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Abstract

Spitzweck’s representation theorem states that the triangulated category
of mixed Tate motives, DMT(k), over a perfect field & is equivalent to the
bounded homotopy category of finite N (k)-cell modules, /CCva(k), where
N (k) is the cycle algebra over k. The category DMT(k) is a full triangu-
lated subcategory of the category of mixed Artin-Tate motives, DMAT (k).
For a number field k, we construct a category of cell modules that is equiv-
alent to DMAT(k) and restricts to the equivalence given by Spitzweck’s
representation theorem. Furthermore, DMT(k) and DMAT (k) carry non-
degenerate t-structures whose hearts are the Tannakian categories MT (k)
respectively MAT(k). We compute the Tannaka group of MAT(k) as the
semi-direct product of the absolute Galois group of k£ and the Tannaka

group of MT(k).
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Introduction

The concept of motives was introduced by Grothendieck. The idea behind
an abelian category M (k) of motives over a field k£ (opposed to the non-
abelian categories Vary and Smy of varieties respectively smooth schemes
over k) is to provide a "universal" cohomology theory for algebraic varieties
X over k that should contain the data of all reasonable cohomology the-
ories of a variety (such as singular, Betti or de Rham cohomology). This
means that for any algebraic variety X over k there should be an object
m(X) € M(k), the motive of X, such that any cohomology theory H- fac-
tors through the functor m, i.e. for any cohomology theory there should
be a functor p, from M (k) to abelian groups, called the realization, with
Hy(X) = po(m(X)).

There are several approaches to construct such an abelian category M (k)
of motives, e.g. the category of Nori motives (see [HMS17]). However, we
follow Voevodsky’s construction of the triangulated category of geometric
motives DM, (k) over a perfect field k in [Voe00]. Here, DMy, (k) is not
abelian and should be thought of as the derived category of a (conjectural)
abelian category of mixed motives. Again, there are different approaches to
construct this motivic triangulated category, such as by Hanamura, Huber
or Levine (see [Lev05] for an overview) that turn out to be equivalent to
Voevodsky’s construction. Even though Voevodsky’s category DM,y (k)
is not abelian, it still carries more structures than the category Smy of
smooth schemes over k, such as providing long exact sequences, certain
isomorphisms (e.g. X x A! — X)), the existence of pull-back maps and
products.

Voevodsky constructs the category DM, (k) in several steps. Starting
with the category Smy of smooth schemes over k, one substitutes the mor-
phisms X — Y of schemes over k by finite k-correspondences. These are
free abelian groups of algebraic cycles, i.e. integral closed subschemes of
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X X Y. This yields the additive category Cor(k). Passing to the bounded
homotopy category K’(Cor(k)) gives a triangulated category and there-
fore provides long exact sequences. Localising this triangulated category
by inverting X x A! — X and the Mayer-Vietoris sequence and taking the
pseudo-abelian hull yields the triangulated category of effective geometric
motives DMSH ().

Sending a scheme X to the same object concentrated in degree 0 and a
morphism f: X — Y toits graph f. :=I'y C X XY defines an embedding
Sm; — DM (k). We denote the image of X under this embedding by
[X] and call it the motive of X.

Inside DMSE (k) we consider the complex [Spec k] == [P,]. We call this
complex the Tate motive and denote it by Zg(1). The Tate motive Zj(1)
and its tensor powers Zy(q) := Zx(1)®?, where the tensor product is given
by the fibre product of schemes, are of particular interest (see below).

Formally inverting the Tate motive Z(1) in DM (k), we get the triangu-
lated tensor category DMy, (k) of geometric motives over k.

An important application of the category DMy, (k) is the motivic cohomol-
ogy of a scheme X € Smy. Voevodsky defines it using the tensor powers
Zy(q) := Zx(1)®7, g € Z, of the Tate motive as

HP(X, Z(q)) := Hompu,,, ) ([X], Zr(q)[p])

and with coefficients in an arbitrary ring A as

HP(X, A(q)) = Hompw,,, (v ([X], Zi(9)[p]) @z A.

In [Voe02], Voevodsky shows that the motivic cohomology groups are iso-
morphic to the higher Chow groups which in turn are related to algebraic
K-theory. In the case of Q-coefficients Levine proves in [Lev94] that there
is an isomorphism between the higher Chow groups and the (graded pieces
of the gamma filtration on) algebraic K-groups. More precisely:

HP (X, Q(q)) ~ CHY(X,2q — p; Q) = Ky (X)),

Furthermore, for X = Spec k there is an isomorphism of motivic cohomol-
ogy and Milnor K-theory

HP(Speck, A(p)) ~ KM (k)

p

that has been used by Voevodsky in [Voe03] to prove the Milnor conjecture.
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Another example of a motivic proof of an a priori "non-motivic" claim is
Brown’s proof of a conjecture by Hoffmann in [Hof97] stating that every
multiple zeta value

1
C(ni,...,ny) = Z N
nyt...nkr
0<ki<..<ky '“1 r
is a Q-linear combination of multiple zeta values ((ni,...,ns), where

n; € {2,3} ([Brol2]). His proof uses the category of mixed Tate motives,
DMT(k), which is defined as the full triangulated subcategory generated
by the tensor powers of the Tate motive

Qx(1) := ([Spec k] == [P}])

inside DMy, (k)g, the Q-linearisation of DMy, (k). Putting Q(0) =
[Spec k], the morphisms between its generators are given by the motivic
cohomology of Spec k and hence by the rational K-groups of k:

Homparrge Q4 (0), Qu()[p]) =2 Kogp(k)Y,

where Q4(q) := Q4(1)®? and ¢, p € Z. This makes the category DMT (k)
more accessible for concrete computations than DMy, (k). If k is a number
field, these K-groups are well-known. In this case, DMT(k) carries a non-
degenerate t-structure that yields the Tannakian category MT (k) of mixed
Tate motives as its heart, as shown by Levine in [Lev10]. This means,
DMT(k) behaves like a classical derived category, e.g.

Ext}rr (Qx(0), Qu(q)) = Homparr(e (Qk(0), Qe(a)[p)-

This impression is confirmed by Spitzweck’s representation theorem. It
states the equivalence of DMT(k) with the derived category D,/{/(k) of
Adams graded dg modules of finite rank over the so-called cycle alge-
bra. The cycle algebra N (k) = @, ,>0/N (k)"(r) is an Adams-graded cdga
consisting of algebraic cycles on A x; (IP})", where r denotes the Adams
degree and n the cohomological degree. If k is a number field, the triangu-
lated category Dﬂf(k) carries also a non-degenerate t-structure whose heart

is the Tannakian category H/’i/(k) and Spitzweck’s representation theorem

ensures an equivalence of ’Hj{,(k) and the category of mixed Tate motives
MT (k).

