — X and the total morphism
U — X, assuming that the latter exists. We call the pseudocover ordered if
its indexing set is equipped with a total order.

Remark 5.1.2. We will only work in categories where the relevant coprod-
ucts exist.

Convention 5.1.3. We assume all pseudocovers of schemes to be jointly of
finite type unless explicitly stated otherwise.

Definition 5.1.4. Let f: (U|I) — X be a pseudocover. If we are additionally
given a collection g = {g;: (V;|J;) — U; | i € I} of pseudocovers of the
individual U;, then the composite pseudocover is defined as follows:
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Its indexing set is
Jri={(,j) i€ l,jeJi},

which is nothing else than the formal construction of the disjoint union
|l;c; Ji of sets. The individual morphism for (i, j) € J; is

(fog)(w») = fiogj: V; — X.

If I and the J; are ordered, then so is J; by the lexicographic order:
(i,7) < (i, ') if either i =4’ and j < j' or ¢ < i’. Thus the composite of
ordered pseudocovers is an ordered pseudocover and it is easily checked that
this operation is associative.

Definition 5.1.5. A morphism of pseudocovers

fr Ul - X,
g: (V|J)—»Y

consists of a map : I — J and morphisms s;: U; — Vs(;) for all ¢ € I. If the
coproducts exist we interpret this as a single morphism s: i — )V preserving
the decompositions.

This morphism is called compatible with a given morphism ¢: X — Y if
the obvious squares commute: ¢ o f; = g5;) o s; for all i € I.

A morphism of pseudocovers over X, or a refinement of pseudocovers, is
a morphism of pseudocovers of X that is a morphism over X, i.e. compatible
with the identity on X.

Definition 5.1.6. Assume that C admits fibre products.
The pullback of a pseudocover f: (U|I) — X along a morphism s: ¥ — X

is the pseudocover
f X)(YZ (U X)(Yu) —- Y

with the same indexing set I and the individual pullbacks
(f XXY)i:fi XXY2 Vz XXy—>Y.

If fi: (Us|11) - X and fo: (Us|I2) — X are two pseudocovers, then their
fibre product is the pseudocover

fi xx for (U xx Up|y X Iz) - X
with indexing set I; x Iy and individual morphisms
(f1 Xx f2)(i1,i0) = f1i0 XX foint (U Xx Un)iy iy = Un gy Xx Uiy — X.

If both indexing sets are ordered we equip I1 x Is with the lexicographic
order.
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5.2 Bridges

The notion of ‘Bridges’ introduced in this section offers a method to encode
finite correspondences via mere morphisms, but in a quite different manner
than the multivalued morphisms of Chapter [3} They are well-behaved under
composition, refinement and fibre products. We will see in Section [6.4] that
rigidifications can be added to them to make them unique, at least if we
work with Nisnevich covers.

While we aim to use their properties only for Nisnevich covers of smooth
varieties, we nonetheless state more general versions for pseudocovers as they
come with no additional complexity.

Definition 5.2.1. Let a: X ~» Y be a finite correspondence over a noethe-
rian scheme S.

- A pylon over « is a pair (v, @) consisting of:

e a morphism v: I' =& X Xg Y of schemes over S such that the
composition pry oy: I' = X is finite,
e a relative cycle a € ¢(I'|X) with pushforward v, (a) = a.

- Let f: U - X and g: V — Y be pseudocovers. A bridging over a pylon
(v: T — X xgY,a) over a between these pseudocovers is a morphism

b: U Xx I'—>T Xy Vv
of schemes over T'.

- A bridge over ao: X ~» Y is a tuple
(f9,7,@,b)

consisting of:

e two pseudocovers f and g of X and Y, respectively,
e a pylon (v, @) over a,

e a bridging b over this pylon between the two pseudocovers.

Remark 5.2.2. The relation between the given data is best understood in
the following commutative diagram:

UxxT > I' xy V

N /

2

~

NS
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One should understand a pylon as a sort of support that is not required
to be inside X xg Y. This allows more degrees of freedom, which will allow
us to define composition directly at the level of bridges.

Remark 5.2.3. We do not require that the bridging is compatible with the
given decompositions on the pullbacks of the pseudocovers to I'. This is not
without reason, as it is often impossible to achieve such a strong condition
when constructing a bridge, for example in Proposition [6.4.6

We now explain how bridges relate to finite correspondences.

Definition 5.2.4. Let a: X ~~ Y be a finite correspondence over a noethe-
rian scheme S and let

fuU—- X,
g:V—-Y

be pseudocovers. Also let
B=(f,9,7:T = X xgY,a,b)

be a bridge over a. The projections pry;: U xxI' = U and pry,: I' xy V =V
give us a morphism

(pryy, pryy ob) = (pry, pryob)g : U xx I' = U xg V.
Using this morphism one defines the associated finite correspondence
ap = (pry, pry ob), f¥(a) € cU xs V|U)

of B over a.
We call a finite correspondence U ~» V bridgeable if it is the associated
finite correspondence of a bridge B over «.

Remark 5.2.5. The morphism (pry,pryob) : U xx I' = U xgV of Defi-
nition has a different yet longer description: it can be written as the
composition

UxxT——UXxxT)xp(CxyV)2UxxTxyV —
S UXxx (X xgY)xy V=EUXxgV,

the first morphism being the graph of b over I' and the second one being the

obvious base change of v: I' = X xg Y. In particular it is finite, and if + is
a closed immersion, then so is (pry, pry ob).
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Proposition 5.2.6. Let a: X ~~ Y be a finite correspondence over a noethe-
rian scheme S. Let

B=(f:U»X,g:V—Y,7,ab)

be a bridge over «.
Then the associated finite correspondence ap completes the commutative
square

U -y y
s
X &Y,

i.e. we have
ao f=goag.

Proof. Let (v:T'— X xgY,a) be the pylon of the bridge. The diagram

(pry,pry ob)
_

UXXF Z/{XSV

luXx’y lUng

commutes, thus we get from Proposition [1.6.10| and Proposition that

goap=(Uxsg), (pry,pry ob), f*(a) =
= U xx7), f*@) =
fEn(@) = ffa=aof

as claimed. ]

Definition 5.2.7 (Refinement of bridges). Let a.: X ~» Y be a finite corre-
spondence and let

By =(fi:th - X,g1: V1 » Y11 Uy xxT'1 = X xgY,a1,b1)
=(fo:ly > X,92: Vo > Y, y2: Us xx T's = X Xg Y, a9,b0)

be bridges over a. A morphism By — By of bridges over «, or a refinement
of By into By, is a triple (u,v,d) of morphisms

u: Uy — Uy, v: Vo — Vy, 6: Ty — 1

such that:

e u and v are morphisms of pseudocovers over X and Y, respectively,
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® Yo :71057
L4 5* (&2) :&17

e the diagram

Z/{Q ><XI‘2 L}FQ XyVQ

lux x0 l& Xy v
Uy xx Ty — 2 5Ty xy Wy
commutes.
Composition of refinements of bridges is defined in the obvious way.

Remark 5.2.8. We illustrate the setting with the following commutative
diagram:

Uy xx Ty » Iy Xy Vo
Z/{Q uXx5 5><yv VQ
I\
Ul Xx Fl Fl Xy Vl

f2 / \ / \ 92
Uy Iy V1
f1 gt g1

X Pix X xsY Py Y.

Remark 5.2.9. The definition of a refinement almost splits into two parts, a
refinement of pseudocovers and a refinement of pylons, if defined accordingly.
The only thing connecting them is the commutative diagram at the end of
Definition We will take this decomposition into two parts to good use
in the proof of Proposition [5.2.10

Proposition 5.2.10. Let everything be as in Definition [5.2.7. Then
B, 0U =V 0 Qag,,

i.e the commutative diagram of Proposition extends to a commutative
diagram
ap,
[
aBl
f2| Uy ~~~~ V) |92

i ol

X 2w Y.
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Proof. The diagram

Uy XXFQL)FZ Xy Va

uXXFQl lFQXyU

b1><F1F2
Uy xxT'g ———— Taxy V1

UlXx(;l léxyvl

I/{l ><XF1 L)Fl val

commutes, which follows easily from the definition of a morphism of bridges.
Thus there is an intermediate bridge

Big := (f1, 91,72, 02,b1 X1, 6)
which corresponds to the factorization (u,v,d) = (idy,,idy,,d) o (u, v,idr,)
of refinements of bridges. Hence it suffices to consider the following two

special cases:

(a) The covers are identical, i.e.

UZ:Z/{l:UQ, V::Vl:VQ)
u = idyy, v = idy,
f=h=f g:=g1 = go.

We have by o (U x x ) = (§ Xy V) o bs. Using this and Proposition [L.5.3]
we get

Def. ~
ap, ou=ap, = (pry,pry Obl)*f®5*a2 =

pry, pry oby )« (U X x 5)*f®542 =

= (
= (pry, pry o(8 Xy V) o by). fPas =
= (

®~ Def. .
prZ/[7prVOb2)*f Q3 = B, =UVOQpRB,.

(b) The pylons are identical, i.e.

I := Fl = FQ,
Y= =2,
§ = idr,

Q= 1 = Q9.

The conditions readily imply pry, oby o (u xx T') = v o pry,, oby. Using
this, Proposition |1.6.10| and Proposition we get
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_® Def. @ ®~ _
ap, ou=u"ap, = u”(pry,,Ppry, obi).fi a =

= (Z/{Q Xul (prZ/Il?per Obl))*u®f1®62 =
= (Pry4, v © Py, 0b2)s(f1 0 u)®
= (Z/{Z Xs U)*(pl"u27pfv2 062)*f2®a =voap,.

a =

O]

Definition 5.2.11 (Fibre product of bridges). Let a: X ~» Y be a finite
correspondence over a noetherian scheme S. Furthermore let

Bl = (f1:u1 _>X791: Vl %K71&761)7
82 = (f2:u2 —>X792: VZ _>K7aa7b2)

be bridges over « with the same pylon (v: ' - X xg Y, ).

The fibre product By x Bo of the bridges is defined by taking fibre products
over the respective bases:

B1 x By is the bridge over the same pylon (v, &) between the fibre products

fi xx forly xx Uy - X,
g1 Xy g2: Vi Xy Vo =Y

of pseudocovers, the bridging being

b1 ><1"b22 Z/[l ><XL{2 xXF%(ul XxF) X[‘(Z/{2 xXF)—>
—)(F Xy Vl) X1 (F Xy VQ)gFXY Vl Xy VQ.

The fibre product of bridges is clearly associative and commutative in
the obvious sense. It is also immediate that the fibre product B; x Bs refines
By and Bs, thus we immediately get from Proposition [5.2.10

Corollary 5.2.12. Let everything be as in Definition [5.2.11]
Then the diagram

aBl
prz,{lT Tprvl
B X1 Ba
Uy X x Us Vi Xy Vo
prlx{Ql \LprVQ
0432

Uy ~~rrmmmnnionmmnnny Vg

commutes.
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Remark 5.2.13. A very general notion of pullbacks of relative cycles is
introduced in chapter 8 of |[CD12|. Our definition of the fibre product of
bridges should be understood as a different approach to this. Note that we
require a good notion of rigidifications later on, for which bridges will prove
suitable as well.

Definition 5.2.14. Let a: X ~» Y and 8: Y ~ Z be finite correspondences
over S and let

fruU—X,
g: V—>Y,
h: W —Z

be pseudocovers. Furthermore let

A= (f,9,7: T = X xgY,,a),
B=1(g,h,0: A=Y xgZ,B,b)

be bridges between those pseudocovers over a and [, respectively.
We define their composition B o A as the tuple

(f, h, e T xy A > X xgZ, BOa, bKa),
where:
- e=pryyZo(yxy d): I'xy A = X xg Z,
- bXa is the composition

UXXFXyALYA)FXyVXyAFX—Yb>FXyAXZW,

- B®a = Cor((pry¥ 07)®3,a) € (T xy A|X) (cf. Definition [1.4.22)).
We now check that this is actually a bridge between U and W over (o a.

Proposition 5.2.15. Let everything be as in Definition [5.2.14. Then:

(a) The tuple Bo A= (f,h,e,8® & bR a) as defined in Definition
is a bridge over B o a between U and WV,

(b) We have the equality (5o a)poa = BB o aq of associated finite corre-
spondences U ~~ W.
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Proof.

(a) As all morphisms are between the correct schemes, we only have to
check that (e,a ® /) is indeed a pylon over 3 o a. By construction the

diagram
I' xy A
lrxy’\
TxyY xgZ —— Txg Z 252 X xgY x5 2 2524 X xg 7
lr Xypry lprr lerY lprx
IxyY =T "7 4 XxgY —2* ¥

commutes. Thus prZ oe = (pr¥¥ o) o (I' xy (pri-Z of)) is finite as
composition of such morphisms.

We are left with the calculation

e.(F o) Le Cor (o 09)"5, @) =
2 (prX57)a(X x5 0)a(y Xy A), Cor (1 (prf")°B, &) =
L (e} )X x5 0). Cor ((pr3¥)*B, 7.d) =
2 (e} ). Cor (X x5 0)u(p™) "B, 7.) =

2 (% 7). Cor ((pr)70.5, 7.a) =

2 (pr} ). Cor ()78, a) & foa,

where we used the following:

a) Definition |5.2.14] of 5@ a,
b) functoriality of pushforward and pullback (Proposition and
Proposition ,

c¢) compatibility of Cor(—, —) with pushforward on the right (Propo-

sition ,

d) compatibility of Cor(—, —) with pushforward on the left (Proposi-

tion [L5.5),
e) compatibility of pushforward with pullback (Proposition ,

f) Definition of & and 3,

g) Definition of composition of finite correspondences.
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(b) We let

pry: Uxx T = U,
pry: I'xy V=V,
pry: VXy A=V,
priy: Axz W =W
be the projections. For simplicity and readability and use the shorthand

a = (pry,pryoa): U xxT' = U xg V,
b= (pry, priyob): V xy A -V xg W
and

¢i= (prZii?XYA,prﬁ,v o(b&a))s UXx T xy A= UxxT xgW.

Note that latter is the pullback of b along pryoa: U xx I' = V. By
examining the individual coordinates it is also clear that

(pry xsW) o &= (pry, pryyo(bXa)) .

Using these we again do a lengthy calculation:

Bpoay =

2 (pU). Cor (p4Y)® 85, aa) =

b ®7 ®a A B~
= (). Cor (04f")*bugB, 0.°a) =
L (V)o@ x5 W), Cor (a® () *h.g® B, £°a) =

D (pry xsW). Cor ((prv 0a)®b.g®B, [P

)
2 (pry xsW). Cor (é*(Prv 0a)"g" B, f®a>

—h
~

= (pry X sW)s&x Cor ((prv 0a)®g® B, f®&) =

2 (pry, prig o(b B a)). Cor ((f xx T)*(prf¥ 1), %) =

b (pry, priy o(b X a)). f¥ Cor ((préy Ofy)®g, &) =
L (80a)poa.

Here we used:
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a) Definition of composition of finite correspondences,

b) Definition of & and 3,

¢) compatibility of Cor(—, —) with pushforward on the right (Propo-

sition [1.5.7)),
d) functoriality of pushforward and pullback (Proposition and
Proposition |1.5.2)),

e) compatibility of pushforward with pullback (Proposition [1.5.3]),
f) compatibility of Cor(—, —) with pushforward on the left (Proposi-

tion ,

g) functoriality of pushforward (Proposition and pullback
(Proposition [1.5.2)),

h) compatibility of Cor(—, —) with pullback (Proposition [L.5.9),

i) Definition of Bo A. O

Proposition 5.2.16. Let ao: X ~~ Y and B: Y ~» Z be finite correspon-
dences over a noetherian scheme S and let

fir Uy — X,
for Us — X
gi1: V1 —»Y,
g2: Vo =Y,
h1:W1—»Z,
ho: Wy — Z

be pseudocovers. Let (y: I' = X xgY,a) be a pylon over a and let (6: A —
Y xg Z,3) by a pylon over (. Furthermore let

"41 = (flvgb’y’ 62, al)?
-/42 - (f27 92,7, aa (12),
Bl == (gb h17 (57 67 b1)7
BQ - (92) h?) 57 6) b2)
be two sets of bridges between those pseudocovers over the two chosen pylons,

respectively.
Then we have an equality

(BioAr) X (ByoAz) = (B x By) o (A1 X Ag)
of bridges between U and W over (o «.
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Proof. Trivially, both bridges in question involve the same pseudocovers.
They have the same pylons because fibre products do not change them:.
Hence the equality of the bridges reduces to that of the bridgings: we want

((al Xy A) o (F Xy bl)) XIxy A ((CLQ Xy A) o (F Xy bg)) =
= (CLl X a2 Xy A)O(F Xy bl XA bg)

as morphisms
Lﬁ xXZ/{Q XXerA—)PXyAXZwl ><2W2.