Theorem (Spitzweck’s representation theorem, [Lev05, Theorem 5.23])
Let k be a perfect field. Then there is an equivalence of triangulated tensor

categories
Op,: DYy — DMT(K).
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If k is a number field, the functor ®; induces an equivalence of Tannakian

categories
O Hiry — MT (k).

Under this equivalence the Tate motives Q4(¢), ¢ € Z, correspond to
the free rank 1 N(k)-modules with generator b, having Adams degree
—q, cohomological degree 0 and db, = 0. This motivates to denote these

modules by Q) (q).

Spitzweck’s representation theorem allows us to describe Tate motives in
terms of N (k)-modules as the following example shows.

Example (Kummer motives)
Let k be a number field. By the known K-theory of k, we have

Exthrrgy (Qi(0), Qu(1)) ~ Ki(k)g ~ k" Q.

On the other hand,

1
Extyyr, ., (@(0), Qu(1)) = Hompy (Qurr (0), Qv (D{L]),
where the extension corresponding to a map f: Qur)(0) — Qureey(1)[1] 4s
given as the module Cone(f)[—1] := Qu)(0) ® Quy (1) with differential
(=dnw), [+ dnvw)-

This means that any extension E, of Qu(0) by Q(1) in MT(k)
given by a € k* can be expressed as the rank 2 module Cone(f,), where
Jat Quy(0) = Query(1)[1] is the map corresponding to a. Since

Hompy  (Qurey (0) Quay (D[1]) = H WV (k)(1)),

a € k* can be lifted to an element a € N (k)'(1) with differential da = 0
and f, is given by the multiplication with a. Then the module correspond-
ing to E, is the free N(k)-module with generators by and by, where the
Adams degree of b; is —i, the cohomological degree of b; is 0 and dby = 0,
dby = a - by.

The proof of Spitzweck’s representation theorem does not use the category
Dj{/(  itself but rather the equivalent homotopy category /CC/\/lf\/( k) of finite
N (k)-cell modules. The latter category is the full triangulated subcategory
of the homotopy category of finite A/(k)-modules generated by the mod-
ules Qprx)(9), ¢ € Z. Therefore, finite cell modules are free and finitely
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generated as bi-graded N (k)-modules and admit a filtration on the set of
generators that is compatible with the differential (cf. the module corre-
sponding to £, in the example above). The equivalence ICCML(,@ — DJ{[( 5
was shown by Kriz and May in [KM95]. Being free modules, cell modules
enable an easier construction of a functor ICCMfV(k) — DM, (k)g that

induces the equivalence Dj:/(k) — DMT(k) in Spitzweck’s representation
theorem.

All these constructions have been generalised to the case of arbitrary sep-
arated smooth base schemes S over k that satisfy the Beilinson-Soulé van-
ishing conjectures, i.e.

HP(S,Q(q)) =0 forp <0,q#0.

The construction of a triangulated category of motives over S was done
by Ivorra in [Ivo07] and Cisinski and Déglise in [CD09|]. The category of
cell modules over £ has been extended to arbitrary schemes S by Levine
in [Levi0]. In loc. cit., Levine also expanded Spitzweck’s representation
theorem to general base schemes S.

Beside the category of Tate motives, there is another well-understood
subcategory of DM,y (k)g, the triangulated category of Artin motives
DMA(k). It is the full triangulated subcategory of DM, (k)q generated
by the motives of smooth zero dimensional schemes X over Speck. It
is equivalent to the bounded derived category of finite dimensional Q-
representations of the absolute Galois group Gal(k|k) of k.

Considering the full triangulated subcategory of DM, (k)g that is gen-
erated by the full subcategories DMT(k) and DMA (k) yields the trian-
gulated category of mixed Artin-Tate motives, DMAT(k). This category
has been studied by Wildeshaus in [Wil08]. He proves the existence of
a non-degenerate t-structure on DMAT (k) whose heart is the Tannakian
category of Artin-Tate motives, MAT(k), in the same fashion, as done by
Levine for Tate motives.

The aim of this thesis is to compute the Tannaka group G(MAT(k)) of
MAT (k) and obtain a better understanding of the category DMAT (k) in
terms of cell modules, i.e. to construct a category of cell modules that
is equivalent to DMAT (k) extending Spitzweck’s representation theorem
from Tate motives to Artin-Tate motives.
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Structure of the thesis

We start by recalling some important definitions and results about cate-
gories in chapter [I These are used throughout all chapters of the thesis.
We do not give any proofs of the results in this chapter, with the excep-
tion of the sketch of the proof that the homotopy category of an abelian
category is triangulated since we use the same arguments later on.

The aim of chapter [2| is to define the triangulated categories of geomet-
ric motives DM, (S), motives DM(S) and Tate motives DMT(S) over a
smooth scheme S over a perfect field k.

In the first section of the chapter we recall the definition of the group of al-
gebraic cycles over a scheme. These allow us to define the category of finite
S-correspondences Cor(S). In the second section we construct the cate-
gory of geometric motives DMy, (S) out of Cor(S) following Voevodsky's
approach.

The category of geometric motives can be identified with a full triangulated
subcategory of a different category of motives DM(S). The latter category
is defined using Nisnevich sheaves on Smg, as we illustrate in the third
section. Furthermore, we state some basic properties of DM(S), most
important the existence of a base change and a restriction functor with
respect to the underlying base scheme. These are used to define Artin-
Tate motives in chapter il The embedding DMy, (S) — DM(S) is the
subject of section

We conclude the second chapter by defining the triangulated category
of Tate motives DMT(S) as a full triangulated subcategory of the Q-
linearisation of DM,,(S) that is generated by the tensor powers of the
Tate motive. Furthermore, we define a t-structure on DMT(S) in case S
satisfies the Beilinson-Soulé vanishing conjectures. The t-structure yields
the Tannakian category MT(k) of mixed Tate motives as its heart.

In the third chapter we state and proof Spitzweck’s representation theorem.
To that end we define the cycle algebra N (S) associated to a smooth
scheme S over k. This is done by defining a complex of Nisnevich sheaves
N on Smy, and evaluating it for the base scheme S. The elements of N(S)
are algebraic cycles and the external product of cycles induces a product
on NV (S) making it an Adams graded cdga.

Section gives the definition of the category C./\/l]:\ of finite cell mod-
ules over an Adams graded cdga A. Moreover, we summarise the basic
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properties of its homotopy category ICCMQ, such as the existence of t-
structure yielding a Tannakian category as its heart if A is cohomologi-
cally connected. Furthermore, we state the equivalence of ICCMQ with the
derived category of Adams graded dg A-modules Dfl that is used to prove
Spitzweck’s representation theorem. As a triangulated category, ICC./\/lf;
is generated by the free rank 1 modules which we call the Tate objects in

KCM,.

In the following section we apply the results of section [3.2] to the cycle
algebra NV(S). We notice that NV (S) is cohomologically connected if and
only if S satisfies the Beilinson-Soulé vanishing conjectures and that the
morphisms between the Tate objects in ICCML(S) are given as the same
K-groups of the base scheme S as the morphism between the Tate objects
in DMT(S).

We finish the chapter by stating and proving Spitzweck’s representation
theorem for smooth schemes S over a perfect field utilizing the results we
collected in the first three chapters of the thesis.

Chapter [ deals with the triangulated category of Artin-Tate motives
DMAT(k) over a number field k& and the construction of an equivalent
category of cell modules. The first section recalls the definition of the
triangulated category of Artin-Tate motives following [Wil0§] and [Sch11].

We give Wildeshaus’ theorem stating the existence of a non-degenerate t-
structure on DMAT (k) yielding a Tannakian category MAT (k) as its heart.
We conclude this section by computing the Tannaka group of MAT (k) in
Theorem [4.24] as the semi-direct product of the absolute Galois group of k
and the Tannaka group of the category of mixed Tate motives MT(k) over
an algebraic closure k of k.

Theorem B
Let k be a number field and let k denote its algebraic closure. Then there
exists a split eract sequence

1 — G(MT(k)) — G(MAT(k)) = Gal(k|k) — 1.

This is done using the triangulated category of Artin-Tate motives over k
that are trivialisable over L, DMAT(L|k), where L is an algebraic extension
of k, and using the fact that G(MA(L|k)) = Gal(L|k).

The aim of section is to construct a triangulated category D(k) of
cell modules that is equivalent to DMAT (k). This category should also
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carry a non-degenerate t-structure whose heart is a Tannakian category
A(k). The equivalence D(k) — DMAT(k) should be compatible with
the t-structures yielding an equivalence of Tannakian categories A(k) —
MAT(k). We achieve this by defining a triangulated category D(L|k) of
N (L)-cell modules with Gal(L|k)-action for a fixed algebraic extension L
of k. We show that Dj:[(k) is a full triangulated subcategory of D(L|k)
or more generally that D(K|k) for K an intermediate Galois extension
k C K C L is a full triangulated subcategory of D(L|k). We define
D(k) as the union of the categories D(L|k) for L — k. We construct an
equivalence D(L|k) — DMAT(L|k) for every finite Galois extension L of k.
These functors induce the desired equivalence D(k) — DMAT (k). Again,
the equivalence is compatible with the t-structure yielding an equivalence
of Tannakian categories A(k) — MAT(k). Furthermore, Dj\c/(k) can be
identified with a full triangulated subcategory of D(k) and the restriction of
D(k) — DMAT (k) to that subcategory yields the statement of Spitzweck’s
representation theorem.

Theorem (see Theorem {4.41)

Let k be a number field. There is a natural exact tensor functor
®: D(k) — DMgm(k)g

that induces an equivalence of triangulated tensor categories
®: D(k) — DMAT(k).

Furthermore, the functor ® is compatible with the weight filtrations in D(k)
and DMAT (k) and yields an equivalence of Tannakian categories

O: A(k) — MAT(k).

Restricted to the full subcategory Dﬂ/(k) of D(k), the functor ® agrees with
the functor
®p,: DYy — DMgm(k)g

in Spitzweck’s representation theorem.
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Categories

The first chapter of this thesis recalls the definitions of some important
types of categories and some basic facts about these categories. These
results are used throughout the whole thesis.

We mainly follow [Lev006].

Let A be an additive category. Recall that a subcategory C of A is called
full if Home(A, B) = Hom 4 (A, B) for all A, B € C. C is called strictly full
if it is full and closed under isomorphisms, i.e. if A is in C and there is an
isomorphism A — B in A, then B is in C. Furthermore, a full subcategory
C is called thick (or épaisse) if it is closed under taking direct summands,
ie. if Aisin C and B is a direct summand of A in A, then B is in C.

An important type of categories are triangulated categories. These were
introduced by Verdier in [Ver96]. To be able to define those we need the
notion of a translation functor and a triangle in an additive category A.

Definition 1.1
Let A be an additive category.

1. A translation on A is an automorphismT: A — A. If X is an object
of A, we usually write X[1] for T(X). Similarly, if f is a morphism
in A, we write f[1] for T(f).

2. A triangle (X,Y, Z a,b,c) in an additive category A with a transla-
tion is a sequence of maps in A of the form

X5y 575 X[
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A morphism of triangles in A
(fig,h): (X,Y,Z a,b,c) = (X' Y' Z' d V)

is a commutative diagram

n A.

Definition 1.2

A triangulated category is an additive category D with a translation and
a collection T of triangles in D, called distinguished (or exact) triangles,
satisfying:

(TR1) T is closed under isomorphisms of triangles.
Any triangle of the form A% A — 0 — A[l] is distinguished.
For any morphism f: A — B in D there exists a distinguished

triangle A LBsC— A[l] in D.

(TR2) A triangle A NEINY; NG BN All] is distinguished if and only if
the rotated triangle B -2 C - All] 4 B(1] is distinguished.

(TR3) Given two distinguished triangles A LB 0 = All] and
AL B 5o 5 A1) and two maps a: A — A’ and
B: B — B’ such that f' oo = 3o f, there exists a map v: C — C’
in D giving a morphism of triangles, i.e. a commutative diagram

(TR4) Given three distinguished triangles A LB 5 0 - Alll,
B % C > A — Bl and A & ¢ = B — A,
there exist maps a: B' — A’ and B: C' — B’ in D such that
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Oy ; N C'[1] is a distinguished triangle and the following
diagram commutes:

A B C' A[1]
R
AL o p All]
fl id al f[lll
B—2-C A’ BI[1]

Triangles in a triangulated category D give rise to long exact sequences
of abelian groups when applying the functor Homp(X, —) for some ob-
ject X € D to them (or the contra-variant functor Homp(—, X)). As a
consequence of this, a morphism of distinguished triangles (f,g,h) in a
triangulated category is an isomorphism if two of the three correspond-
ing morphisms f, g and h are isomorphisms (this follows by the Yoneda
lemma and the five lemma for abelian groups). Therefore, any two ob-
jects C, C' completing a morphism f: A — B to distinguished triangles
ALbBocoo A[l] and A LB A[1] are isomorphic, hence C' is
unique up to (non-unique) isomorphism and we call it the mapping cone
of f. We denote it by Cone(f).

If a triangulated category D is furthermore a tensor category, we call D a
triangulated tensor category if the tensor product is compatible with the
translation functor and the triangulated structure in the following sense.

Definition 1.3

Let D be an additive tensor category with a translation T': D — D and a
collection of distinguished triangles such that D is a triangulated category.
D is called a triangulated tensor category if

1. To(—@—)=T(-)®@—and T*(-)® — = - T*(-);

2. the natural isomorphisms Txy: X @TY — T X ®Y that are given as
X@TY 2TY X =TY X)~2T(XQY)=TX QY satisfy:
T(rxy)xry: X QT?Y - T*(X QYY) =X ®T?Y is the identity;

3. for each distinguished triangle A — B — C — A[l] and every object
X € D the induced sequence AQ X — BRX — CX — A[l|eX =
(A® X)[1] is a distinguished triangle.
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An additive functor F': D — C between two triangulated categories D and
C is called triangulated (or exact) if it commutes with the translations on
both categories and transforms distinguished triangles into distinguished
triangles.