This is a lengthy but straightforward equality of fibre products of mor-
phisms. O

Definition 5.2.17 (Tensor product of bridges). Let a;: X; ~» Y7 and
ag: Xo ~» Y5 be finite correspondences over a noetherian scheme S. Further-
more let

Bi=(fi:th = X1,1: V1 > Yi,71: 1 = X1 xgYi,a1,b1),
By = (fo: Uy — Xo,92: Vo = Yo, 72: 'y = Xy Xg Yo, a2, b2)

be bridges over them.
Their tensor product By ® By is defined as follows:
We have a pylon

Y1 Xg¥2: 't XgT's = X1 Xg Y] Xg Xo Xg Yy = (X1 XSXQ) Xg (1/1 Xsifg),
the cycle being

1X2)9 8,

a1 ® Qg = (pr§1X2)®a1 QX1 xgX2 (pr§
The bridging is given by by X g ba.
This again behaves as expected:
Proposition 5.2.18. Let everything be as in Definition [5.2.17. Then:
(a) The tuple

Bi @ By = (f1 X5 f2,01 X5 92,71 X8 V2,01 @ A, by X5 ba)

as defined in Definition is a bridge over a1 ® ao between the
pseudocovers

fi xg fa: Uy xgUy - X1 xg Xo,
g1 X5 g2: V1 Xxg V1 — Y] xg Yo.
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(b) We have the equality (a1)p, @ (a2)B, = (1 ® a2)B,eB, of associated
finite correspondences Uy XgUo ~» V1 Xg Vs.

Proof. By Remark we identify ay, ae and @ ® ag with finite correspon-
dences X1 ~ I'1, Xg ~ I'yg and X7 xg Xo ~» I'1 xg I'g, respectively. In this
sense, the notation a1 ® as is suggestive, as it becomes identified with this
tensor product taken in SchCorg. Indeed, this follows from Remark
and the results of Section by a straightforward calculation.

(a) By our prior identifications and Proposition [1.6.10| we have

(11 X5 72)«(01 ® ag) =
=[(pry, 071) X5 (Pry, 072)] © (1 ® Q2) =
= ([pry, om1] @ [pry, 072]) 0 (01 ® @2) =
(erl oY1 © &1) ® (erg o2 © &2) =

=(11)x001 ® (72)+02 = 01 ® p.

(b) We interpret f{’@; as a finite correspondence Uy ~ Uy x x, T'y over S.
Then it is easily seen that

(a1)B, = [pry,] o [bi] o fPan.

Analogous statements hold for as and a1 ® as. From Remark
and Proposition one concludes that

a1 @ f5as = (f1 xg f2)¥ (a1 ® as).

Now the claimed equality follows by another calculation involving the
functoriality of the tensor product:

(1)B, ® (2)B, =
= ([pry,] o [b1] o fi'a@n) @ ([pry,] o [ba] o fy'a2) =
= ([pry,] ® [pry,]) o ([b1] @ [ba]) (( 1 al) (fyaz)) =
=[pry, xgvp] 0 [b1 X5 ba] 0 (f1 x5 f2) (A1 @ az) =
=(a1 ® a2)B,&B,- O

Remark 5.2.19. The three structures on bridges, composition, fibre product
and tensor product, also satisfy the other functorialities and compatibilities
one would expected from them. For example, all three are associative, and
the two products are symmetric. The proofs of these statements are all of a
similar nature than those found in this section. We, however, do not need
them in what is to come and therefore omit them.
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5.3 Standard covers

We now give a brief reminder on some standard covers and describe a new
one. We will only work with noetherian schemes, hence the reader can verify
that the implicit assumptions of finiteness we make are of no concern.

Definition 5.3.1 (Covers). Let f: (U|I) - X be a finitely indexed and
jointly surjective pseudocover (cf. Definition |5.1.1)) in the category of sepa-
rated noetherian schemes:

- We call it a Zariski cover if each f;: U; — X is an open immersion.
- We call it an étale cover if f: U — X is étale and of finite type.

- We call it a Nisnevich cover if it is an étale cover and for every, possibly
non-closed, x € X there is a u € U above x where f: U — X induces
an isomorphism x(u) = k(x) of residue fields.

- A unifibrant Nisnevich cover is an étale cover such that for every,
possibly non-closed, x € X there is an i € I such that fi_l(x) consists
of a single point u € U; where f; induces an isomorphism k(z) = k(u)
of residue fields.

- A Nisnevich cd-square is a pullback square

UXXV‘—>V

| |

U%X

such that f is an open immersion, g is étale and g induces an isomor-
phism ¢~ 1(X\f(U)) = X\ f(U) between the reduced induced struc-
tures on those closed subsets.

It is immediate that {U,V} — X is a unifibrant Nisnevich cover. We
call such covers basic cd-Nisnevich covers. A cd-Nisnevich cover is any
pseudocover obtained as a composition of basic cd-Nisnevich covers
and isomorphisms.

Remark 5.3.2. All the notions of Definition are standard, except that
of unifibrant Nisnevich covers. Conceptually, one could understand them as a
slight generalization of cd-Nisnevich covers offering a non-recursive definition.

Theorem shows that unifibrancy has an interesting second de-
scription in terms of the reduced Cech complex of Definition It is
this property which will make it very useful in Chapter [7] and which is what
originally drew our attention to them.
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Remark 5.3.3. It is well known that a composition of Zariski, Nisnevich or
étale covers is again of the respective type. By definition this is also true
for the Nisnevich cd-covers and it is easily verified that unifibrant Nisnevich
covers also satisfy this property. It is also easily checked that a pullback of
any of these five types of covers results again in such a cover.

Thus they form pretopologies on suitable categories, for example the
noetherian separated schemes.

Definition 5.3.4. We use Zar, cd-Nis, uni-Nis, Nis and Et to denote the
respective pretopologies of Zariski, cd-Nisnevich, unifibrant Nisnevich, Nis-
nevich and étale covers.

Remark 5.3.5. Every unifibrant Nisnevich cover is clearly a Nisnevich one
and every Nisnevich cover is by definition étale. Furthermore, by simple
inductions, every Zariski cover is a cd-Nisnevich cover and every cd-Nisnevich
cover is a unifibrant Nisnevich cover. Thus we have shown the following
chain of inclusions, i.e. refinements, of pretopologies:

Zar C cd-Nis C uni-Nis C Nis C Et (5.1)

Example 5.3.6. Let us demonstrate that the above inclusions are in general
strict. We give three tautological examples followed by four more complicated
ones.

Let k be a field:

e Nis C Et: take any non-trivial finite separable extensions L|k to get
an étale cover Spec(L) — Spec(k) that is not a Nisnevich cover.

e uni-Nis C Nis: cover Spec(k) by the disjoint union & = U, := Spec(k)U
Spec(k) understood as a single scheme.

e cd-Nis C uni-Nis: let X = aj Ll ag, where the a; are copies of Spec(k).
Let Uy = a1 Ua; Uag and Us = a1 L as Ll ag and map every copy of
a; to itself. Then this clearly constitutes a unifibrant Nisnevich cover,
but it cannot be a cd-Nisnevich cover as neither U nor Uy is openly
immersed into X.

Let us now give more serious examples over A} = Spec(k[z]), where we
assume that the characteristic of k is different from 2. Choose a non-zero
a € k:

Let f: U = A}\{a} == A} be the open immersion as a subset. Let also
g: V= AN\{0} — A} be the morphism induced by x + 2?. We consider the
pseudocover flUg: ULV — A}c consisting of two components:

It is clear that f and ¢ are jointly surjective. The morphism ¢ is not an
open immersion, hence U LI'V is not a Zariski cover. But g is étale, thus
U UV forms an étale cover.
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The fibre g~1(a) at a is isomorphic to Spec(k[z]/(z%—a)), therefore ULV
is a Nisnevich cover if and only if @ is a square in k, showing the strictness
of the rightmost inclusion of (equation ) If now a is indeed a square in
k, then U UV is still not a unifibrant Nisnevich cover as the fibre has two
points aj, az, proving once more that the third inclusion of (equation (5.1))
is a proper one.

Putting V' = V\{a; } we get from the induced morphism ¢': V' <=V —
A} a basic cd-Nisnevich cover {U, V'}. As ¢’ is still not an open immersion,
we see that the leftmost inclusion is strict as well.

Lastly, we pick two non-zero a1, as € k. We consider the cover given by
the open immersion f: U = A}\{a?, a3} and the two morphisms g;: V; :=
AIN{0,a;} — AL, i€ {1,2}, induced by = — z%. By the same arguments as
before we see that they together form a Nisnevich cover. Even more, g, 1(a?)
consists of a single point at which g; induces an isomorphism, hence they
form a unifibrant Nisnevich cover. If this cover were a cd-Nisnevich cover,
then the same would be true for its pullback along the closed immersion
{ai,a2} = A}C, but this results in the tautological counterexample we gave
earlier.

Despite Example there exists an almost-converse for the middle
inclusions of (equation (5.1)):

Lemma 5.3.7. Every Nisnevich cover has a refinement into a cd-Nisnevich
cover.

Proof. This is Proposition 2.16 of [VoelOb]. O

Note that we will mimic the proof of loc. cit. to show a slightly stronger
version stated below as Lemma [6.2.5]

5.4 Cech complexes

For each pseudocover in a category admitting fibre products one has the
usual Cech nerve, but there is also a variant without repetition. If the
pseudocover is ordered, a second distinction between increasing and arbitrary
tuples emerges. We only need the largest and smallest versions, but the
interested reader should find it easy to adapt the definitions. As we do not
need the Cech nerves as simplicial objects, but only the associated complexes,
we directly skip to the latter.
We fix a category C that admits fibre products.

Definition 5.4.1 (Full Cech complex). The (full) Cech complex of a pseu-
docover f: (U|I) - X in C is the complex

C.(U%X)ZZ ...—)HUZ’XXUJ‘XXukHHUiXXUj—)HUi

1,5,k 0] (
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in C~(Z[C]). Here

C"U) = U X)) = II Uiy Xx ... Xx U

in
(107 By )Eln

for n € Ny and the boundary maps are the signed sums

d: CT"U) = ¢ ) = Y (-1 pry,

m=0

of the projections forgetting the m-th factor.

We often simply write C*(U — X), or even just C*(U) if X is clear from
the context.

The defining morphism f: ¢’ (U - X) =U — X induces a morphism
f10]: C*(U) — X[O] i.e. to X placed in degree 0. Its cone is the augmented
Cech complex C*(U).

Definition 5.4.2 (Reduced Cech complex). The reduced Cech complez of a
pseudocover f: (U|I) — X ordered by < on I is the subcomplex of C*(2/)
corresponding to strictly increasing tuples, i.e. given by

LU~ X) = ﬁ]JUxXUKﬂ@—JPMqU—%HU

1<j<k 1<J

We often simply write ¢*(U — X)), or even just ¢*(U), if the ordering or
X are clear from the context.

The defining morphism f: ¢®(U — X) = U — X induces a morphism
f[0]: e*(U) — X[0]. Its cone is the augmented reduced Cech complex ¢*(U).

Lemma 5.4.3. Let X € C and let f: (U|I) - X be a pseudocover. Let <
and < be two orders on I.
Then there is a natural isomorphism of complexes

U — X) =& U - X)
in C~(z[C)).

Proof. Let J C I be a finite set with elements jo < j1 < ... < js. Let
o:J — J be the permutation reordering J such that o(j,,) < o(j,) for all
m < n. We consider the morphism

ujo Xx .. L{ — Ua(m) . XX Z/{a(js)

that is sgn(co) times the obvious re-ordering of the factors. Varying J now
defines the desired isomorphism, as is easily checked. ]
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By Proposition |1.6.10| we can understand the Cech complexes of pseudo-
covers in Schg as elements of C'~(SchCor(S)). One of the central goals of
bridges was to enable us the following construction:

Definition 5.4.4 (Finite correspondences between Cech complexes). Let
a: X ~Y be a finite correspondence over a noetherian scheme S. Let

f Ul - X,
g: V) »Y

be pseudocovers and let B be a bridge over a between those pseudocovers.
By Definition [5.2.11] we get bridges

B":=Bx...xB
~—_——

n times

over a between (U|X)" and (V|Y)".
Hence we get from Definition an associated finite correspondences

C"(B)=agn1: C"(U—»X)~C"(V>Y)
which by Corollary combine to a finite correspondence
C*'B): C°(U - X)~C'(V—->Y)
of Cech complexes. By Proposition it extends to a finite correspondence
C'B): CU - X) ~ C'(V )
between the augmented Cech complexes.

Proposition 5.4.5 (Cech complexes are functorial). Let a: X ~ Y and
B:Y ~~ Z be a finite correspondence over a noetherian scheme S. Let

foo U - X,
g: (V|J) >,
h: (WIK) — Z

be pseudocovers. Also let A and B be bridges over o and (3, respectively,
between the appropriate pseudocovers.
Then

C*(B) o C*(A) = C*(Bo A)

as finite correspondences C" (U — X) ~» C*(W — Z).

Proof. This is immediate from Proposition [5.2.16 O
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Remark 5.4.6. The functoriality of Cech complexes is clearly defined in
the general setting of a category C which admits fibre products. In fact, this
is even easier as it amounts to simple facts on simplicial objects. We used
the somewhat convoluted ad hoc definitions and proofs above because we
actually do not have such a structure in our case of interest: SmCor(S, A)
does in general not admit fibre products, hence we need to restrict to genuine
morphisms of schemes when defining the Cech complexes.

Remark 5.4.7. The reduced Cech complex is functorial as well, assuming
that we are given a compatible morphism between the pseudocovers. This
condition, while irrelevant for full Cech complexes, is crucial. As explained
in Remark we do not assume it for bridges, hence we cannot properly
talk about their functoriality regarding reduced Cech complexes.

5.5 Cech diagrams of étale morphisms

Lemma 5.5.1. Let f : U — V be an étale and separated morphism of
irreducible schemes. Assume that the induced morphism between their
generic points is an isomorphism.

Then f is an open immersion.

Proof. This is a special case of [Stacks, Tag 09NQ)]. O

Corollary 5.5.2. Let Y — X be an étale and separated morphism of finite
type between schemes and assume that U is irreducible. Let f: U — U be a
morphism over X.

Then f is an automorphism of U.

Proof. We find that f is étale. By Lemma it is thus an open immersion.
Note that &/ — X is by assumption quasi-finite, therefore a simple dimension
comparison shows that f is fibre-wise surjective, hence an isomorphism. [J

Lemma 5.5.3. Let f: 4 — X be an étale and separated morphism of
noetherian schemes. Let X — X be the normalization of X .

If the pullback f xx X: U X x X — X is an isomorphism, then f is an
isomorphism as well.

Proof. Looking at generic points, Lemma [5.5.1] shows that f is an open
immersion. If z € X is any point, then there is a y € X above it, and hence
by assumption a v € U x x X above y. Its image in U hence lies over x, thus
f is surjective and therefore an isomorphism. O

Lemma 5.5.4. Let U and V be schemes which are étale and of finite type
over a noetherian scheme X.
Then there are only finitely many morphism U — V of schemes over X.
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Proof. It is sufficient to check this for each of the finitely many connected
components of U, i.e. we may assume that U is connected. We observe that
V is quasi-finite over X. Fixing a point u € U, there are thus only finitely
many morphisms u — V over X. Each of them comes from at most one
morphism U — V over X by Corollary 3.13 in Chapter I of [Mil80], proving
the result. O

We need the following variant of Konig’s Lemma:

Lemma 5.5.5. Let G be a directed graph with infinitely many vertices.
Assume that every vertex has finite indegree, i.e. only finitely many edges
end In it. Also assume that there is a vertex vy which can be reached from
infinitely many vertices of G via the directed edges.

Then there exists an infinite path ... — vy — v1 — vg in G consisting of
pairwise distinct vertices.

Proof. We construct this chain inductively:

Assume that we have already found a chain v,, — ... = v; — vg such
that infinitely many vertices of G can reach v,. For n = 0 this is clearly
satisfied. Consider the edges v — v,. By assumption, at least one of these
finitely many v is reached from infinitely many vertices of GG, hence we can
pick vp4+1 = 0. O

Definition 5.5.6. Let f: i/ — X be an étale morphism of schemes. Its
Cech diagram D(f) is defined as follows:

e The objects are the different isomorphism classes of schemes over X,
formally given by fixing a representative, that occur as connected
components of a (U|X)", n € Np.

e The morphisms between those objects are all morphisms of schemes
over X between them.

Hence, informally, the Cech diagram is obtained by identifying all dupli-
cates among the connected components occurring in the Cech complex.

Proposition 5.5.7. Let f: Y — X be an étale and separated morphism of
finite type between noetherian schemes. Assume that X is normal and of
finite dimension.

Then the Cech diagram D(f) is finite and almost acyclic (cf. Defini-
tion . In particular, there are only finitely many isomorphism classes of
schemes over X that occur as connected components in the Cech complex

C(f)-

Proof. By Lemma there are only finitely many morphisms between any
two objects of D(f). Combined with Corollary this shows the almost
acyclicity. Due to the aforementioned finiteness of all hom-sets it is now
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enough to show that D(f) has only finitely many objects. We may assume
that X is connected, hence irreducible by normality.

If f: U — X is a finite étale Galois covering with automorphism group
G, then U x x U = U x G, hence the statement holds. If more generally f is
finite étale, we choose a Galois cover V — X factoring over f. Let again G
denote its Galois group. Looking at the factorization V x G"~! = (V| X)" —
(U|X)™ — X we see that every vertex of D(f) is a subcover of V. But the
main theorem of Galois covers, e.g found as Theorem 5.3 in Chapter I of
[Mil80], states that the set of such isomorphism classes is finite.

In general we proceed by induction on the dimension of X:

Instead of D(f) we may consider the quiver @ with the same objects
as D(f), but the arrows being those W — V, V € D(f), that come from
restricting the projection U X x V' — V to one of the finitely many connected
components W of U x x V. Due to it having the same objects as D(f), it is
enough to show that ) has finitely many vertices.

Assume that @ is infinite and observe that every U € D(f) can reach X
via arrows of (). Hence we can apply Lemma [5.5.5| and find an infinite chain

.Uy —>U - X

in . Note that this is a chain of étale morphisms between schemes which
are pair-wise non-isomorphic over X. They are furthermore connected, hence
irreducible by normality. The morphism f is generically finite, say over
the non-empty open W <e— X. By the finite étale case, we find infinitely
many members of our chain which are isomorphic over W. Deleting all other
members and using Lemma [5.5.1| we therefore found an infinite chain

o= VeV =W

of open immersions, none of them isomorphisms.

Let Y — X\W be the normalization. Then, by induction on the dimen-
sion of X, we already know that D(Y x x f) is finite. Hence the pullback of
our chain along Y — X contains duplicates, hence so does the pullback to
X\W by Lemma m This means that the corresponding open immersion
V; — V; is bijective, hence an isomorphism, contradicting our assumption
that D(f) is infinite. O
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Chapter 6

Yoga of Nisnevich Covers

We continue the path laid out at the beginning of the last Chapter |5t we
wish to rigidify Nisnevich covers. The general idea is to enforce an additional
structure on the Nisnevich covers that makes morphisms, bridges and finite
correspondences between them unique. We then use rigidifications and our
results to properly deal with Nisnevich covers on diagrams. Indeed, one has
many choices when lifting a morphism to given covers, while one surely wants
to get the same morphisms when lifting along two compositions a o b = cod.

We point to [HM16], Section 9.2, for the case of Zariski covers. An étale
variant was described in [Fri82], using geometric points. Both only aimed to
rigidify morphisms of schemes, not finite correspondences, hence were able to
avoid many of the subtleties and technicalities encountered in this chapter.

6.1 Rigidification of Nisnevich covers

Definition 6.1.1 (Rigidification). Let f: (U|I) - X be a Nisnevich cover.

- A (Nisnevich) pre-rigidification of f is a point-wise splitting r: X —
U, i.e. for every x € X a choice of an r(x) = u € U mapping to
f(u) = x where f induces an isomorphism x(u) = x(x). We will write
f+ (U|I) -, X to add the chosen rigidification into our notation for
pseudocovers.

- A pre-rigidification r of f induces a set-theoretic map I,: X — I
sending = to the ¢ € I with r(z) € U;, which we call its indexing.

- We call a pre-rigidification constructible if for every x € X there exists
a locally closed subset E C U containing r(x) such that r(f(e)) = e
for all e € E.

- A rigidification of f is a pre-rigidification r meeting every connected
component of i. This can be stronger than meeting all the given
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components U;. We call it strong if it even meets every irreducible
component of U.

- A (pre)-rigidified Nisnevich cover is a Nisnevich cover with a chosen
(pre)-rigidification, respectively. If it is furthermore constructible, then
we call it constructably (pre-)rigidified or c-(pre-)rigidified for short.
Strongly (c-)rigidified Nisnevich covers are defined accordingly.

- A unifibrantly pre-rigidified Nisnevich cover is a unifibrant Nisnevich
cover with a pre-rigidification such that for each x € X the correspond-
ing () is the single point in Uy, , lying over x.

- To every pre-rigidified Nisnevich cover f: (U|I) —, X we associate
a rigidification f™& by removing those connected components from U/
which are not met by r.

Remark 6.1.2. Note that if X is normal, then every rigidification of a
Nisnevich cover is already strong. Indeed, a scheme étale over a normal
one is itself normal, hence its irreducible components are the connected
components.

An alternative approach to c-pre-rigidified cover comes from [VoelOb],
Definition 2.14:

Definition 6.1.3. Let f: (U|I) - X be a Nisnevich cover.
A rigid splitting sequence for f consists of a sequence

0=Znpi1 = Zp ... 721> Zyg=X

of closed embeddings together with morphisms sy : Z;\Zi+1 — U which are
sections of f, i.e. such that fos, =idgz\z_,-

The associated pre-rigidification of this splitting sequence is the pre-
rigidification of f defined by r(z) = s;(x) where z € Z;\ Z; 1.

Remark 6.1.4. As elaborated in [Ivo07], every scheme X has a henselization

x9= T x¥
zeX

defined as the disjoint union of the point-wise henselizations. It comes with
a canonical morphism ig(: XY — X. Then pre-rigidifications of a Nisnevich
cover f: (U|I) - X can also be defined as factorizations of ig( over f.
Standard results for henselizations show that both definitions are equivalent.

In this light, several of our results should be understood as finite versions
of the Nisnevich localization techniques of [Ivo07].
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We will use the following well-known result (cf. [EGA4-1], Théoréme 1.8.4):

Lemma 6.1.5 (Chevalley’s Theorem). Let f: X — Y be a morphism of
finite presentation and let n € X.
Then the image f(X) contains a locally closed subset of Y containing

f(n).

Lemma 6.1.6. Let f: (U|I) — X be a Nisnevich cover of a noetherian
scheme X.

Then the pre-rigidification associated to a rigid splitting sequence for f
is constructible. Conversely, every constructible pre-rigidification of f is the
pre-rigidification associated to a rigid splitting sequence.

Proof. The first part is simply Lemma Now let f: (U|I) -, X be a
c-pre-rigidified Nisnevich cover. We construct a sequence () = Ay C Ay C
Ay C ... of open subsets as follows:

Assume A; is already constructed. Unless we already have A; = X we
pick an arbitrary generic point 7 € X\ 4; of maximal dimension. Giving them
the induced reduced structures, the isomorphism x(r(n)) = x(n) amounts to
a birational morphism W — 7. Thus there is a non-empty open EZ C %
where f induces an isomorphism onto an open subscheme of 7.

The constructibility of r allows us to shrink the locally closed E’Z cu
to get 7(f(u)) = u for all w € F;. By Lemma the image f(E;) in 7
contains a locally closed subset containing 7, hence a non-empty open subset
FE; of ;. By construction we have an isomorphism s;: F; — E’l < U such
that r(z) = s;(z) for all x € E;.

We let A;11 = A; U E;. Note that it is open, hence its complement
is closed. Therefore this procedure terminates because X is noetherian,
say Am = X. We got a decomposition X = (J, E; into pairwise disjoint
subsets and set Z; := U?;k FE;, which is closed in X. Giving Z; the induced
reduced structure gives us by consruction a section s;: F; = Z;\Z;41 — U
as required. ]

Corollary 6.1.7. Every Nisnevich cover f: (U|I) — X of a noetherian
scheme has a constructible pre-rigidification.

Proof. Tt is enough to find a rigid splitting sequence for f. This follows
by the same construction as in the proof of Lemma by ignoring the
condition that r(f(u)) = u for all u € E;. O

6.2 Rigid morphisms

Definition 6.2.1 (Rigid morphisms). Let

fr Ul -, X,
g: VIJ) =5 Y
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be pre-rigidified Nisnevich covers. Let a: X — Y be a morphism of schemes.

A morphism b: U — V is rigid if it is compatible with the rigidifications,
ie.if soa=borasmaps X - V. If Y = X and a = idx, then we call it a
rigid refinement.

Remark 6.2.2. Note that the rigid morphism b restricts to a morphism
between the rigidifications f'& and ¢"8. Indeed, every connected component
U of U is mapped to a single connected component V of V, and if r meets
U, then by definition s meets V.

Definition 6.2.3 (Rigid pullbacks). Let f: (U|I) —, X be a pre-rigidified
Nisnevich cover.

- If Z — X is a morphism of schemes, then the pullback r x x Z of r to the
Nisnevich cover (U x x Z|I) — Z is the map sending a point z € Z over
x € X tor(x) X, 2z €U xx Z. This clearly preserves constructibility.
Removing all connected components not met by 7 X x Z gives us the
rigidified pullback f x%# Z which is a rigidified Nisnevich cover of Z.

- Let f: (U'|I') —,» X be a second pre-rigidified Nisnevich cover of
X. Then fibre product of the pre-rigidifications r and 7’ is the pre-
rigidification r x x 7’ on the fibre product fxx f': (UxxU'|IxI") - X
defined by

= r(z) X, r'(z) = r(x) xx ' (2).

We define their rigidified fibre product r xgi(g r’ as the rigidification
(r xx r")"'8, i.e. by removing all unmet connected components.

Fibre products preserve the respective structures, thus we have shown:

Lemma 6.2.4. Let X be a noetherian scheme.

Then any syntactically correct combination of affine, rigidified, c-, pre-,
cd-, unifibrant(ly), Zariski and Nisnevich causes its corresponding set of such
covers to be directed.

Lemma 6.2.5. Let X be a noetherian scheme.
Every c-pre-rigidified Nisnevich cover of X has a refinement into a unifi-
brantly c-pre-rigidified cd-Nisnevich cover.

Proof. We repeat the argument of [VoelOb|, Proposition 2.16:
Let f: (U|I) -, X be a c-rigidified Nisnevich cover. By Lemma its
rigidification comes from a rigid splitting sequence

0=Zps1 = Zpy > Zpyo1 > ... 71 > Zg=X

with sections s;: Z;\Z;+1 — U. We may assume that its length m is minimal
and that the statement is already proven for all c-pre-rigidified Nisnevich
covers that admit a rigid splitting sequence of smaller length.
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Because the pullback Z,, xx U — Z,, is étale, the image of the section
Sm: Zm — U is open in Z,, X x U and thus its complement Y is closed. Now
Zm Xx U —— U is closed, thus Y is also closed in U.

Set A = X\Z,,. Then the pair {A,U/\Y} forms a unifibrantly c-pre-
rigidified cd-Nisnevich cover of X. Furthermore, the pullback U x x A =%,
A is constructible and induced by the splitting sequence

@Q¢—>Zm_1 Xx A= . . > xx A—Zygxx A=A

with sections s; xx A. As this sequence has length smaller than m we
can refine Y x x A - A into a unifibrantly c-pre-rigidified Nisnevich cover.
Combining it with #/\Y shows the result. O

Lemma 6.2.6. Let f: (U|I) —, X be a rigidified Nisnevich cover and let
g: (V|J) —s Y be a pre-rigidified Nisnevich cover. Also let a morphism
a: X =Y be given.

Then there exists at most one rigid morphism b: U — )V between the
Nisnevich covers.

Proof. We can assume that at least one such b exists. Replacing g: (V|J) —»
Y by its rigid pullback along a we may assume that X =Y and a = idy.
Let U be any connected component of I and choose an z € X with r(z) € U.
Because ¢ is étale, we find that b is the unique morphism U — V on
the connected U inducing the isomorphism x(r(x)) = x(s(z)) (cf. [Mil80],
chapter I, Corollary 3.13). Varying U shows that b is fixed on all of /. [

We will later need the following to properly deal with bridges:

Lemma 6.2.7. Let m: I' = X be a universally closed and pseudo-dominant
(cf. Definition morphism of noetherian schemes. Let f: (U|I) —, X
be a strongly rigidified Nisnevich cover.

Then the pullback r X x w of r along ™ meets every irreducible component
of U xx I'. In other words: the pullback of a strongly rigidified Nisnevich
cover along a universally closed pseudo-dominant morphism is again strongly
rigidified.

Proof. Let V be any irreducible component of &/ xx I'. The projection
pry;: U xx I' = U is closed and by Lemma also pseudo-dominant.
Hence the image pr;,(V') is closed and contains a generic point of &. Thus
pry, (V') contains an irreducible component W of U.

Then by assumption there is an z € X with r(z) € W C pry (V).
Choose a point v € V mapping to r(z) and let v be its image in I". Then
(rxxI)(y) =r(x) xzv=wv €V as required. O
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6.3 Nisnevich-locality

Recall the following:

Definition 6.3.1 (Pointed morphism). Let X, Y be schemes and fix n points

1,...,Tn € X as well as n points y1,...,yn € Y. An n-pointed morphism

from X to Y with respect to the chosen points is a morphism f: X — Y of

schemes sending z; to y;. We denote this simply by f: (X, (x;)) — (Y, (vi)).
A pointed morphism is a 1-pointed morphism.

Definition 6.3.2 (Nisnevich neighbourhood). Let X be a scheme. A Nis-
nevich neighbourhood of x € X is a pointed étale morphism ¢: (U, u) — (X, z)
such that ¢ induces an isomorphism x(u) = k(x) of residue fields.

More generally, a joint Nisnevich neighbourhood of n points z1,...,x, €
X is an n-pointed étale morphism ¢: (U, (u;)) — (X, (x;)) inducing isomor-
phisms of residue fields at the wu;.

The following is folklore, but we give a proof for the reader’s convenience:

Lemma 6.3.3. Let 7: I' = X be a finite morphism of schemes, let x € X
be any point and let v1,...,7v, € I' be the distinct points of I" above it.
Then this induces a natural isomorphism

n
X)xxT=]]rY
=1

between henselizations of local schemes.

Proof. Let y be the closed point of Xg, which is also the unique point over x.
There we have an isomorphism x(y) = k(x) of residue fields, hence the closed
points of Xg x x I are in 1-to-1-correspondence with the ~;. Let 7/ € Xg xx T
be the unique point above ~;.

From Proposition 18.5.10 of [EGA4-4] we get that X! xx I is a finite
disjoint union of henselian local schemes. Furthermore the 7, constitute
exactly the distinct closed points of Xg X x I' by the above, hence we have
an isomorphism

X) xx T2 [[(X) xx ).

By [Stacks, Tag 05WP] we also have an isomorphism
(X9 xx L)y = in'

Putting things together we got a chain
n n
X)xxT g]_[ (X2 xxT) ,g]_[ (X) xxTy)y = [T,
of isomorphisms. O
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We now prove a rigid version of Nisnevich-locality for finite morphisms.

Proposition 6.3.4. Let w: I' — X be a finite morphism of noetherian
schemes. Let x € X be an arbitrary point and let v1,...,v, € I' be the
distinct points of I' above it. Let g: (V, (v;)) — (I, (7i)) be a joint Nisnevich
neighbourhood.