Similarly, two triangulated categories D, C are equivalent as triangulated
categories if there exists a triangulated functor F': D — C that is an equiv-
alence of categories. Note that every quasi-inverse G: C — D of a trian-
gulated functor F' is automatically triangulated since every (left or right)
adjoint of a triangulated functor is triangulated by [NeeOIl Lemma 5.3.6].

A common example of a triangulated category is the homotopy category
of an additive category which is defined as follows.

Let A be an additive category. Let C(A) be the category of complexes
of A, i.e. the objects of C(A) are sequences

n—1

d an
L AT A A Ay pAn Tt

in A such that d’;"™ o d” = 0 for all n. A morphism of complexes f: A —
B is a family of maps f": A" — B" such that d% o f* = f*od".
Two maps of complexes f,g: A — B are called homotopic if there exist
maps h": A" — B"!in A such that f* — ¢" = d5 ' o h™ + h""! o d7.
Homotopy defines an equivalence relation on the set of morphisms between
two complexes.

Definition 1.4
The homotopy category KC(A) of A is defined as the category consisting of
the same objects as C(A) and morphisms

Homyc(4)(A, B) := Home ) (A, B)/{homotopy}.

On K(A) we have the translation functor [1]: A — A[l], where
All]f = A% and diypy) = —dif . We call a triangle in K(A) distinguished if
it is isomorphic to the image of a cone sequence A — B — Cone(f) — A[l],
where Cone(f) := A[l] @ B with differential d := (—da, f + dp).

Proposition 1.5
K(A) is a triangulated category, where the distinguished triangles are those
triangles that are isomorphic to the image of a cone sequence.

There is a more general notion of the homotopy category of a differential
graded category C. These are additive categories, where Hom¢ (A, B) is a
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complex itself, i.e. it is given as a direct sum @,, Homg'(A, B) and carries
a differential ™ : Hom}'(A, B) — Hom'*!(A, B) satisfying d™+'od™ = 0.
The homotopy category IC(C) is then defined as having the same objects
as C and morphisms defined by

Hompgc)(A, B) := H’(Hom¢ (A, B)).

The category C(.A) of complexes of an additive category A can be made
into a differential graded category by putting

Homg(A)(A, B) := Homea)(A, B[m])
and defining the differential of a map f: A — B[m] of degree m as
(df)" == dpo f*+ (=1 djo f.

Then it is easy to see that df = 0 is equivalent to the fact that f commutes
with the differentials d4 and dg on A and B respectively and two maps
of degree 0, i.e. in Homoc( 4)(A, B), are homotopic if they differ by the
differential of a map h of degree —1 (i.e. a homotopy in the sense as
above). Hence,

Home(a)(A, B)/{homotopy} = HO(HomC(A) (A, B))

and both definitions of a homotopy category agree for a category of com-
plexes C'(A) of an additive category A.

Caution: The homotopy category of a differential graded category is not
necessarily triangulated since in general cones and shifts do not need to
exist in an arbitrary differential graded category. However, the examples
we consider admit reasonable cones and shifts and hence, a triangulated
structure can be defined on the homotopy category. We discuss this later
on when they occur.

We give a sketch of the proof of Proposition [1.5] given in [Sos12]. From
this it can be seen that the homotopy category of the differential graded
categories we consider throughout this thesis are also triangulated.

The axiom (TR1) is straightforward.

Axiom (TR2) follows from the fact that for any morphism f: A — B
there exists a morphism ¢: A[l] — C := Cone(B — Cone(f))
such that ¢ is an isomorphism in K(A) giving an isomorphism of
triangles (id,id, ¢): (B, Cone(f), A[1]) — (B, Cone(f),C). The maps
¢F: C* — A[1]* are given as (—f*' id%™, 0). See [SosiZ, Lemma 2.6]
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for the proof that ¢ is an isomorphism in K(A) with (homotopy) inverse
w = (07 idA[l]? 0)

For (TR3): If A 5L BoC— A[l] and A’ Lp o A'[1] are two
distinguished triangles and there are two maps a: A — A’ and 5: B — B’
such that f'oa = o f in K(A), one needs to construct a map v: C — C’
giving a morphism of distinguished triangles. The map ~v: C' — C’ can be
defined as 4% = (a**1 sF1 + %), where s*: A¥ — B’*~1! are maps such
that B% o f* — fF ook = s*1 o df + d% ' o s* in A. Again, we skip the
proof that the map v has indeed the desired properties.

Lastly, we are given three distinguished triangles A LB All],

B 4% C - A — B[] and A & ¢ > B = A[l].  We have to
construct a distinguished triangle Cone(f) — Cone(g o f) — Cone(g)
satisfying the properties stated in (TR4).

We define g: Cone(f) — Cone(g o f) and a: Cone(g o f) — Cone(g)
by 8% = (idgr+1,6%) and of = (f*1idee). This gives indeed the
desired commutative diagram of distinguished triangles in K(A).
See [Sos12, Theorem 2.7] for details.

Throughout this thesis we encounter various examples of triangulated cat-
egories. Many of them arise as subcategories of triangulated categories
that inherit the triangulated structure, those are called triangulated sub-
categories.

Definition 1.6
Let C, D be two triangulated categories and C C D. C is called triangulated
subcategory of D if the inclusion functor is triangulated.

If C is a full subcategory of a triangulated category D, then C is a triangu-
lated subcategory of D if C is closed under shifts and under distinguished
triangles, i.e. if A — B — (' is a distinguished triangle in D such that A
and B are in C, then C is isomorphic to an object in C.

Most of the triangulated subcategories that we consider are generated by
a set of generating objects.

Definition 1.7

Let D be a triangulated category. Let A be an object of D. We denote by
(A) the smallest full (thick) triangulated subcategory of D that contains A
and call it the full (thick) triangulated subcategory of D generated by A.
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This definition can easily be extended to triangulated categories generated
by a set of generators {A;: i € I} in the obvious way.

Remark 1.8

The category (A) can be constructed as follows.

Denote by (A)q the strictly full subcategory of D of objects isomorphic to
(direct summands of) finite direct sums

P An], reNmnekZ.
i=1

Forn > 1 let (A), denote the full subcategory of D consisting of objects
isomorphic to (direct summands of) objects X fitting into a distinguished
triangle

B — X — C — BI[l],

where B is an object of (A); and C' an object of (A),_1. Now define

(A) :==U (4.

n

Ultimately, we are interested in certain abelian categories that are subcat-
egories of triangulated categories. An important tool to construct these
are t-structures on triangulated categories.

Definition 1.9
Let D be a triangulated category. Let D<o and Dxq be full subcategories of
D satisfying

1. ,Dgo[l] C IDS(], DZO[_l] C DEO;
2. HOIHD(XS(),X>()> =0 for all XSO S D§07 Xog € Doy = Dzo[—l];
3. for every X € D there is a distinguished triangle

XSO — X — X>0,

where XSO c DS07 X<o € D+y.

Then (D<y, Dxg) is called a t-structure on D with heart Dy := D<o N D>o.
The t-structure is called non-degenerate if A € N,,<o D<p and B € (N9 D>y,
imply A= B =0, where D<,, := D<o[n] and D>, := D>o[—n].

Note that the objects X<p and X are (up to isomorphisms) uniquely
determined by X.
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The heart of a t-structure on a triangulated category D is always an abelian
category that is closed under extension in D, as shown by Beilinson, Bern-
stein and Deligne in [BBD82].

Recall that an additive category is called pre-abelian if every morphism
has both a kernel and a cokernel. The coimage of a morphism is defined as
the cokernel of its kernel, while the image of a morphism is the kernel of
its cokernel. The universal properties of the kernel and cokernel induce a
unique morphism between them. A pre-abelian category is called abelian if
for every morphism f the induced unique morphism f: coim(f) — im(f)
is an isomorphism.

Beside the category R-Mod of modules over a commutative ring R, one
of the most prominent examples of an abelian category is the category
of representations of an algebraic group G over QQ in finite dimensional
Q-vector spaces. We denote this category by Repg(G).

Repg(G) is a rigid tensor category, meaning for every object X in Repg(G)
there exists an object Y and morphisms nx: 1 — X ® Y and
ex: Y ® X — 1 in Repg(G) such that the compositions

X BN (XeY)oX = Xo((YeX) X8 x
y DOy o (XeY) = (YoX)ey X2,y

are the identities. Hereby, 1 denotes the unit object for the tensor struc-
ture.

Furthermore, Repg(G) admits a forgetful functor wy to the finite dimen-
sional Q-vector spaces. The functor wy is in fact a faithful exact tensor
functor.

Categories that satisfy these properties are called Tannakian categories.

Definition 1.10
A neutral Tannakian category over Q is a rigid abelian Q-linear tensor
category A that admits a fibre functor w, i.e. a faithful exact tensor functor
w: A — Q-Vec, where Q-Vec denotes the category of finite dimensional
Q-vector spaces.

The Tannaka group G(A,w) of a neutral Tannakian category A over Q
with fibre functor w is the algebraic group Aut(w)® over Q. Here, Aut(w)®
denotes the group of natural automorphisms of w that are compatible with

the tensor structures on A and Q-Vec.
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In the following we just write Tannakian category for a neutral Tannakian
category over Q.

The main theorem of Tannakian categories by Deligne states that every
Tannakian category is (up to equivalence) of the form Repg(G) for some
algebraic group G.

Theorem 1.11 ([Del90, Theorem 1.12])
Let A be a Tannakian category with fibre functor w. Let G = Aut®(w).
Then there is an equivalence A — Repg(G) transforming w to wo.

A Tannakian category A is required to be Q-linear, i.e. Homy(A, B) is
a Q-vector space for all A, B € A. Triangulated categories are additive
but in general not Q-linear. However, there is a way to produce a Q-linear
triangulated category, called the Q-linearisation.

An object A in an additive category A is called compact if
Hom (A, ®;B;) ~ &; Hom4(A, B;) for all families {B;}; of objects whose
sum exist. We call an object A € A a torsion object if there exists an
integer n > 0 such that n-idy = 0. If D is a triangulated category that
is generated by compact objects, we denote by Dy, the localising subcat-
egory of compact torsion objects and define the Q-linearisation Dg of D
as the Verdier localisation D/D;.,. The localisation functor D — Dy is a
triangulated functor.

If every object in D is compact, the Q-linearisation of D is given in the
following way by [Kell3, Corollary A.2.12]. The objects in Dg are the
same as in D and

Homp, (M, N) = Homp(M,N) ® Q.

One last important categorical tool we need is the pseudo-abelian hull of
an additive category.

An additive category is called pseudo-abelian (or Karoubian) if every idem-
potent endomorphism has a kernel (or equivalently a cokernel). In other
words, for every idempotent endomorphism a: A — A in A there exist
objects Ay and A; in A and an isomorphism ¢: A — Ay ® A; such that
poaodt =0, ®idy,. (Ag is then given as the kernel of «.)

As the name suggests, every abelian category is pseudo-abelian, in fact
every pre-abelian category is pseudo-abelian as follows immediately from
the definition.
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Another example of a pseudo-abelian category (that is not necessarily pre-
abelian) is the so-called pseudo-abelian hull (also called Karoubi envelope
or idempotent completion) of an additive category A.

Definition 1.12

Let A be an additive category. Then the pseudo-abelian hull of A con-
sists of the objects (A, ), where A € A and a: A — A is an idempotent
endomorphism on A in A, and morphisms

Bofoa: (A a)— (B,f),

where [ € Hom4(A, B). The composition of two morphisms (yogo3) and
(Bo foa) is given by

(YogopB)o(fofoa)=ryo(gofof)oa

For a pair (A, «), the identity map on A gives an isomorphism
(A)id) ~ (A)id —a) & (A4, «)

which can be used to show that the pseudo-abelian hull is indeed a pseudo-
abelian category by the discussion above.

Sending an object A of an additive category A to the pair (A,id) defines
a functor from A into its pseudo-abelian hull.

It can easily be seen from the definition that if A and B are two equiva-
lent additive categories, then their respective pseudo-abelian hulls are also
equivalent.

If A is a triangulated category, then Balmer and Schlichting have shown in
[BSO1] that the pseudo-abelian hull of A is again a triangulated category
in a natural way.
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Tate motives

The goal of this chapter is to define the Tannakian category of mixed Tate
motives MT(S) over a smooth scheme S over a perfect field k. This is
done in several steps.

First, we describe the construction of the category of geometric motives
DM, (S) over a scheme S and the sheaf theoretic construction of the cat-
egory of motives DM(S) using the knowledge about triangulated tensor
categories we acquired in chapter [II Both constructions have been intro-
duced by Voevodsky in [Voe00] for S = Spec k, where k is a perfect field,
and are linked by an embedding DM, (S) — DM(S). This has been gen-
eralised to a regular noetherian base scheme S by Ivorra in [[vo07] and
Cisinski and Déglise in [CD09]. The reasoning behind defining a category
of motives is to capture the fundamental properties and structures of a
cohomology theory on smooth schemes over S. Like any reasonable co-
homology theory, the category of motives should contain pull-back maps,
products and long exact sequences. The pull-back maps are induced by the
pull-back of algebraic cycles and correspondences. Long exact sequences
can be produced by considering triangulated categories and the product
comes from the tensor structure on the triangulated category.