Then there exists a pointed Nisnevich neighbourhood f: (U,u) — (X, x)
and a morphism b: U x x I' = V of schemes over I' sending the point u X, y;
towv; for alli € {1,2,...,n}.

Proof. For every i € {1,2,...,n} we let W; = {W,;,w;) — (I',v)} be the
directed system of pointed Nisnevich neighbourhoods of v; € I'. We also
let W ={(W, (w;)) — (I, (7:))} be the directed system of joint Nisnevich
neighbourhoods of v1,...,v, € I.

Then we have maps

F: ﬁWi%W,
=1

(Wi, wi)) = (] Wi (wi)),
i=1

G: W — ﬁWi7
=1
W, (wi) = (W', wy))

of directed systems, where we set W to be the connected component of
W containing w;. It is immediately checked that both G o F and F o G
map a given Nisnevich neighbourhood to a finite union of some of its closed
components, possibly containing duplicates. Thus both compositions are
refinements, which gives us an isomorphism

Hm o (Wi, wy) = lim Wi, (wi))
=1 Wi,wi)—=(T,7:) W, (wi))—= (T, (7))

(2

of projective limits of (n-)pointed morphisms.
With this, by Lemma and from [Stacks, Tag 04HY] we get n-pointed
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isomorphisms

@ (U xx T, (uxyz7y)) =
(Uu)—(X,x)

= lm (U u) X(xa) (T, ()
Un)—(X,z)

= lim (U ) X(x0 (T (7))
Uu)—(X,2)

1%

12

n

2 X0 x (x) (0, () = T 1Y,
=1

I

&~ ]Lrn Wi, w;) =

S m (W (w)
W, (wi))= (T, (7))

of projective limits running over the respective directed systems of pointed
Nisnevich neighbourhoods.

Now (V, (v;)) is one of the Nisnevich neighbourhoods of (T, (v;)) in the
last limit. The scheme V is finitely presented over the noetherian X, thus the
isomorphism of projective limits gives us an n-pointed morphism U x x I' —
V for some sufficiently fine Nisnevich neighbourhood (U,u) — (X, z) as
desired. O

6.4 Rigid bridges

Definition 6.4.1 (Rigid bridges). Let a: X ~» Y be a finite correspondence
over a noetherian scheme S. Let f: (U|I) —, X and g: (V|J) =4 Y be
pre-rigidified Nisnevich covers.

A rigid bridge over o between the given covers is a bridge

B=(f97:T=XXxsY,ab:UxxI =T xyV)

where b: U xx ' = T' Xy V is a rigid refinement between the pre-rigidified
Nisnevich covers on I' induced by pullback.

We call a finite correspondence a: U4 — V between the covers rigidly
bridgeable over « if it is the associated finite correspondence (cf. Defini-

tion [5.2.4)) of a rigid bridge.

Hence this means that b(r(z) xx v) = v Xy s(y) for every point v € T’
over points ¢ € X and y € Y. This notion clearly generalizes that of rigid
morphisms in the light of Definition and Proposition [1.6.10

Remark 6.4.2. Similar to Remark we note that the rigid bridge b
restricts to one between the rigidifications f™& and g"e.
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Proposition 6.4.3. Being a rigid bridge is preserved by composition, fibre
product and tensor product of bridges whenever they are defined.

Proof. Let us exemplary check this for composition, the other two being
equally simple:

Rigidity is clearly preserved by composition of morphisms and by pull-
backs. Hence the claimed property follows immediately from the Defini-
tion of composition of bridges. O

Theorem 6.4.4. Let S be a noetherian scheme. Let a: X ~ Y and
B:Y ~» Z be finite correspondences over S and let

U X, VoY W, 2

be pre-rigidified Nisnevich covers. Furthermore let ac: U ~~ V and 5 SV~ W
be rigidly bridgeable finite correspondences between those Nisnevich covers
over a and (3, respectively.

Then Bo&: U ~ W is rigidly bridgeable over 3 o .

Proof. Choose any bridges A and B inducing & and E over o and 3, respec-
tively. Then the bridge Bo A is rigid by Proposition[6.4.3] Its associated finite
correspondence is 5 o & by Proposition |5.2.15 @, showing the result. O

Theorem 6.4.5. Let aq: X1 ~ Y7 and as: X9 ~» Yy be finite correspon-
dences over a noetherian scheme S and let

ul —ry X17 Vl s Y17
u2 o X27 VQ 59 Y2

be pre-rigidified Nisnevich covers. Furthermore, let ay: Uy ~ Vi and
ag: Us ~~ Vo be rigidly bridgeable finite correspondences between those
Nisnevich covers over a1 and ag, respectively.
Then
a1 ®ag: Uy XgUs ~» V1 Xg Vo

is rigidly bridgeable over ay ® .

Proof. Choose any bridges B; and By inducing a1 and as over a1 and «g,
respectively. Then the bridge By ® Bs is rigid by Proposition Its
associated finite correspondence is a3 ® aig by Proposition [5.2.18 @ showing
the result. O

The following is a finite and rigid version of the Nisnevich locality found

in chapter 2 of [Ivo07]. A special and unpointed case can also be found as
Lemma 3.2.2 in [Kell3].
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Proposition 6.4.6 (Building bridges). Let a finite correspondence ac: X ~
Y over a noetherian scheme S and a c-pre-rigidified Nisnevich cover

g: VIJ) =5 Y

be given. Also let
(v:T = X xgY,a)

be a pylon over «.
Then there exists a c-rigidified Nisnevich cover

f:UlI) —», X

and a rigid bridge
B = <f7g7’y7&/7b)

over .

Proof. We proceed by noetherian induction:

Assume we already found an open subset A C X over which we have such
a bridge. This means we have an étale cover f4: Us — A, a constructible
splitting r4: A — U4 and a morphism ba: Us xx I' = I' Xy V of schemes
over I' which is rigid, i.e. ba(r(a) xx w) = w xy s(y) for every w € I" above
a € A and y € Y. Note that the base case A = () satisfies this tautologically.

Now pick any generic point z € X'\ A.

Let s': T' — T xy V by the pullback of the pre-rigidification s: Y — V.
Let wq,...,w, €I be the distinct points above x and consider the n-pointed
Nisnevich cover

(T xy V, 8 (wi)) = (T, (7))

Applying Proposition [6.3.4] we find a pointed Nisnevich neighbourhood
f:(U,u) = (X,z) and a morphism

b:UXXF*)FXyV

such that
b(u xz w;) = s (w;)

for all i € {1,2,...,n}.

We interpret f as a birational morphism w — Z, both with the induced
reduced structures. On these grounds we pick some non-empty open F C u
on which f induces an isomorphism onto its open image f(F). By removing
intersections with other irreducible components of X\ A we may assume that
f(E) is open in X\ A.

By constructibility of the pullback s’ =T xx s: I' = I" xy V we find for
each of the finitely many w; € I' over x a locally closed subset W; CT" xy V
where s’ o (' Xy g) is the identity. From Chevalleys’s theorem in the version
of Lemma it follows that the images of the W; in X contain a locally
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closed subset Z containing x. As before we may assume that Z is non-empty
and open in Z. We replace E by EN f~!(Z) and may thus assume that
f(E)C 2.

Therefore we can extend our partial bridge to one over AU f(FE) by doing
the following replacements:

o UpbyUsUU,

e bybybalUb: UsUU) xx T =V xy T,

(fig)"(z) ifw € f(E)

o ry by z—
A {m(x) if x € A.

Note that AU f(E) is not a disjoint union, hence the slightly more compli-
cated extension of r4. Constructibility of the new r,4 is satisfied in E by
construction and on A by assumption. All other desired properties of the
larger partial bridge follow directly from the construction.

We continue with this larger constructible subset. The construction
terminates after finitely many steps because X is noetherian. O

We have just shown existence of rigid bridges and now direct our attention
to uniqueness.

Lemma 6.4.7. Let a: X ~» Y be a finite correspondence over a noetherian
scheme S. Let f: (U|I) -, X be a strongly rigidified Nisnevich cover and
let g: (V|J) —s Y be a pre-rigidified Nisnevich cover. Also let (y: T —
X xgY,a) be a pylon over a and assume that pry o7y is pseudo-dominant

(cf. Definition [1.4.1)).
Then there is at most one rigid bridge

B = (f79777&7b)
over this pylon and between the given covers.

Proof. By Lemma the pullback of r to U x x T is strongly rigidified,
in particular rigidified. Thus by Lemma there is at most one rigid
bridging b: U xx I' = I' Xy V between the pullbacks. O

Lemma 6.4.8. Let X — S be a morphism of finite type between noetherian
schemes. Let

f,: (ul|t]) > X,

f+ UI) -, X

be strongly rigidified Nisnevich covers. Let u: U’ — U be a rigid refinement

of Nisnevich covers and let n € Ng.
Then (u|X)™: (U'|X)™ — (U|X)™ is an epimorphism in SchCorg.
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Proof. By Proposition it suffices to show that (u|X)™ is dominant
and pseudo-dominant. It is étale, hence open and in particular pseudo-
dominant, leaving us to show that (u|X)™ is dominant.

We start with n = 1. Let V be an irreducible component of U. By
definition of strong rigidifications there exists an € X such that r(z) € V.
As u: U — U is a rigid refinement we have u(r'(z)) = r(x), therefore V is
met by u. As w is open and because V is irreducible we conclude that the
generic point of V is in the image of u, which is therefore dominant as V'
was arbitrary.

In general we conclude by induction: We already know that u and
(u|X)"~! are dominant. Hence by |[EGA4-2|, Proposition 2.3.7, their pull-
backs

U1X)" = U'X)" 1 xx U,

UNX)" T xx U = UIX)"
along the flat morphisms (M| X)"~! — X and U — X, respectively, are
dominant as well. Hence the composition

UNX)" = U X)" P xx U — UIX)"
is dominant as required. O
The main reason for working with rigidified Nisnevich covers is now the
following:

Theorem 6.4.9 (Uniqueness of rigidly bridgeable correspondences). Let
a: X ~Y be a finite correspondence over a noetherian scheme S. Let

frU|I) = X,
g: VIJ) s Y
be c-rigidified Nisnevich covers. Assume that X is normal.
Then there exists at most one rigidly bridgeable finite correspondence
B:U ~~V over a. More generally, this is recovered as the degree-0 part of
the following:

Let By and By be two bridges over « between the same given c-rigidified
covers. Then we have the equality

C*(B1) = C*(By)
of finite correspondences between augmented Cech complexes.

Proof. This can, using a limit argument, be extracted from the results of
[Ivo07], Section 2.3. We give an independent argument:
Let the bridges be

Bi=(f,gm:T1 = XxgY,a1,b1: U xxT'1 = T'1 xy V1),
Ba=(f,g,72:To = X xgY,as,ba: U xx 'y = Ty xy Va).

We consider the following five pylons:
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e for i € {1,2} the given pylons (v;: I'; = X xgY, q;),

e for i € {1,2} the reduced pylons (y*d: T'*d — X x5V, q;), where
we abusively used &; to also denote the cycle on the homeomorphic
reduced scheme T'"*d —— T; (see Definition [1.4.20)),

e the image pylon (i: IV <= X xg Y, ), where IV := ~1(I'1) U y2(T'2)
with the reduced induced structure, and where we identified o with its
counterpart in supp(«) C I (see again Definition [1.4.20)).

Note that the images 7;(I';) € X xgY are indeed closed, e.g. by Lemma 1.4
of [IMVWO06]. As this does not influence the resulting finite correspondences
we may also assume that all five pylons are pseudo-dominant over X by
removing superfluous irreducible components.

We then have the following diagram of schemes which are finite and
pseudo-dominant over X:

red red
I\1 F2

1 I I'y

We assumed that X is normal, hence every rigidification is strong by
Remark In particular, we see that any two (strongly) c-rigidified covers
have a common rigid refinement into a (strongly) c-rigidified Nisnevich cover
(cf. Lemma [6.2.4).

Let u: U" — U be a rigid refinement of c-rigidified Nisnevich covers.
The morphisms u" = Cfnﬂ(u): Can(U' - X) = C nH(Z/{ — X) are
therefore by Lemma epimorphisms in SchCorg. Thus we are allowed
to rigidly refine U to check the equalities.

Thus, using Proposition we may assume to have a rigid bridging
b:U xx 7 = TV xy V. It and the two given bridgings by, b now induce the
following bridgings on the two reduced pylons for i € {1, 2}:

e the pullback b}*d := b; xp, T74: Y x x T1ed — Tred iy V),
e the pullback 52 =b X1 Fged: U xXx Fged — Fied Xy V.

As (pre-)rigidified pullbacks of rigid morphisms they are again rigid.
Hence Lemma j tells us that bred = b;. We now have bridges B B;, and
Bred B; resulting from the bridgings b b; and bred = bred We thus have
the following diagram of refinements of bridges between the same Nisnevich
covers Y - X and V —» Y
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Bid — B, B Bied

/ NS N

B B B.

Taking fibre products of bridges is directly seen to preserve refinements.
Hence Proposition [5.2.10] shows that

Oé(Bl)n = OJ(B{ed)n == Oé(gied)n = a(g)n = Oé(gged)n = Od(BEEd)n = 06(32)71,

where (—)™ was used to denote the n-fold fibre product of the respective

bridges with themselves. By definition this means that we have an equality
C*(By) = C*(By) of finite correspondences. O

Remark 6.4.10. If the base S is regular, then the results of this section
generalize to SmCor(S, A) by A-linear extension. To be more precise, the
existence and uniqueness results are true for the individual basic cycles.

6.5 Nisnevich covers on diagrams

Definition 6.5.1. Let S be a regular noetherian scheme, let A be a ring
and let X: D — SmCor(S) be a diagram. A (rigidified) Nisnevich cover
f+ (U|I) -, X on the diagram X consists of

e a diagram U: D — SmCor(S, A),

o for each d € D an indexing set I(d) and a decomposition U(d) =
[icr(a) Ui(d),
e a natural transformation f: Y =— X which turns every
f(d): U(d)|I(d)) — X (d),
d € D, into a Nisnevich cover,

e for each d € D a constructible rigidification r(d): X (d) — U(d)

such that the finite correspondence U () is rigidly bridgeable over X («) for
every arrow « of D. The correspondences are hence unique by Theorem

We call it a cd-Nisnevich cover, a unifibrant Nisnevich cover or unifibrantly
rigidified if the respective properties hold at the individual d € D. We call it
affine if the individual U(d), d € D, are affine schemes.

A Nisnevich pre-cover of a diagram X: D — SmCor(S) consists of a
choice of constructable pre-rigidified Nisnevich covers U(d) — X(d) for
all d € D, with no choice of finite correspondences between the U(d). A
refinement of a Nisnevich pre-cover by a Nisnevich cover is defined as such
a rigid refinement at each object.
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Definition 6.5.2. Let S be a regular noetherian scheme and let A be a
ring. Let &: D — SmCor(S, A) be a Nisnevich cover of a diagram X: D —
SmCor(S, A). We define its (full) Cech complex as the diagram

C*'(U - X): D — C~(SmCor(S,A))

defined as follows:
The objects are the Cech complexes
C*'(U — X)(d) = C*(U(d) - X(d)),
d € D. The finite correspondence at an arrow a: ¢ — d of D is
C*(B(a): C'(U —» X)(¢) ~ C*(U - X)(d)

as in Definition [5.4.4] where B(«) is any rigid bridge inducing the rigidly
bridgeable finite correspondence U () : U(c) ~ U(d).

Note that the resulting finite correspondences between the Cech complexes
do not depend on the choice of the bridge B(«) by Theorem Combined
with Theorem and Proposition this also shows that we indeed got
a diagram.

Theorem 6.5.3. Let S be a regular noetherian scheme and let A be a ring.
Let X: D — SmCor(S,A) be a finite acyclic diagram of finite correspon-
dences.

Then there exists an affine and unifibrantly rigidified cd-Nisnevich cover
of X finer than a given Nisnevich pre-cover. In particular such a Nisnevich
cover exists and they form a directed system.

Proof. We start with the case where X € Smg is a single object. If & —
X is an arbitrary c-rigidified Nisnevich (pre-)cover of X, then it has by
Lemma [6.2.5] a refinement into a unifibrantly c-rigidified cd-Nisnevich cover
f:V — X. By taking another refinement by an open affine cover we arrive
at an affine and unifibrantly c-rigidified cd-Nisnevich cover refining U.

The general case then follows by induction:

By finiteness and acyclicity there is an object dpny, € D into which
no other object maps. We may inductively assume that the diagram
X\ X (dmin): D\dmin — SmCor (S, A) has an affine and unifibrantly rigid-
ified cd-Nisnevich cover V refining a given Nisnevich pre-cover. For each of
the finitely many arrows f;: dpin — d; from dp,in into an object of D\dpin
we find by Proposition a rigidified Nisnevich cover U; — X (dpin) to-
gether with a rigid bridging into the previously constructed Nisnevich cover

By Lemma [6.2.4] we can refine the U; and the given c-rigidified Nisnevich
(pre-)cover on X (dmin) into a single c-rigidified Nisnevich cover. From the
case of a single object we know that we can refine it further into an affine and
unifibrantly c-rigidified cd-Nisnevich cover. The rigid bridgings automatically
extend to this refinement. This finishes the proof. O
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6.6 Cech diagrams of Nisnevich covers on diagrams

Definition 6.6.1. Let f: i/ — X be a Nisnevich cover of a diagram X : D —
SmCor(S, A) as in Definition and recall Definition [6.5.2}

Let a: ¢ — d be an arrow in D and let n € Ny. Let U and V be connected
components of C~"(U(c)) and C~ " (U(d)), respectively. Then the restriction
of the finite correspondence

C U — X)(a): CT(U(e) ~ C(U(d))

to U and V (cf. Proposition |1.6.4)) is called a simple finite correspondence.
The Cech diagram D(U) = D(f) of f is the following diagram:

e The set of objects is the disjoint union | |;c, D(f(d)) of the individual
Cech diagrams (cf. Definition [5.5.6).

e The morphisms are all the finite correspondences arising as valid
compositions «, o ... o a1, where each «; is either a simple finite
correspondence as defined above or a morphism inside an individual
D(f(d)), d € D.

The following is immediate from Definitions [4.5.3] [5.5.6] and [6.6.1}

Theorem 6.6.2. Let S be a regular noetherian scheme and let A be a ring.
Furthermore, let f: U — X be a Nisnevich cover of a diagram X: D —
SmCor(S,A).

Then a A-cellular filtration on the Cech diagram D(f) induces a A-cellular
filtration on the Cech complex C*(f).

Proposition 6.6.3. Let S be a regular scheme of finite dimension and let
A be a ring. Let X: D — SmCor(S,A) be a finite acyclic diagram and let
f:U — X be a Nisnevich cover of X.

Then the Cech diagram D(f) is finite and hom-almost acyclic (cf. Defini-

tion [15.3).

Proof. The hom-almost acyclicity and the finiteness of the set of objects
follows directly from Proposition [5.5.7] and the definitions. Therefore it
suffices to prove the finiteness of the hom-sets.

Every arrow in the Cech diagram D(f) can be written as a chain

U1—>V1M—>U2—>V2~‘->...M—>Um—>vm,

where every U; — V; is a morphism inside a D(f(d)), d € D, and the
finite correspondences are simple finite correspondences over a non-identity
arrow of D. Due to the acyclicity of D the integer m is bounded by the
number of objects of D. Therefore, and by the finiteness of the D(f(c)) (cf.
Proposition , it suffices to show that there are only finitely many simple
finite correspondences V; ~» U, 1. This amounts to the following claim:
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Given a bridge
B=(f:U—X,g:V—>Y,v:T— X xgY,a,b),

over a finite correspondence a: X ~» Y there are only finitely many finite
correspondences U ~» V that come from restricting an agn: (U|X)" ~
(V]Y)™ to connected components isomorphic to U and V over X and Y,
respectively. Here we are allowed to vary n freely.

While proving this we may assume that X is connected. We also observe
that every such finite correspondence U ~» (V|Y)" is bridgeable over the
pylon (v, @).

Let d be the degree of the finite morphism pry oy: I' — X. Then the
number of connected components of U x x I' is bounded by d. Each of them
is mapped by the bridging b to one of the finitely many I' xy Vj, where
V € D(f(d)). Therefore we found that every simple finite correspondence
U ~~ V comes from restricting a finite correspondence U ~~ Hle V4 which is
bridgeable over the pylon (v, &) to V' = V;. Here the V; are not necessarily
distinct elements of D(V — Y).

As d is fixed and D(V — Y) is finite we note that there are only finitely
many isomorphism classes of such coproducts ]_[;izl Vg over Y. Furthermore,
there are only finitely many bridgings

d
b UXXF%FXyHVd
=1

over I' by Lemma In total this shows the desired finiteness. O

Remark 6.6.4. Note that we cannot use the rigidifications for two reasons:
we identified many isomorphic schemes and we only have pre-rigidifications
on the higher powers (U|X)".
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Chapter 7

Realization between Motives

For the entirety of this chapter we fix a field £ C C and a noetherian ring A.
We combine the results of Chapters [d and [6] Let us briefly sketch what
is about to happen:
Chapter @ associates to an object of SmCor(k, A) the pro-system of affine
(unifibrantly) rigidified Nisnevich covers, with rigidly bridgeable morphisms
between them. Taking Cech complexes results in a covariant functor

SmCor(k, A) — pro-C~ (SmCor®T(k, A)).

On the other hand, the results of Chapter [4] give us a contravariant
functor

SmCoraﬁ(k‘, A) — pro—Cb(MMﬁiri(k:, A)),

which is compatible with tensor products.
A careful yoga of pro-ind-systems allows us to combine, refine and extend
the above, resulting in a contravariant functor

C*(SmCor® (k, A)) — pro-ind-Ct(MMSE . (k, A)).

Note that the ind-system arises from the contravariance of the second functor.

Afterwards we check that this descends to the desired functor. We show
that the constructed functor actually lands in systems of quasi-isomorphisms
of bounded complexes, hence it induces a contravariant functor

C(SmCor®™ (k, A)) — DY (MMSE . (k, A)).
Then it localizes on the left hand side by a singular cohomology argument to
DM (k, A).

We then compare the tensor structures. The central observation is that
the functor returns complexes of flat objects.
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7.1 Combining covers and filtrations

The following observation is simple, yet crucial:

Lemma 7.1.1. Let U — X and V — X be morphisms of schemes. Assume
that X is separated and that U and V are affine.
Then U x x V is an affine scheme.

Proof. The morphism X — Spec(Z) is separated, therefore the diagonal
A: X = X Xgpee(z) X 18 a closed immersion. Now U X x V' is the pullback
of the affine scheme U Xgpeo(z) V' = Spec(Oy ®z Oy ) along A, hence again
affine. ]

Definition 7.1.2. Let X: C — SmCor(k,A) be a diagram. A A-cellular
cover-filtration on X is a pair ((U|I) - X, F) consisting of:

e an affine Nisnevich cover (U|I) - X (cf. Definition [6.5.1),

e a functorial A-cellular filtration (cf. Definition 4.8.2)) F on the Cech
complex C*(U — X) (cf. Definition [6.5.2).

Theorem 7.1.3. Let k C C be a field and let A be a noetherian ring.
Then every finite acyclic diagram X : C — SmCor(k, A) has a A-cellular
cover-filtration.

Proof. By Theorem the diagram X admits an affine Nisnevich cover
U — X. The resulting Cech diagram D(U — X) is finite and hom-almost
acyclic by Proposition [6.6.3] hence it has a functorial A-cellular filtration
due to Theorem Together with Theorem this induces the desired
A-cellular filtration on the Cech complex C*(U — X). O

Remark 7.1.4. Unlike seen in Theorems [£.8.4] and [6.5.3], A-cellular cover-
filtrations do not form a directed system. This is due to a difference in
directions: Nisnevich covers are constructed contravariantly, while A-cellular
filtrations are constructed covariantly. Hence we cannot simply extend from
an initial or terminal segment. This is also the reason why we construct all
the Nisnevich covers first, and only then the filtrations.

Definition 7.1.5. Let X* € C*(SmCor(k,A)) and let § = ((U|I) - X, F)
be a A-cellular cover-filtration on X*®. Then, generalizing the C% of Defini-
tion [4.2.1] its Nori complex is defined as the total complex

CHX*) = Totg_, 4 (CH(E U — X*))) € CF(MMSE (. A)).

Note that the minus signs in Tot; _; _; come from the contravariance of
i, which is also the reason why we end up in C+(MMSE . (k, A)).
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Definition 7.1.6. Let a®: X*® ~» Y* be a morphism in SmCor(k, A) and let
§ be a A-cellular cover-filtration on this diagram. Then the functoriality of
the A-cellular filtration induces contravariantly a morphism of the defining
triple complexes and hence a morphism

Ca): CHY®) — CY(X*)
in CHMMSE . (k,A)).

Remark 7.1.7. Instead of using the Cech diagram, one could also use a
cut-off-construction:

We add an integer N to the data of a A-cellular cover-filtration. Then
we only choose A-cellular filtrations on the C~ " (U(d)) with n < N and cut
the Nori complex off at degrees above V.

The boundedness of singular cohomology then shows that everything we
do remains true as long as the degree is sufficiently far away from N. One then
recovers our results by choosing N sufficiently large. This, however, makes
many arguments, the proof of Theorem in particular, significantly
more complicated.

Lemma 7.1.8. The derived forgetful functors

D(wsing): DIMMSE L (k, A)) — D(A-Mod)
D(wsing): D(MMnNori(k,A)) = D(A-Mod)

are conservative, i.e. reflect isomorphisms.

Proof. A morphism f in the derived category D(.A) of an abelian category A
is an isomorphism if and only if the induced morphisms H"(f) on cohomology
are isomorphisms. The latter property is clearly preserved and reflected by
an exact and faithful functor such as wsing, implying the result. O

Proposition 7.1.9. Let X € Vary be a variety over a field k C C and let A
be a noetherian ring. Let (U|I) — X be an affine Nisnevich cover of X and
let F be a A-cellular filtration on the Cech complex C*(U — X).

Then there exists a natural isomorphism

waing (" (Tot?_; (C(C U — X)) = HJ\y (X, A).
Proof. The double complex C%(C*(U — X)) induces a spectral sequence
B = HYHP(CHC (U — X)))) — H7(Tot*(CHC" (U — X))).
We apply the exact forgetful functor

Weing ! MMSE - (k, A) — A-Mod,
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turning the spectral sequence by Proposition into

BB = HIHE,(C* U X)) = wiing (H?*1(Tot* (C(C U — X))).

sing

Using Proposition we see that the Fa-page is that of the Cech
spectral sequence, i.e. Theorem A more detailed consideration now
shows that we have a morphism between these two spectral sequences, and
therefore an isomorphism between the limit terms. O

Remark 7.1.10. The same argument can be used to show an analogous
result using the repetition-free version ¢/(U — X) of the Cech complex,
assuming that the Nisnevich cover (U|I) — X is unifibrant.

Corollary 7.1.11. Let X € Smy be a smooth variety over a field k C C
and let A be a noetherian ring. Let § be a A-cellular cover-filtration on X.
Then there exists a natural isomorphism

wsing(H" (C3(X))) = Hng (X, A),

i.e. the Nori complex C3(X) calculates singular cohomology after application
of the forgetful exact functor weing: MMSE . (k, A) — A-Mod.

Corollary 7.1.12. Let X € szﬂ be a smooth affine variety over a field
k C C and let A be a noetherian ring. Let § = (f: U — X, F) be a A-cellular
cover-filtration on X and let G be a A-cellular filtration on X such that f is
compatible with the given filtrations F and G on U and X.

Then there exists a natural quasi-isomorphism

Cg(X) — C(X).

Proof. Consider the structure morphism C°(U) — X10], which immedi-
ately induces the required morphism. It being a quasi-isomorphism can
by Lemma be checked in singular cohomology, where it follows from

Proposition and Corollary [7.1.11 O
7.2 Morphisms of cover-filtrations
Definition 7.2.1. Let X: C — SmCor(k,A) be a diagram. Let

§= ((U|I) - va)v
6 =(V|J)—» X,9)
be two A-cellular cover-filtrations.

A functorial morphism & — § between these A-cellular cover-filtrations
is a rigid refinement h: ¥V — U of Nisnevich covers of X such that the
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morphisms C " (V - X) = C (U — X) are compatible with the given
A-cellular filtrations and such that the induced diagrams

SR, (O U)X (@)

CHC " Uy) » X(1)))

lc}(én(h(y))) ‘/C;_—(Cn(h(x)))

CHC " (U~X)(e)

CH(C"(V(y) - X())) CE(CT" V() — X(x)))
commute. Here ¢ runs over all arrows x — y in C and n over all non-negative
integers.

Remark 7.2.2. Let us explain the commutativity condition:

It is by definition equivalent to the functoriality of the A-cellular filtration
on the Cech diagram resulting from the refinement V — U. Its foremost
goal is to make Definition functorial for A-cellular cover-filtrations by
inducing morphisms

Ci (& UP — X)) — CH(E (VF - X))

of triple complexes. Indeed, the other commutativities are already true by
the definitions.
In light of Theorem [£.8.1] the condition means that F is coarse enough.

Indeed, we have the eventual commutativity of A-cellular filtrations witnessed
throughout Chapter
Also note that if «/ = V), then the required commutativity is automatic

by Lemma

Proposition 7.2.3. Let kK C C be a field and let A be a noetherian ring.

(a) Let X* € C*(SmCor(k, ) be a bounded complex of finite correspon-
dences. Also let u: & — § be a functorial morphism of A-cellular
cover-filtrations on X°.

Then it induces a quasi-isomorphism
pu: C3(X®) = Ce(X®)

between Nori complexes in Ct(MMSE . (k, A)). It is contravariantly
functorial with respect to composition of functorial morphisms of A-
cellular cover-filtrations.

(b) Assume that a®: X*® ~» Y*® is a finite correspondence of complexes over
SmCor(k, A) and let u: & — § be a functorial morphism of A-cellular
cover-filtrations on this diagram.
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Then the diagram

oo C3(a®) o/ ve
C3(Y*) il » C3(X®)

©y |-~ is. wy | Q.- —is.

C& (a®)

Vv

Ce(Y*) Ce(X*)

of Nori complexes in C(MMSE . (k, A)) commutes.

Proof. Let § = (U* - X*,F) and & = (V* - X°*,G).
The functorial morphism u: & — § induces, as explained in Remark
a morphism

YR CHE (VP = XM) - O UF — X

of triple complexes and hence a morphism ¢3,: C3(X) — C&(X) between
their total complexes. Corollary [7.1.11] shows that it is a quasi-isomorphism
if X* = X € Smy is a single variety.
Now wfj_]’_k induces a morphism between the spectral sequences associ-
ated to the double complexes
_ i A
FP~1 =Tot; (CH(C(UT — X1)))
_ ;=
GP1 :Totﬁ_j(CZg(C (V1 — X1)))
which shows that ¢, is a quasi-isomorphism for all X* € C*(SmCor(k, A)).
The functoriality follows by construction. The commutativity is a direct
consequence of the commutativity condition for functorial morphisms of
A-cellular cover-filtrations. O

Theorem 7.2.4. Let A be a noetherian ring. Let X* € C®(SmCor(k, A))
be a complex of finite A-correspondences between smooth varieties over a
field kK C C. Let § and & be two A-cellular cover-filtrations on X.

Then in DY (MMSE (k, A)) there is an isomorphism

pre: Co(X") = CHX)
of the corresponding Nori complexes.
Furthermore, this isomorphism is natural in both the complex and the

A-cellular cover-filtrations, by which we mean:

(a) @56 © pe5 = ides(x) for any two A-cellular cover-filtrations § and &
on X°,
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(b) g6 0 ve.5 = Pz, for any three A-cellular cover-filtrations §, & and
f on X°,

(c) given any finite correspondence o®: X*® ~» Y* in C*(SmCor(k, A)) and
any two A-cellular cover-filtrations §, & on this diagram, the diagram

o (ye Ce(a®) oy
Cs(Y*) s Ce(X*)
Y36 | = P56 |

C(a®
C%(Y.) S( ) C.(X.)

in DY (MMSE L (k, A)) commutes.

Proof. 1f & is a refinement of § by a functorial morphism u, we set ¢z 6 = 5,
to be the morphism obtained in Proposition [7.2.3]

The general case is reduced to the above via appropriate zigzags, i.e. yoga
of pro-ind-systems:

Let §= (U* - X* F) and & = (V* — X*,G).