While concrete computations in the category of motives DM, (S) (re-
spectively DM(.S)) for a scheme S are still quite difficult, there exists a full
triangulated subcategory DMT(S), called triangulated category of Tate
motives, that is much more accessible. In this subcategory the morphisms
are (after tensoring with Q) given by the rational K-theory of the under-
lying scheme (which for example in the case of S = Speck, k a number
field, is well-known). The knowledge of these morphisms makes it possi-
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ble to define a t-structure on DMT(S) which yields the desired Tannakian
category MT(S) as its heart for schemes S that satisfy the Beilinson-Soulé
vanishing conjectures.

In the first section we define the group of algebraic cycles on a scheme and
sum up some useful properties such as the existence of pull-back and push-
forward maps along morphisms of schemes. These cycles act as morphisms
between schemes in the category of correspondences. Section [2.2) describes
how to form the category of geometric motives DMy, (S) with the desired
properties mentioned above out of the category of correspondences over S.
DM, (S) can be embedded into a bigger category of motives DM(SS) that
is constructed in section [2.3|using the derived category of Nisnevich sheaves
with transfer on the category of smooth schemes. The embedding itself is
the subject of section and allows to consider DM,,,,(S) as a full sub-
category of DM(S). The advantage of this is that it is easier to compute
morphism in DM(SS) than in DMy, (S). Section [2.5] gives the definition of
the triangulated category of Tate motives DMT(S). It is the full trian-
gulated subcategory of DM,,,(S) that is generated by the tensor powers

of the Tate motive [S] ©=% [Pg]. In case S satisfies the Beilinson-Soulé
vanishing conjectures, we see that DMT(S) behaves similar to a classical
derived category of an abelian category, namely its full Tannakian subcat-
egory MT(S) that arises as the heart of a t-structure.

Throughout this chapter let S be a smooth separated scheme of finite type
over a perfect field k. We denote the category of smooth separated schemes
of finite type over S by Smg.

2.1 Cycles and Correspondences

This section contains the definition of the group of algebraic cycles on a
scheme. These algebraic cycles are used to define the category of corre-
spondences over a scheme which allows us to construct the category of
geometric motives in the following section. Furthermore, the correspon-
dences give essential examples of Nisnevich sheaves with transfer which
are studied in section [2.3] In a similar fashion, correspondences are used

in section [3.1] to define the cycle algebra N'(S) over a scheme S.

We follow the notation of [Lev06], where he describes the case S = Spec k,
k a field. The generalisation to any base scheme S € Smy holds true by
[Dég07].
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For X € Smg, we define z.(X) as the free abelian group on the closed
integral subschemes W C X of dimension 7. We write 2z,(X) = &,2.(X)
and call it the group of algebraic cycles on X. For a cycle Z = Y n;Z; €
z,(X) the support of Z is given as

supp(Z) = U Z;.

Conversely, if W C X is a closed irreducible subscheme with irreducible
components Wy, ..., W, we define the cycle associated to W by

r

|W| = Z(lOXWZ(OW,Wz)) - Wi

=1

where lo, ,, is the length as an Ox w,-module. For example, if W is
reduced, then |W|=>T_, W;.

We define the group ¢y(X/S) of finite relative cycles on X over S as the
subgroup of z,(X) of cycles Z such that supp(Z) is finite equidimensional
over S. Recall that a morphism X — S is called equidimensional if f is
of finite type, the relative dimension of f is constant and every irreducible
component of X dominates an irreducible component of S. By [Dég07,
Lemma 1.2], Z being a finite relative cycle on X over S is equivalent to
supp(Z) being finite over S and surjective over an irreducible component
of S.

Note that if S = 51 []Ss, co(X/S) = co(X/S1) ® co(X/S2). Therefore, we

may assume S is irreducible.

For X, Y in Smg, we define the group of finite S-correspondences
cs(X,Y) C z.(X xgY) as the free abelian group on the integral closed
subschemes W C X xgY with W — X finite and surjective over an
irreducible component of X, i.e. cg(X,Y) := co(X xgY/X).

The groups cg(X,Y) act as morphism groups between two schemes X
and Y in the category of finite S-correspondences. To be able to define a
composition of two correspondences, we need the push-forward and pull-
back of algebraic cycles.

Let f: X — Y a morphism in Smg. Let W C X be a closed integral
subscheme which is finite equidimensional over S. Then the push-forward
of [W| along f is defined as

LW ) = d-[f(W)],
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where d is the degree of the extension of function fields induced by f. By
[Dég07, Lemma 1.9], d is a finite number and f(W) is a closed integral
subscheme of Y that is finite and surjective over an irreducible component
of S. Therefore, f.(|]W]) € co(Y/S) and by linearity, this defines a group
homomorphism

fe: co(X/S) = co(Y/9).

This is functorial, i.e. (go f). = g« o f. for two morphisms f: X — Y,
g: Y — Z in Smg, by [Dég07, 1.11].

There is also a pull-back of cycles that is defined as follows. Let S,
T € Smy. Suppose, we are given a cartesian square

1

such that X — S is smooth. Let Z € ¢o(X/S). By [Dég07, section 1.12],
f~Y(supp(Z)) is a closed integral subscheme of Y that is finite over 7" and
surjective over an irreducible component of T'. If W is an irreducible com-
ponent of f~1(supp(Z)), we define the multiplicity m(Z, W; f) by Serre’s
formula (see [Ser65]):

f

—_—

=

g
—_—

m(Z,W; f) = 3 (=1l ,(Tor; %Oy, Oyw)).

120

The fact that X — S is smooth implies that the sum is finite. Now, the
pull-back of Z is defined as

f(Z) = m(Z,W; f)- W € co(Y/T),
W

where the sum is taken over all irreducible components of f~!(supp(Z)).
By [Ser65, V.C.7, Exercise 1], the pull-back is functorial with respect to
composition of cartesian squares.

Remark that if the morphism ¢g: T"— S is flat and if W is any closed inte-
gral subscheme of X that is finite over S and surjective over an irreducible
component of S,

S W) =W x5 T
by [Dég07, Lemma 1.7].
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The pull-back and push-forward of finite relative cycles allow us to define
a composition of correspondences.

Let X, Y, Z in Smg. For W € ¢g(X,Y), W' € ¢c5(Y,Z) we define the
composition of W and W' as

WoW':= pxz. (pxy(W) - 0y, (W)) € cs(X, Z),

where - is the intersection product on X xgY Xg Z and pxy, pxz, Pyz
are the evident projections from X XgY xg Z. The composition W o W’
is a well-defined element of c¢g(X, Z) by [Dég07, Lemma 1.15].

Remark 2.1

Limiting ourselves to the subgroup c¢s(X,Y) C z.(X xgY') ensures that the
pull-back maps used in the definition of the composition of correspondences
are well-defined. For arbitrary algebraic cycles, there is in general only a
well-defined push-forward along projective morphisms f. Furthermore, the
pull-back is only partially defined.