We interpret bounded complexes and finite acyclic diagrams thereof as
finite acyclic diagrams. By Theorem the two Nisnevich covers have a
common refinement into an affine unifibrantly c-rigidified Nisnevich cover S*®
on X°*. Then, using Proposition and Theorem we find a functorial
A-cellular filtration Z on the diagram

C°(S* — X*)

N

C*(U* — X*) C*'(V* — X*)
coarser than the given F and G on the bottom row. Hence we got a diagram

o, )

Uu,F) (S,7) V.g
\\\ (// \\\ ///
U,7) V,7) .

of refinements of A-cellular cover-filtrations. Recall that, as mentioned in
Remark the outer arrows are indeed refinements due to Lemma [4.6.3
This zigzag defines by Proposition [7.2.3] an isomorphism

in DY MM (K, A)).
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We need to check that this definition is independent of the choices we
made, which we do individually for each part:

If 7' is a second functorial A-cellular filtration akin to Z, we can pick a
common coarsening Z. This results in the diagram

Uu,7y +— (8, 77) — (v,7)
/ l | l \
o, —— (8,]) —— 9

\T I T/

— (8I) ——

of refinements, which clearly commutes by the naturality of Proposition [7.2.3
Hence the isomorphism does not depend on the choice of Z.

Now let &' be a second choice of an affine unifibrantly c-rigidified Nisnevich
cover. We pick by Theorem a common refinement S of the two covers.
Proposition and Theorem give us a functorial A-cellular filtration
Z on the diagram

(S"—»X'
) / T \
C' U - X*) o_»Xo (V* > X*)
\ l
So_»Xo

coarser than the given ones on C*(U* — X*) and C*(V* — X*). This yields
the diagram

o, 1)

/\T/\

Uu,r) V,9)

\/l\/

o, 1)

of refinements. Once more the independence follows from Proposition [7.2.3]
We are left to check the naturalities:

(a) This is immediate from the symmetry of the construction.
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(b) Let $ = (W, H) be a third A-cellular cover-filtration. Then we pick
a common refinement S of all three Nisnevich covers and after that a
functorial A-cellular filtration Z on the diagram

C*W - X)

T

C*(S - X)
« I
'Y — X) C*'(U — X)

which is coarser than the given ones on the outside. Hence we get a
diagram

W, H)

|

W,1)

V,6) Uu,Fr)

of refinements which shows the equality ¢z e o e 6 = ©3.5-

(¢) This follows, using Proposition [7.2.3|[(b)] by repeating the arguments
in the construction of ¢z ¢, but this time using a finite correspondence
a®: X® ~» Y* understood as a finite acyclic diagram, instead of the
complex X°. ]

7.3 Proof of the main theorem

We are now able to prove the effective version of our main theorem:

Theorem 7.3.1 (Realization of Voevodsky’s motives into and Nori motives,
effective version). Assume that k C C is a field and let A be a noetherian
ring.

There exists a contravariant triangulated functor

T DM (k, A) — DY (MM (K, A))

between Voevodsky’s geometric motives and derived Nori motives which
calculates singular cohomology Hging in the following sense:
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If wing: MMSE (k,A) — A-Mod is the forgetful fibre functor of Nori

motives, then there is a natural isomorphism
wang (" (CT(X[0])) ) 2 Hijpg (X, )

for all smooth varieties X over k.
If A is a Dedekind domain or a field, then C*¥ is a tensor functor.

Proof. We first define a functor C: C?(SmCor(k, A)) — DT (MMSE . (k, A)):
On objects it is given by

C(X*) = C3(X*),

where § is an arbitrary A-cellular cover-filtration on X, which exists by Theo-
rem By Theorem this does, as an element of Dt (MMSE (K, A)),
not depend on the choice of §.

On a morphism a*: X*® ~» Y*, the functor C is defined by picking a
A-cellular cover-filtration § on this diagram and then taking the induced
morphism

C3(a®): CX(Y*) — C3(X*®).
This does, again by Theorem not depend on the choice of §.

Compatibility with compositions follows immediately from choosing A-
cellular cover-filtrations on the diagrams of the form X® ~» Y*® ~~ Z°®. Hence
C is a functor.

Note that the diagram

2V

corresponding to a chain homotopy in C*(SmCor(k, A)) is finite and acyclic.
Hence C descends to a functor

K°(SmCor(k,A)) — DT(MMSE .(k, A)).

This functor calculates singular cohomology due to Corollary We
have to show that it descends further to the localization at homotopy invari-
ances HI and Mayer-Vietoris complexes MVN. This can by Lemma be
checked after application of the conservative functor D(wsing), i.e. in singular
cohomology. We have already seen in Corollary m that C X) = C§(X)
computes singular cohomology of X € Smy. Therefore the complexes of
type C(HI) vanish due to the homotopy invariance of singular cohomol-
ogy, and those of type C(MVN) vanish by the Cech spectral sequence, i.e.

Theorem [B.0.16]
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Hence the functor C descends further to a functor
~eff b
C 7 DM (k. A) — DT (MM (k, A)).

Note that MMSE .(k, A) is abelian, thus Dt (MMSE (k, A)) is pseudo-
abelian by Lemma 2.4 of [BS01], therefore the functor finally descends to

Ce: DM (k, A) — DT (MMSE (K, A)).

The boundedness of singular cohomology and Lemma [7.1.§ show that
this functor actually lands in Db(/\/l./\/l%ff)ri(k, A)). Lastly, we postpone the
tensor structure to the next Section [7.4] Theorem [7.4.10] in particular. [

Remark 7.3.2. It is clear from the construction that C*f extends the functor
C*(Z[Vary)) = D (MMS;(k, Z))

constructed in the proof of Theorem 9.2.21 in [HM16]. In particular their
calculations remain valid. Let us give an example:

If (X,Y,n) is a very good pair (cf. Definition [1.3.7)), then
Cf(Cone(Y «—— X)) = HL (X, Y)[-n].

Indeed, we can extend the given data to a A-cellular filtration F* with
F'X = X and F'X = F'Y for i < n. Then the claim follows from the
construction of C°f.

7.4 Tensor structure

Definition 7.4.1. Recall that an object X of an abelian tensor category .4
is called flat if the endofunctor — ® X : A — A is exact.

We denote the full subcategory of A consisting of the flat objects by .A°.
It is automatically a tensor category.

Remark 7.4.2. Note that Kb(A%), K*(A"), K~ (A") and K(A) are tri-
angulated categories. By standard arguments, e.g. Proposition 10.4.1 of
[Wei94], we find that quasi-isomorphisms form a multiplicative system. In
particular, the derived categories D?(A%), D+ (A°), D~ (A®) and D(A") make
sense.

Lemma 7.4.3. Let k C C be a field and let A be a noetherian ring.
Then M € MMSE (K, A) is flat if and only if wsing (M) is a flat A-module.

Proof. If weing (M) is flat, then so is M because wsing is a faithful exact tensor
functor.
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Let 1 = HY.(Spec(k),0). Then

a2 1) = Homa (a0,

This shows that the abelian subcategory of MMNOH(k‘, A) generated by 1 is
equivalent to A-Mod. Hence flatness of M implies that of wging(M). O]

Corollary 7.4.4. Let k C C be a field and let A be a Dedekind domain or
a field.
Then every subobject of a flat object in /\/l./\/lNon(k:, A) is flat.

Proof. This follows directly from Lemma after observing that flat A-
modules are exactly the torsion-free ones, a property clearly preserved by
taking submodules. O

Proposition 7.4.5. Let k C C be a field. Assume that the ring of coefficients
A is a Dedekind domain or a field.

Then the inclusion i: MMSE (k, A’ — MMSE . (k, A) induces an equiv-
alence

Db(z) (MMNOI‘I( )b) (MMNOI‘I( ))

of derived categories.

Proof. Let A € MMSE .(k,A). Proposition says that A is a quotient
of a subobject B of a finite direct sum 7' of objects of the form HY .(X,Y),
with (X, Y, ) a (very) good pair. Due to the definition of good pairs, wsing(T")
is a finitely generated projective A-module.

Due to Corollary [7.4.4) have thus shown that every A € MM (K, A)
admits an eplmorphlsm B —» A from a flat B. Induction then shows that
every bounded complex A* € CO(MMSE . (k, A)) has a flat left resolution, ie.
there is a quasi-isomorphism B® — A® with B* € C~(MMSE .(k, A)°). By
construction, B® has only finitely many non-trivial cohomology groups. By
Corollary [7.4.4) we can then truncate B to the left to get a quasi-isomorphic
complex in C*(MMSE . (k,A)?).

Hence D(i) is essentially surjective. If X* — Y® is a quasi-isomorphism
in KY(MMSE L(k, A)) with Y* € KO(MMSE . (k, A)?), then we find a quasi-
isomorphism Z® — X* such that Z* € K®(MMSE . (k, A)°). By [Bor+87],
Proposition 1.24, this shows that D(37) is fully faithful, finishing the proof. [J

Lemma 7.4.6. Let £k C C be a field and let A be a noetherian ring of

coefficients.
L

Then DY(MMSE . (k, A)°) carries a commutative tensor structure — @ —
such that the conservative forgetful functor

Db(wSmg) Db(MMNorl(k7 A)b) - Db(A_ MOdb)

is a tensor functor.
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Proof. This is a standard result of homological algebra: given any X*® and
Y* in K8(MMSE (k,A)?), we define their tensor product as Tot®(X*@Y*).
Tt descends to DY (MMSE . (k, A)*) by flatness.

Note that D(wsing) indeed lands in D°(A- Mod®) by Lemma The
tensor structure on the latter category is defined the same way, hence the
final statement follows. O

Proposition 7.4.7. Let k C C be a field. Assume that the ring of coefficients
A is a Dedekind domain or a field. ;

Then DY(MMSE (K, A)) carries a commutative tensor structure — @ —
such that the conservative forgetful functor

D" (Wsing) : DP(MMSE (K, A)) — D°(A-Mod)
and the equivalence
DY MMy (k, A)") 2 DO (MM (K, A))
of Proposition are tensor functors.

Proof. This is immediate from Proposition and Lemma [7.4.6] O

Definition 7.4.8. Recall that the functor Cf was defined using A-cellular fil-
trations, whose singular cohomologies are by definition projective A-modules.

~eff b .
Hence the intermediate functor C. ~ seen in the proof of Theorem
defines actually a functor

CP: DMEE (%, A) = DHMMRE;(k, A)),
even if A is not a Dedekind domain.

Proposition 7.4.9. Let k C C be a field and let X,Y € szﬁ. Let A be a
noetherian ring.
Then there is a natural isomorphism

Ceff,b(X % Y) ~ Ceﬁ,b(X) é Ceff,b(y)
in Db(MMIe\%)ri(ka A)b)

Proof. Choose A-cellular filtrations F and G on X and Y, respectively. By
Proposition 4.9.2| we get a chain

CM (X x V) 2 O yg(X x V) =

= Tot* (CH(X) ® Co(Y)) = P (X) & Co (),
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Theorem 7.4.10. Let k C C be a field and let A be a noetherian ring.
Then the functor

s DML (k, A) = DH MMk, A))
is a tensor functor.
Proof. Let X1, Xo € Smy. Choose affine rigidified Nisnevich covers

Ji:Uy —»p X,

for Uy =y Xo.
We then use Theorem [£.9.7]to choose A-cellular filtrations F1, Fa and F on the
Cech diagrams D(f), D(g) and D(f) ® D(g). As before, this gives A-cellular

filtrations on the (double) complexes C°(f1), C°(f2) and C°(f1) ® C*(f2).
Also note that

fi X for Uy X Uz =5 xry X1 X Xo

is an affine pre-rigidified Nisnevich cover whose Cech complex C.(f 1 X f2) is
the diagonal of C*(f1) ® C°(f2). Let f = (f1 X f2)"'8 be its rigidification as
in Definition [6.1.1]

Hence by construction we have for all integers n1,no quasi-isomorphisms

C% (C™ (f1) x C™*(f2)) = Tot* (C%, (C™(f1)) ® C%, (C™(f2))) -

Looking at singular cohomology, i.e. using Proposition[7.1.9]and Lemma[7.1.8
we also get a quasi-isomorphism

Tot® (c;r (C‘(f))) = Tot® (c;r (C‘(ﬁ x fg))) .

Recall that the Cech complexes are the associated complexes of simplicial
objects A°P — Z[Smy], where A is the usual simplex category. Combined
with the A-cellular filtrations we hence got for all integers n co-simplicial
objects

%O Chr A — MMSE (K, A).

Hence the Eilenberg-Zilber-Cartier Theorem (cf. Satz 2.9 of [DP61]) gives

us for every integer n a natural quasi-isomorphism

O3 (C* (1 x f2)) = ot (C (C(m) @ C(f2))
Lastly, we note that by definition
C(X1) & Tot*

s,

C (fl))) ,
C.(f2)>> ,
cx(C')).-

(5 (
C(Xs) & Tot® (C}Q (
C(X1 x Xa) = Tot® (
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We now put everything together and take total complexes. This then induces
a natural zigzag that amounts to a natural isomorphism

C(X) @ C(Y) = C(X x Y)

in D (MMRGyi (k, A)).

Taking rigidifications and tensor products are both compatible with rigid
bridges as seen in Remark and Theorem Thus this argument ex-
tends naturally to complexes over SmCor(k, A), and to finite correspondences
thereof. O

Combined with Proposition and the obvious descent to pseudo-
abelian envelopes, this shows the missing step in the proof of Theorem [7.3.1}

Corollary 7.4.11. Let k C C be a field and assume that the ring of
coefficients A is a Dedekind domain or a field.
Then the functor

CoT: DMST (k, A) — DYMMEE (k. A))
of Theorem [7.3.1] is a tensor functor.

Let us now switch to the tensor-localizations. All of the above works
mutatis mutandis for MMuyori(k, A) instead of MMSE . (k, A). In particular
we get:

Proposition 7.4.12. Let k C C be a field. Assume that the ring of coeffi-
cients A is a Dedekind domain or a field.
Then the inclusion MMnyoyi(k, A)b — MMunori(k, A) induces an equiva-

lence

DY (MMxori(k, A)’) = DP(MMyori(k, A))
of derived categories. Furthermore, D*(MMnori(k, A)) carries a commutative

tensor structure — <§L§ — such that the conservative forgetful functor
D(wsing): DY (MMuori(k, A)) — DP(A-Mod)
is a tensor functor.
Lemma 7.4.13. There is a natural equivalence
DY (MMuori(k, M) 2= DP (MM (k, A)) [(Axori (—1)[0]) ]
of categories.

Proof. Note that wsing(Anori(—1)) = A is a flat A-module, hence Anori(—1)
is flat by Lemma, Hence the result follows from Lemma [1.10.5 O

We also trivially have from their definition as 2-colimits:
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Lemma 7.4.14. Let k C C be a field and let A be a noetherian ring.
Then there is a natural equivalence

MMNori<k7 A)b = MM?\Iff)ri(k7 A)b[ANOTi(_1)®71]
of triangulated tensor categories.

Lemma 7.4.15. Let k C C be a field and let A be a noetherian ring.
The functor C* sends the Tate motive Apy(1) € DMgﬁm(k‘,A) to the
Lefschetz motive Anoyi(—1)[0].

Proof. By Lemma we can instead work with the complex A® =
(G, — %), where x := Spec(k) and Gy, is in degree 1. An explicit A-cellular
filtration on this diagram is given by A} = A® and Aj = (* — *), where we
used an arbitrary k-point * < G,,,. Using this and Corollary we find
that

C (Api(1)) 2 (A = A = Hko(Gon, #))

with HY; (G, *) in degree 0, where we simply wrote A for HY_;(*,0). This
is clearly isomorphic to

Hﬁ]ori(Gﬂh *)[0] = H&Torl(Gm)[O] = ANOTi(_l)[O]'
O

Theorem 7.4.16. Assume that k C C is a field and let A be a noetherian
ring.
Then there exists a contravariant triangulated tensor functor

C”: DM, (k, A) = D" (MMuyori(k, A)°)

between Voevodsky’s triangulated premotives and derived flat Nori motives
which calculates singular cohomology Hgng in the following sense:
If Weing: MMSE (K, A) — A-Mod is the forgetful fibre functor of Nori

motives, then there is a natural isomorphism
ing (H"(C(X10))) ) = Hibpg (X7, A)

for all smooth varieties X over k.
Furthermore, the diagram

DM (k, A) <% DE MM (k, A)) % DP(A-Mod?)

o o |

Mgm(k7*/\) L Db(MMNori(kaA)b) ﬂ) Db(A‘MOdb)
commutes.
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Proof. By Lemma it suffices to construct a functor
DML (k, A)[Apy (1)1 = D (MM (, A)) Axosi (~1)% ],
Due to their definition as 2-colimits it suffices to give functors
C,: DM (k, A) = DY (MMRi(k, A)’)
such that the diagrams

b
DMEE (k, A) — " DY (MMSE (k, A)?)