Sending a morphism f: X — Y in Smg to its graph I'y C X xg Y defines
a map
Homgp, (X, Y) = ¢s(X,Y)

by [Dég07, Example 1.17] that is obviously injective. Sometimes we denote
the graph I'y of f by f..

By [Dég07, Lemma 1.18], the composition in Smg agrees with the compo-
sition of correspondences under this map. Furthermore, the composition
of correspondences is associative and for any X € Smg the graph of the
identity morphism X — X is the neutral element of this composition.
Therefore, the following definition yields indeed a category.

Definition 2.2
We denote the category of S-correspondences by Cor(S). The objects are
the same as in Smg and morphisms are given as

Homeor(s)(X,Y) == cg(X,Y)

with the composition law above.

The category Cor(S) is additive and the direct sum of two smooth S-
schemes is given as its disjoint union.
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As we have seen, sending a morphism f: X — Y in Smg to its graph
'y C X xgY, defines an embedding Smg — Cor(.S) that is the identity
on objects. We denote the object in Cor(S) corresponding to a smooth
S-scheme X by [X].

The fibre product of schemes induces a tensor product on Cor(.5).

Lemma 2.3 ([Dég07, Proposition 1.23])
Cor(S) is a tensor category with tensor product

(X]®[Y]:=[X x5Y]

for X, Y € Smg and the tensor product of finite correspondences
W e cs(X,Y) and W' € cs(X',Y') is given by

W@ W = pxy (W) - ply: (W) € cs(X x5 X',V x5 Y),

where pxy and pxy denote the canonical projections from
X XgY xg X' xgY'  to X xgY and X' xgY' respectively.

The embedding Smg — Cor(S) is a tensor functor with the tensor product
on Smg given by the fibre product over S.

Proof. W @ W' is a well-defined element of cg(X xg X', Y xg Y’) by
[Dég07, Lemma 1.20]. See [Dég07], Proposition 1.23] for further details. [

Let f: T — S be a morphism in Smy. The pull-back and push-forward
maps of cycles allow us to define a base change and restriction functor
between the categories of correspondences.

Let a: X — Y be a correspondence in Cor(S) between two smooth
S-schemes X and Y. The morphism f: T — S induces a morphism
g: X xr Y = X xgY. We define the pull-back of o along f by
ar = g*(a) € cs(Xp,Yr), where Xp := X Xg T, Yy := Y Xg T and
we identify X7 x7 Yy with (X xgY)7r. By [Dég07, Lemma 1.28], we have
proar = (Boa)r for a € ¢s(X,Y) and § € cg(Y, Z), allowing us the
following definition.

Definition 2.4
Let f: T — S be a morphism in Smy. We define the base change functor

[ by
f*: Cor(S) — Cor(T)
X/S — Xp/T

o = Q.
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Lemma 2.5 ([Dég07, Lemma 1.30])
1. The functor f*: Cor(S) — Cor(T) is a tensor functor.

2. If f* also denotes the classical base change functor of schemes
Smyr — Smg, base change is compatible with the embeddings
Smg — Cor(S) and Smy — Cor(T), i.e. the following diagram
commutes:

Smg — Cor(.S)

ol

Smy — Cor(T).

3. If g: T" — T is another morphism in Smy, we have a canonical
isomorphism of functors (f o g)* ~ g* o f*.

Proof. See [Dég07, Lemma 1.30]. ]

Now let f: T'— S be a smooth morphism in Smy. It induces a restriction
functor Smy — Smg by forgetting the base scheme: X/T — X/S. Again,
this can be extended to a restriction functor Cor(7") — Cor(95).

Let X, Y be smooth T-schemes. The base change of X xg Y along the
diagonal T — T x g T gives a commutative diagram

X xp V2% X xgY

| |

T T xgT.

The morphism Jyy allows us to associate to any o € ep(X X7 Y) a corre-
spondence dxy.(a) € cg(X,Y). By Lemma [Dég07, Lemma 1.31], we have

5XZ*(6 o) Oé) = (5YZ*(6>> o (5)()/*(@)) for « € CT(X, Y), 5 c CT(Y, Z)

Definition 2.6
Let f: T — S be a smooth morphism in Smy. We define the restriction
functor as

fu: Cor(T) — Cor(S)
X=>T)—»(X=>TL9)
o — (SXY*(Oé).
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By [Dég07, Lemma 1.31], dxv.(|I'y]) = |I'y| for all T-morphisms
g: X = Y. Therefore, fy restricts to the classical forgetting the base func-
tor on Smy. Furthermore, for smooth morphisms f: 79 — T, g: T — S,

we have (g o f)y = gy o f4.

The functors f* and fy are adjoint functors in case f is smooth and of
finite type.

Lemma 2.7 ([Dég07, Proposition 1.34])
Let f: T — S be a smooth morphism of finite type in Smy. Then:

1. The functor fy is left adjoint to the functor f*.

2. For every X € Smg and Y € Smy the obvious morphism obtained by
adjunction

f#(f*X X7 Y) — X Xg f#Y

is an isomorphism.

Proof. See [Dég(07, Proposition 1.34]. O

2.2 Geometric motives

In the first section of this chapter we defined the additive category of
S-correspondences Cor(S) with objects given as smooth schemes over S
and morphisms given by finite S-correspondences. In this section we con-
struct the triangulated category of geometric motives DMy, (S) over S.

We follow the notation of [Lev06], where this construction is done in detail
for the case of S = Speck, the spectrum of a field. This construction was
originally done by Voevodsky in [VoeO0] and was generalised to the case
of an arbitrary smooth base scheme S by Ivorra in [Ivo07, section 1.3] and
Cisinski and Déglise in [CD09, section 11.1.b].

Since Cor(S) is an additive category, we can form the bounded homotopy
category K?(Cor(S)) of Cor(S). This is a triangulated category, where the
distinguished triangles are the triangles that are isomorphic to a cone se-
quence. The tensor product ® on Cor(S) makes K?(Cor(S)) a triangulated
tensor category and we denote the tensor product on K’(Cor(S)) also by
&.
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While we obtain a triangulated tensor category, our desired category of
geometric motives should carry even more "nice" properties, such as being
A'-homotopy invariant and having long exact sequences like the Mayer-
Vietoris sequence for open covers. Therefore, we define the category

L —

DM (S) as the localization of K’(Cor(S)) with respect to these prop-
erties.

Definition 2.8

The category DMgﬁm(S) is the localization of the triangulated tensor cate-
gory K (Cor(S)) with respect to the thick triangulated subcategory generated
by complezes of the following form:

1. [X x5 AL 25 [X] for X € Smg;

2. Cone <[UﬂV] Yy, [U@V]) et X, where we write
X € Smg as a union of Zariski open subschemes U, V and
Ju: NV = U, j3v:UNV -V, iyg: U = X, 1y: V — X are

the obvious inclusions.