‘/—@)ADM(l) ‘/_@)ANori(_l)
b

C
DM (k, A) —"2— DY (MMSE (%, A)")

commute for all non-negative integers n. We pick CEL = Cefftp, whereupon the
compatibility follows immediately from Lemma [7.4.15| and Theorem [7.4.10
O

Theorem 7.4.17 (Comparison between Voevodsky’s and Nori’s motives).
Assume that k C C is a field and let A be a field or a Dedekind domain.
Then there exists a contravariant triangulated tensor functor

C: DM (k, A) = DY(MMuyori(k, A))

between Voevodsky’s geometric motives and derived Nori motives which
calculates singular cohomology Hgi,g in the following sense:
If weing : MMSE .(k, A) — A-Mod is the forgetful fibre functor of Nori

motives, then there is a natural isomorphism
Wsing (HH(C(X[O]))) = gng(XanvA)

for all smooth varieties X over k.
Furthermore, the diagram

DM (k, A) ~5 DY MMEE (K, A)) —2"%5 Db(A-Mod)

o o |

DM (k, A) —S— DY (MMuyori (k, A)) —2%5 DY(A-Mod)
commutes.

Proof. This is immediate from Theorem [7.4.16and Proposition noting
that D®(MMyeri(k, A)) is pseudo-abelian by Lemma 2.4 of [BS01]. O
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7.5 An alternative proof

Ayoub (private communication) suggested a different approach to construct
the functor C based on works by Choudhury and Gallauer Alves de Souza
(cf. [CG15]). Their arguments are independent of ours and were developed
in parallel. We want to sketch this approach, for which we need two more
categories of triangulated motives.

The first one appeared in [Ayol4a]. We will, however, not repeat its
definition here, as it is quite involved:

Definition 7.5.1. Let DAg(k,A) be the triangulated tensor category of
Ayoub motives as defined in Section 3 of [Ayol4a].

The second one comes from [VSF00, chapter 5]:

Definition 7.5.2. Analogous to Definition [1.9.5] we have the category
Shve (SmCor(S,A)) of étale sheaves with A-transfers. Like its Nisnevich
counterpart it comes with a Yoneda embedding

L¢: SmCor(S, A) — Shvet (SmCor(S, A).

Voevodsky’s category of (unbounded) effective étale motivic complexes is
the Boustfield localization

DMSH (S, A) := D(Shve (SmCor(S, A)))/(L(HI))®

at the localizing subcategory generated by the images under the Yoneda
embedding of the complexes A}, — X of Definition We let DM (k, A)
be its tensor-localization at the Tate motive.

Sketch of an alternative proof of Theorem [7.4.17. Adding transfers induces
by Théoreme B.1 of [Ayol4a] an equivalence

DA (k, A) = DM (k, A).
We furthermore have a change-of-topology functor
DM(k, A) — DM (k, A).
Proposition 7.1 of [CG15] gives a functor
DA®(k,A) — D°(ind -HM(k, A)),

where HM(k, A) is the abelian category of homological Nori motives, defined
dually to MMnyeri(k, A) by using singular homology. Note that the argument
of loc. cit. is similar to ours: it uses the yoga of filtrations and Zariski covers
to reduce to affine objects. But it is simpler because it does not encounter
finite correspondences.
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An argument similar to that of loc. cit. also gives a functor
DA®(k, A) = D(pro-MMuyori(k, \)).

We omit the details.
Composition thus gives a functor

C: DM(k,A) — D°(pro-MMyori(k, \)).

In light of the full embedding DM;EI(]{Z, A) — DMf(k, A) of Theorem
it is sufficient to check that the Yoneda embedding of an X € Smy lands in
DY (MMuyori(k, A)). Replacing X with the Cech complex of an open cover
allows us to assume that X is affine. One now checks that by construction
C(L(X)) is isomorphic to the Nori complex C%(X) of any A-cellular filtration
on X. 0

Remark 7.5.3. A comparison of this construction with ours can be found
as Proposition 7.8 of [CG15].

7.6 Consequences

We demonstrate a few consequences of Theorems [7.3.1] and [7.4.17] Some of
them are not new results, but the functor C unifies them.
We start with the following well-known statement:

Theorem 7.6.1. Let k C C be a field and let A be a noetherian ring.
Then there exists a Betti realization

Hging(A): DMgm (k, A) — A-Mod
with coefficients in A such that the composition with
—[0]: Vary — DMy (k, A)
is singular cohomology with A-coefficients.
Proof. This is immediate from setting Hging(A) = wsing © C. O

Remark 7.6.2. Note that the existence of such a realization was not used
in our proofs. Instead we only used the compatibility of singular cohomology
with morphisms of varieties.

Remark 7.6.3. It is not difficult to check that for A = Z this agrees with
Lecomte’s realization in [Lec0§|. By Théoreme 1.1 of op. cit. it thus also
agrees with Huber’s realization in [Hub00] when A = Q.
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Remark 7.6.4. Ayoub recently outlined a promising approach to proving
the conservativity conjecture, stating that the Betti realization Hging(Q) is
conservative, i.e. reflects isomorphisms. In particular it implies that the
functor C is conservative as well.

Theorem 7.6.5. Let k C C be a field.
Then the Betti realization Hging(Q): DMgm(k,Q) — D’(Q-Mod) of
Theorem [7.6.1] factors as

DM (k, Q) — D°*(MMyori(k, Q) — D*(MMag) —
— Dyr — D°(MHS(Q)) — D°(Q-Mod),

where
o MMy are the absolute Hodge motives of Deligne and Jannsen,
e Dyr are Huber’s derived mixed realizations,
e MHS(Q) are the rational mixed Hodge structures.

Proof. A conditional proof was given as Theorem 10.1.1 in [HM16], assuming
the result of Theorem [7.4.17] O

Theorem 7.6.6. Let kK C C be a field.

Then every effective Nori motive M € MMSE . (k,Q) carries a bounded
increasing weight filtration WM .

Similarly, every Nori motive in MMnori(k, Q) carries a bounded increas-
ing weight filtration. Both induce the usual weight filtrations on singular
cohomology and are made unique by this property.

In view of Theorem this weight filtration induces the weight fil-
tration on Jannsen’s mixed realizations MR and in particular the standard
ones on singular, étale and ¢-adic cohomology. Furthermore, every morphism
of Nori motives is strictly compatible with these filtrations.

Remark 7.6.7. This result is originally due to Arapura (cf. Theorems 6.3.5
and 6.3.6 of [Aral3]). Unlike his more direct proof, ours takes use of the
realization functor to push Bondarko’s weight structures forward. This
argument has the advantage of working without any essential change in
positive characteristics, assuming that a reasonable theory of Nori motives
together with an analogous realization functor has been constructed.

Proof of Theorem [7.6.6. We follow the conditional proof of [HM16], Propo-
sition 10.2.5:

A faithful exact tensor functor MM . (k, Q) — MR is constructed as
part of Proposition 10.1.2 in [HM16]. In particular, there is a faithful exact
mixed Hodge realization h: MM . (k, Q) — MHS(Q) and by loc. cit. it
calculates Deligne’s mixed Hodge structures on smooth varieties.
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By [Bonl10|, Proposition 6.5.3, there exists a weight structure w in the
sense of op. cit. Definition 1.1.1 on DMg;fj(k, Q). By Remark 2.4.3 of op. cit.
and Remark we hence have a weight filtration on every HY_;(X,Y),
where (X,Y,n) € VGood®! is a very good pair. It induces the usual weight
filtration on singular cohomology, and is made unique by this due to the
faithful exactness of the forgetful functor wging.

The weight filtration clearly extends to sums, subobjects and quotients.
This is compatible with the same operations in MHS(Q) due to the faithful
exactness of h. Therefore this extension to these three kinds of objects is
again unique and well-defined. Proposition now implies that we thus
defined weight filtrations on all of MMSE .(k, Q).

The weight filtrations of Hodge theory on singular cohomology are
furthermore strictly compatible with arbitrary morphisms (cf. [Del71b],
Théoreme 2.3.5 (iii)). Due to the faithful exactness of wging this translates
into the strict compatibility of our weight filtration with all morphisms of
MMeNf{)ri(kv @)

The argument for non-effective Nori motives is completely analogous.
The weight filtration induces that on MR because both are the unique ones
inducing that on singular cohomology.

The interested reader should look at Proposition 10.2.5 of [HM16| for
further details. O

Remark 7.6.8. We needed rational coefficients to have the weight filtration
on MHS(Q) together with its strict compatibility at our disposal. Without
that, it is not clear how to ensure the uniqueness, and hence well-definedness,
of the weight filtrations induced on quotients and subobjects, as the same
object might arise in several essentially different ways.

Definition 7.6.9. Let C be a symmetric tensor category with unit 1. An
object X € C is rigid if it has a dual XV € C. This means that there are
morphisms 7: 1 -+ X ® XV and e: XV ® X — 1 such that

X Y xeoxVex K&, x

XV XV@n XVoXoXV E®Xv} XV
are the respective identities. The category C is rigid if all its objects are
rigid.
An abelian A-linear symmetric tensor category is called quasi-rigid if its
Tannaka dual, which automatically is an pro-algebraic monoid over A, is a
pro-algebraic group over A.

The following is a result of Nori, whose proof can be found in [HM16]:
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Theorem 7.6.10. Assume that k C C is a field and let A be a Dedekind
domain or a field.
Then MMunori(k, A) is quasi-rigid.

Proof. Let (X,Y,n) be a very good pair (cf. Definition . We consider
Z = (Y = X)[—n] € DMgm(k, A).

Remark computes C(Z) as H{ .(X,Y)[0]. Note that
Wsing(HNori (X, Y)) = Hgpg (X, Y)

sing

is a finitely generated projective A-module and thus has a dual projective
A-module HE, . (X,Y)" in A-Mod.

Furthermore, DMgm (k, A) is rigid by Theorem 4.3.7 of [VSF00, chapter 5],
hence Z has a dual ZV. The property of being a dual is preserved by
tensor functors, hence C(ZV) is a dual of C(Z). For the same reason,
D(wsing)(C(ZY)) is a dual of D(wsing)(C(Z)). But duals are unique up to
unique isomorphism, hence

D(wsing)(C(Z2")) = Hg, o (X,Y)[0].

sing

By conservativity of D(wsing) (cf. Lemma [7.1.8) we conclude that C(ZV) =
H(C(2Y))[0].
From Proposition [7.4.12| we have the fully faithful tensor functor

MMuori (ks A)? s DY M Muori(k, A)) = DY (MMuori (k, A)).

We have shown that HZ . (X,Y)[0] and its dual H°(C(ZV))[0] lie in its
essential image, therefore HL_.(X,Y) has a dual in MMuyey(k, A)” and in
particular in MMyoi(k, A).

By definition we also have an inverse for the Lefschetz motive Axoi(—1),
thus every HY ;(X,Y)(m), m € Z, is rigid. By Proposition 8.3.4 of
[HM16] it therefore suffices to show that MMnyei(k, A) is generated by
the HY ;(X,Y)(m) as an abelian tensor category relative to wsing in the
sense of Definition 8.1.9 in [HM16]. As the HJ_;(X,Y)(m) are closed under
tensor products, this by definition amounts to Lemma O

ori

Remark 7.6.11. The proof of quasi-rigidity of MMnei(k, A) in [HM16)
is significantly more technical: it explicitly constructs the tensor-duals us-
ing resolution of singularities. Our proof, on the other hand, avoids this.
Both proofs, however, finish by using Nori’s rigidity criterion, found as
Proposition 8.3.4 in [HM16].

In Definition we have furthermore defined MMyoi(k, A) as
the tensor-localization of MMSE . (k, A) at the Lefschetz motive Anori(—1),
avoiding the subtleties arising from the construction via a larger quiver seen
in Proposition 8.2.5 of [HM16].
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Appendix A

Finitistic Covers

By Lemma the following definition makes sense:

Definition A.0.1 (Finitistic covers). Let S be a noetherian scheme and let
X € Smg.
An étale cover U — X is finitistic if the complex

- cs(—, MU > X)) — cs(—, U » X)) — cs(—, X) — 0

:CS(_vu)

of Nisnevich sheaves with transfers over S is exact.

Recall that a Nisnevich sheaf with transfers is just a Nisnevich sheaf
which, as a presheaf, has transfers. Therefore the Definition of finitistic
covers is tantamount to being an exact complex of Nisnevich sheaves without
transfers.

Remark A.0.2. Note that the given complex is the Yoneda embedding of
the augmented reduced Cech complex.

The analogous variant using the non-reduced Cech complex is true for
arbitrary Nisnevich covers by Theorem 10.3.3 of [CD12| (see Proposition 3.1.3
of [VSFO00] for a special case). Theorem below shows that, at least
over a regular base, exactly the unifibrant Nisnevich covers are finitistic.

Remark A.0.3. We consider a topological analogue in Appendix [Bl There
we get similar results as in this section, Proposition |B.0.11| in particular.

Lemma A.0.4. Let S be a regular noetherian scheme. Let morphisms
f: X =Y andg:Y — Z in Z[Smg| with go f = 0 be given.

Let $ be the class of henselian local noetherian schemes which are finite
and étale over a henselization Tth, where t € T' € Smyg.

Then the following are equivalent:
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(a) The complex

SmCorg(—, X) =, SmCorg(—,Y) —2% SmCorg(—, Z)
is an exact sequence of Nisnevich sheaves with transfers.
(b) For every H € $) we get an exact complex

(Hxsf)« (Hxs59)«
SLALLELEN —7

C(H Xg X|H) C(H Xs Y’H) C(H XS Z|H)

of abelian groups.

Remark A.0.5. The restriction on representable sheaves F in Lemma [A.0.4]
might sound arbitrary at first. We used it in the formulation to have an
immediate extension of F to all regular noetherian henselian local schemes
over S, which are not necessarily of finite type. This is, however, not the
main reason.

The real problem lies in the formalism of points, or more specifically in
Corollary 1.13 of [Nis89], which requires our presheaves to commute with
certain projective limits as seen in the proof.

Proof of Lemma[A.0.4 Note that Smg contains the Nisnevich site Xyjs of
every X € Smg. Thus every Nisnevich sheaf F € Shvyis(Smg) restricts
to a Nisnevich sheaf Fy . € Shvnis(Xnis). It is then easily seen that a
conservative family of points on Smg is given by a union (J Xesmg PX of
conservative families of points Px on Xyjs.

By Corollary 1.17 of |[Nis89], the Nisnevich site Xnis has enough points.
They are the stalks F — F, induced by the field-valued points Spec(k) —
x € X € Smg such that k|r(x) is finite and separable. Let us make this
more precise:

Let Schg be the category of noetherian schemes separated over S. If
T € Smg, then the Nisnevich sheaf SmCorg(—,7T) on Smg extends to a
Nisnevich sheaf L(T): Schg — Ab, X — ¢(X xg T|X), where the presheaf
structure comes from the pullback of relative cycles.

Proposition 9.3.9 of [CD12| tells us that E(T) commutes with projective
limits over systems D in Smg with flat, affine and dominant transition
morphisms. Clearly, the directed system of affine and connected Nisnevich
neighbourhoods of a point z € X € Smg satisfies this. Furthermore, they
constitute a final subsystem of all pointed Nisnevich neighbourhoods of
(X, z). Hence N

lim  L(T)U) = e(X] x5 T|XD).
Uu)—(X,x)

Then by Corollary 1.13 (3) of |[Nis89] and its proof, the aforementioned

stalks, forming a conservative family, are given by F, = ¢(H xg T|H) where

H is finite and étale over a henselization Xg. O
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Proposition A.0.6. Let S be a regular noetherian scheme and let X € Smg.
Then every unifibrant Nisnevich cover (U|I) — X is finitistic.

Remark A.0.7. We use an argument similar to the proof of Proposition 3.1.3
in [VSF00, chapter 5] and to the proof of its more general counterpart found as
Theorem 10.3.3 in [CD12]. The main differences is the additional assumptions
of unifibrancy, which is indeed necessary as seen in Theorem [A.0.10| below.
We have to assume regularity to separate Nisnevich points with respect to
the point of X their closed point lies over.

Proof of Proposition[A.0.6. We fix an arbitrary noetherian regular henselian
local scheme H over S. Due to Lemma [A.0.4] it is sufficient to show the
exactness of the complex

— c(H xg & (U — X)|H) = c(H x5 U - X)|H) = c¢(H xg X|H) — 0.

Let Y € Smg. Because H is regular, ¢(H x g Y|H) is by Proposition
identified with the free abelian group generated by the closed integral sub-
schemes of H X g Y which are finite and surjective over H. We call them the
basic generators. Because H is henselian local we get from Lemma that
each basic generator is also a henselian local scheme.

If furthermore Y is a scheme over X and z € X is a point, we let
0:(Y) C e(H xg Y|H) be the free abelian group generated by those basic
generators whose closed point lies over x. Then the previous discussion shows
that

(M x5 Y[H) = P t(Y)
zeX
and it is immediate that this decomposition is functorial with respect to
morphisms of schemes over X. Thereby it is enough to show that for each
x € X the complex

s L (@ U > X)) = (U X)) = (X)) =0 (A1)

is exact.

By assumption there is an i € I such that fi_l(:c) consists of a single
point u € U; where we have an isomorphism of residue fields k(u) = k(z).
By Lemma [5.4.3] we may assume that i is the smallest element of I. We
proceed to show that the complex is homotopic to 0:

For a subset J C I we set Uy :=Uj, Xx ... xxUj,, where j1 < jo <...<
Js are the distinct elements of J. Assume for a moment that the projection
pr;: Ugyus — Uy induces an isomorphism (pr;)s: Lo (Upyug) = o(Uy). We
now define a chain homotopy h from the complex to itself by

_JoiftiedJ
hwz(uJ) = (prl);1 else.
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Let d be the differential of the complex (A.1). We only have to check
that hd + dh is the identity, which can be done on the individual ¢, (U):

If i ¢ J and j € J, then pr;opr; = pr;opr; gives (pr;);to (prj)« =
(pr;)« (pr;);! and thus we get

(hd + dh) 0, @y) =
=(pr;)s " o > (=1)F(prj, )et
k=0
+ ((pri)* o (pry). ' =D (=1)F(pry )u o (pri)f) =
k=0

:idez(uJ) + ((_1)k(Pri);1 © (Prjk)* - (_1)k(PTjk)* © (Pri)j) =

== idgw(uJ) .

If instead ¢ € J, then jy = i as i is the smallest element of I. Hence
hopr; =0 except if k = 0. Thus we find again that

S S

(hd + dh) g, @) = ho Y (=1)*(prj)e = > _(=1)Fho (prj,)e = idg, @) -
k=0 o

We are left to prove the postponed isomorphism. It is clearly enough to
show that pr; induces a bijection on the basic generators of ¢, (Z/I{Z-}U 7) and
Lx(Uy). We sort those generators by what point u € Uy their closed point
lies above, where u runs through the points of U; above x.

Due to our assumption on ¢ there is only a single point v’ € Ugiyug above
such a u € Uy and pr; induces an isomorphism x(u’) = k(u) of residue fields.
The claim then follows immediately from the following technical Lemma[A~0.§|
by setting (Y,y) = (Uy,u) and (V,v) = Ugus, uw'). O

Lemma A.0.8. Let H be a noetherian henselian local scheme with closed
point h. Let Y be a scheme separated and of finite type over H and let y € Y
lie over ). Let f: (V,v) = (Y,y) be a pointed Nisnevich neighbourhood (cf.
Definition .

Let b(Y,y) be the set of closed integral subschemes of Y which are
henselian local with closed point y as well as finite and surjective over H.
Similarly let b(V,v) be the set of closed integral subschemes of V which are
henselian local with closed point v as well as finite and surjective over H.

Then taking images induces a bijection f.: b(V,v) — b(Y,y) and f
induces for each R € b(V,v) an isomorphism R = f,(R).

Proof. If R € b(V,v), then the image f(R) is a closed irreducible subset of
Y by [MVWO06], Lemma 1.4, and using the reduced induced structure it is
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by loc. cit. finite and surjective over ‘H. By Lemma it is also local and
henselian. This defines the map f.: b(V,v) — b(Y, ).

Let now T € b(Y,y). As y is the closed point of T" and because by
assumption k(v) = k(y) we get from [Stacks, Tag 08HQ)] a lifting I: T —
VY xy T sending y to v. As the projection V xy T — T is separated and étale
we find by [Stacks, Tag 024T] that [ is an open and closed immersion, i.e.
identifies T' with a connected component ¢(7') of V xy T. It must be the
unique connected component containing v.

By construction we got f.(¢(T)) =T and ¢(T) = T. For R € b(V,v)
we also have ¢(f«(R)) 2 R because R is connected. But f induces an
isomorphism of ¢(f«(R)) onto the image f(R) = f«(R) of R, hence this
inclusion is an equality, proving the lemma. O

Corollary A.0.9. Let S be a regular scheme of finite dimension and let A
be a ring. Let X € Smg and let f: U — X be a unifibrant Nisnevich cover.

Then the morphism f[0]: ¢*(U — X) — X[0] becomes an isomorphism
in DMSE (S, A).

Proof. Let

Lz: SmCorg 7 — Shvyis(SmCor(S, 7)),
Ly : SmCorg a — Shvyis(SmCor(S, A))

be the Yoneda embeddings.

By Proposition the Nisnevich cover f: U — X is finitistic. Hence
CP(Lz)(e*(U — X)) is exact. For any Y,Z € Smg we have by definition
SmCorga (Y, Z) = SmCorgz(Y, Z) ®z A. Furthermore, the abelian groups
SmCorgz(Y, Z) are free by Proposition , in particular flat. We thus

have an isomorphism
CO(La) (& U - X)) = C*(Lz) (€U — X)) @z A

of exact complexes in C®(Shvy;s(SmCor(S, A))).
The result then follows from Theorem [1.9.10] O]

Theorem A.0.10. Let S be a regular noetherian scheme and let X € Smg.
Then the following are equivalent for an ordered étale cover f: (U|I) — X:

(a) f: (U|I) — X is a unifibrant Nisnevich cover.
(b) f: (U|I) - X is finitistic.
Proof. Proposition states that @ implies @, hence we only have to

show the converse.

We fix an arbitrary € X and a finite separable field extension L|k(z)
such that Spec(L) x x U splits into a disjoint union of copies of Spec(L). Such
an L exists because f: U — X is étale and of finite type, thus in particular
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quasi-finite. Then by [EGA4-4], Proposition 18.5.15, there exists a (unique)
finite étale pointed morphism g: (H,v) — (X2, z) of henselian local schemes
such that k(v) = L and v — z corresponds to the chosen field extension.
Note that H is as in Lemma @

As f;: U; — X is quasi-finite, we get for every ¢ € I a non-negative
integer a;(z) := dimy () (O, x yz) = dimL (O, x xv) as the degree of the fibre
of f;: U; — X over x. Then the unifibrancy condition at x states that a; =1
for at least one ¢ € 1.

Assume now that (U|I) — X is finitistic. The obvious embedding
Smyx — Smg allows us to restrict Nisnevich sheaves. This is clearly exact,
hence we may now assume that S = X. Let

U - X)) Ce(H xx U — X)|H)

be as in the proof of Proposition [A.0.6] It is freely generated by basic
generators, which are identified with the L-points v — v x x é¥(U — X) by
Lemma [A.0.8 Due to their definition and the choice of L there are exactly
@iy @i, - - - a;y, such L-points in

vaZ/lz-o ><XZ/{Z-1 Xx...XXuik.

The sum decomposition used in the proof of Proposition shows
that the complex

o= L@ U X)) = (U X)) = Le(X) =0 (A.2)

is exact. In particular, its Kuler characteristic

1_Zai—|—2aia]~— Z aiajak—i—...:H(l—ai)

i€l ij€l i,g,kel icl
i<j i<j<k
vanishes. This can only happen if one of the a; is equal to 1, i.e. if the
unifibrancy condition is satisfied at x. As x was an arbitrary point we
conclude that (U|I) — X is unifibrant. O
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Appendix B

Topologically Etale Covers

In this appendix we briefly explain the topological analogues of unifibrant
Nisnevich covers. Most of this is standard.

Definition B.0.1. Let f: U — X be a continuous map between topological
spaces with discrete fibres. We call f topologically étale if it is a local
homeomorphism: every u € U has an open neighbourhood V which f maps
homeomorphically to an open neighbourhood f(V') of f(u).

Remark B.0.2. Note that this is not the same as being a covering space.

Definition B.0.3 (Topological covers). Let X be a topological space and
let f: (U|I) - X be a jointly surjective pseudocover (cf. Definition [5.1.1]).

- f+ (U|I) - X is called an open cover if each U; — X is the inclusion
of an open subset.

- We call f: (U|I) - X a topologically étale cover if the total map
U — X is topologically étale.

- Lastly, a topologically étale cover f: (U|I) — X is called unifibrant if
for each # € X there is an i € I such that f~!(z) N; consists of a
single point.

Remark B.0.4. As with the scheme-theoretic versions in Definition [5.3.1]
one readily checks that these three covers form pretopologies on Top. We
have the obvious and analogous inclusions between them.

A justification for the naming and an immediate consequence of the

inverse function theorem is the following classical result of Grothendieck (cf.
[SGA1], XII, Proposition 3.1):

Proposition B.0.5. Let k C C be a field and let X be a variety over k.

(a) Let f: U — X be an étale morphism of varieties. Then the analytifica-
tion fa": UY*" — X3 js topologically étale.
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(b) Let f: (U|I) - X be an étale cover of varieties. Then the analytifica-
tion f*": (U*™|I) — X*" is a topologically étale cover.

(c) Let f: (U|I) - X be a unifibrant Nisnevich cover of varieties. Then
the analytification f**: (U**|I) — X" is a unifibrant topologically
étale cover.

Definition B.0.6. We use op and tét to denote the pretopologies of open
and topologically étale covers, respectively.

The (small) open site is the category X, of open subsets of X with the
open pretopology op. The (small) étale site over X is the category Xig of
topological spaces which are topologically étale over X, provided with the
pretopology tét.

Unlike the algebro-geometric setting, there is not much difference between
open covers and topologically étale ones:

Lemma B.0.7. Let X be a topological space.

Then every open cover is topologically étale. Conversely, every topo-
logically étale cover g: V — X has an open cover f: U — V such that the
composition go f: U — X is an open cover as well.

Proof. This follows easily from the definitions. O

Note that this is slightly stronger than the pretopologies refining each
other.

Definition B.0.8. Let X be a topological space, let ¢ € {op,tét} be a
pretopology and let U € X;. We denote the t-sheafification of the presheaf
Hom(—,U): Xy — Set by p:(U).

Let now A be a ring. Taking free A-modules with basis p:(U)(—) defines
the constant sheaf A}, = Ap(U): X; — A-Mod.

Proposition B.0.9. Let X be a locally contractible topological space, let
A be a ring and let n be an integer.
Then we have natural isomorphisms

i (Xv A) = ng(X7 Ag?) = H‘?ét(Xa Ag?t)'

sing

Proof. The fist isomorphism is standard, see for example Theorem 2.2.5 of
[HM16] or Theorem 4.14 of [Ram05|.

Lemma implies that on the category Xig the sheaves for the open
pretopology agree with those for the topologically étale one. Consider the
full embedding ¢: Xop < X4, by which the restriction

i*I Shvtét(Xtét) = ShVop(Xtét) — ShVop(Xop)

is exact. As A = At o =*(A%Y), the result follows. O
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Recall Definition [5.4.2] In accordance with Definition [A.0.1] we define:

Definition B.0.10. A topologically étale cover (U|I) — X is called finitistic
if

> Zpa (U - X)) — Lpeo(OU — X)) — Zpy(X) — 0

=Zps (Z/{ )

is exact as a complex of topologically étale sheaves on Xye.

Note that this does not depend on a choice of an ordering on I by the
obvious analogue of Lemma [5.4.3]
We then have the following topological analogue of Proposition

Proposition B.0.11. Let f: (U|I) - X be an ordered unifibrant topologi-
cally étale cover of topological spaces.
Then f: (U|I) - X is finitistic.

Proof. It suffices to check the exactness at the stalks, where we mimic the
proof of Proposition

Fix an arbitrary x € X. Let i € I be such that f~!(z) N U; consists of a
single point u; which has an open neighbourhood V' —— U4; that is mapped
homeomorphically to an open neighbourhood W = f(V') of . We may also
assume that 7 is the largest element of I by Lemma [5.4.3] This gives us a
section

Ujl XXH-XXUJ'T xXW—>Z/{j1 XXH-XXu]'T Xxui

(ula s 7u7‘) = (ula cees Upy fﬁ/l(w))
for all (uq,...,u,) over a point w € W. This induces a homotopy at the
level of stalks as in the proof of Proposition [A.0.6 O

Remark B.0.12. The counting argument in the proof of Theorem [A.0.10]
can be used to show that the converse holds when assuming that f: & - X
has finite fibres.

Definition B.0.13. Let f: (U|I) - X be an ordered topologically étale
cover of topological spaces and let F: Xi¢; — Ab be a presheaf.
The (full) Cech cohomology of F with respect to U — X is

H"(U,F) = H'(F(C'(U — X))).
The reduced Cech cohomology of F with respect to U — X is

(U, F) = H"(F(* U - X))).
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Theorem B.0.14 (Cech spectral sequences). Let f: (U|I) — X be an
ordered topologically étale cover of topological spaces and let F be a sheaf
on Xtét'

1. There exists a natural Cech spectral sequence

EY? = HYU, HE, (-, F)) = HLU(X,F).
2. Assume that f: (U|I) — X is unifibrant. Then there exists a natural
reduced Cech spectral sequence

ESY = hi(U, HY

tét

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

Remark B.0.15. The first spectral sequence of Theorem is well
known and holds in any site, see for example [Tam94], Theorem (3.4.4) i).
The second one is usually only stated for open covers, which are clearly
unifibrant.

Proof of Theorem [B.0.1]. By the preceding Remark we only have

to show the existence of the second spectral sequence, but the following
argument works, with small adaptations, also for the first case.

The cover (U|I) — X is finitistic by Proposition Hence in the
derived category D(Shvs (X, Z)) of topologically étale sheaves of abelian
groups on Xi¢ we have a natural isomorphism between Zpg (X )[0] and

C— Zptét(él(u - X)) — Zptét(éo(u - X)) — 0.

By construction we have Homgyy,,, (Zpwt(V), F) =2 F(V) for all V' € Xig,
thus
Extgpy,., (Zpee(V), F) = Hig (V, F).

This identifies the desired spectral sequence with the hypercohomology
spectral sequence of the complex with respect to the functor Homgyy,,, (—, F).
O

Putting F = Zpet(X) in Theorem [B.0.14| and using Proposition m
we therefore get

Theorem B.0.16 (Singular Cech spectral sequences). Let f: (U|I) — X
be an ordered topologically étale cover of a locally contractible topological
space X.

1. There exists a natural Cech spectral sequence

() = HEI(X).

sing

ES? = HU(U, HY,

sing
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2. Assume that f: (U|I) — X is unifibrant. Then there exists a natural
reduced Cech spectral sequence
X 1 +
EPT = hq(U,Hgng(—)) == Hgng(X).
Remark B.0.17. A condition such as unifibrancy in the second version is

easily seen to be necessary. For example, take the cover of any non-empty X
consisting of a single component i) = X U X.

Remark B.0.18. On analytifications of varieties, both versions of The-
orem can, using Proposition also be proven by invoking a
Betti realization with A-coefficients of an adequate triangulated category
of motives. For example, given one for DMEI;((C,A) or DM®T(C, A), the
first statement follows from Proposition 3.1.3 of [VSF00, chapter 5], and
the second one from our Proposition In the case A = Z such a Betti
realization was for example given in [Lec08|.
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