Since the morphisms inverted in the definition of DMSH (.5) are closed under

®, DM (S) inherits the tensor structure from K’(Cor(S)) making it a
triangulated tensor category.

Definition 2.9
We define the category of effective geometric motives DMgﬁfn(S) over S as

—

the pseudo-abelian hull of DMSE (S).

eﬁ‘ . .
DMg;,(S) is a triangulated tensor category by [BS0I, Theorem 1.5].

The embedding Smg — Cor(S) extends canonically to a functor
m&: Smg —>DM§ffm(S).

At the end of this chapter we study a subcategory of motives generated
by the so-called Tate motives. In order to obtain a Tannakian category of
Tate motives, we need a rigid tensor category. However, in DMZ?H(S ) the
Tate motives are not rigid. Therefore, we construct the category DMgy, (.5)
out of DMgfn(S ) by formally inverting these objects.
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Definition 2.10 ‘
We define Zs(1) := Cone([S] =5 [Pg])[—2] and call it the Tate motive.
We put Zs(n) = Zs(1)®™ forn > 0.

Now we define the triangulated category DMgy (S) of geometric motives
over S by inverting the functor — ® Zg(1) on DM (S), ie. one has
objects M(n) for M € DM (S) and n € Z and

Hompy,,,(s) (X (n), Y (m))
= h]_{}n HomDMgg(s)(X X Zs(n + N), Y X Zg(m + N))

DM, (S) is a triangulated tensor category by [[vo07, section 1.3]. We
denote the unit [S] of the tensor structure ® on DMy, (S) by Zg(0).
Furthermore, there are canonical isomorphisms Zg(n)®Zg(m) ~ Zg(n+m)
for all n, m € Z.

Sending X to X(0) defines a functor tg: DM (S) — DMgy(S) and we
denote the composition 15 o m&’ by mg: Smg — DMy (S).

Remark 2.11

For S = Speck, k a field, the functor v,: DMZﬁl(k) — DMy (k) is a full
embedding by [VoeOd, Chapter V, Theorem 3.4.1]. The analogous result
for arbitrary schemes S € Smy, is not known.

We define the motivic cohomology groups of a smooth scheme S over a
field k with coefficients in Z respectively Q as:

H™(S,Z(n)) := Hompw,,, k) (my(S), Zi(n)[m]),
H™(S,Q(n)) := Hompu,,, &) (mx(5), Zr(n)[m]) @ Q.

If f: T — S is a morphism in Smy, the functor f*: Cor(S) — Cor(T)
that was defined in Definition [2.4] induces a tensor functor
%2 DMgm(S) = DMy (T) by [CD09, Remark 11.18].

Furthermore, if f: 7" — S is smooth, the functor fu: Cor(T") — Cor(S)
(see Definition induces a functor fu: DMy, (T) — DMy, (S) (again
by [CD09, Remark 11.18]).

Example 2.12
Let f: S — T be a morphism in Smy. Let X be a smooth scheme over
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T. As we have seen, the pull-back of [X| € DMy (T) via f is given by the
base change [X xr1 S].

Therefore, the pull-back of Zr(1)[2] = Cone([T] — [P}]) is
f*Zr(1)[2] = Cone([T x 7S] — [P} x15]) = Cone([S] — [P%]) = Zs(1)[2].

Since f* is a monoidal functor, we have f*Zr(q)[p] = Zs(q)[p| for all q,
pE L.

Example 2.13

Let k be a number field and L be a quadratic Galois extension with Galois
group G = {id, o}. Thus, we have a finite, étale (hence smooth) morphism
¢: Spec L — Speck in Smy. Therefore, ¢y Z1(0) = ¢x[Spec L] is given

by [Spec L 2, Speck].

We want to compute ¢* ¢y Z1,(0) in DMy, (L):

¢ duZ1(0) = ¢"[Spec L 2, Spec k] = [Spec L xj, Spec L]
~ [Spec(L ®; L)] ~ [Spec L 11 Spec L] = [Spec L] @ [Spec L],

where the isomorphism L &y L = L x L is given by © @ y — (xy, zo(y)).

Similarly, for a finite Galois extension L|k of degree n with Galois group
G, we have

¢" ¢4 Qr(0) ~ € [Spec L].

oceG

2.3 Sheaves with transfer

This section covers the second construction by Voevodsky of a triangulated
category of motives over a scheme S using Nisnevich sheaves with transfer.
We follow [Lev10, Chapter 3] with additions from [Dég07].

Again, let S be a smooth separated scheme of finite type over a field k.

A Nisnevich cover of X € Smg is a family of étale morphisms p;: Y; — X
such that for any x € X there exists y; € Y; for some i with p;(y;) = z; such
that the induced map between the residue fields K(z) — K(y;) is an iso-
morphism. The Nisnevich covers define a Grothendieck pre-topology and
we call the Grothendieck topology generated by it the Nisnevich topology.
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We define the abelian category of presheaves with transfer over S, PST(S),
as the category of additive presheaves of abelian groups on Cor(S5), i.e.
additive contravariant functors from Cor(S) to the category of abelian
groups.

A Nisnevich sheaf with transfers over S is a presheaf with transfers P such
that the restriction of P to a presheaf on Smg via the embedding Smg —
Cor(S) is a sheaf for the Nisnevich topology. We denote by Sh{, (S) the
full subcategory of PST(S) of Nisnevich sheaves with transfer.

By C(Sh¥.(S)) we denote the category of (unbounded) complexes over
Shi.(S), and by D(Sh¥,(S)) the derived category that is equivalent to
the homotopy category of Sh.(S) by [Levl(, section 3.1].

For Z € Smg we have the representable presheaf Z%(Z): X — ¢4(X, Z)
and pull-back maps are given by composition of correspondences. Z(Z)
is a Nisnevich sheaf by Lemma [Dég07, Lemma 2.4].

The operation Z%(X) @4 ZF(Y) := Z§(X x5 Y) extends to a tensor op-
eration ®% making Sh{¥, (S) a tensor category since the sheaves Zg (X),
X € Smg, are generators for the Grothendieck abelian category Sh{. (S)
(see [Dég07, Proposition 2.8 and Lemma 2.11] for details). The identity
object for the tensor structure is given by Zg(S).

Thus, ®% defines a left-derived tensor product
®5: D(Shy;s(9)) x D(Shys(S)) — D(Shyi(S5))
which makes D(Sh{,(S)) a triangulated tensor category.

We define the category of effective motives on S, DM®T(S), as the localisa-
tion of the triangulated category D(Sh{, (S)) with respect to the localising
category generated by the complexes Z& (X x Al) — Z¥(X), X € Smg.
We denote by m&f(X) the image of ZF(X) in DM®T(S).

DMeE(S) is again a triangulated tensor category with tensor product ®g
induced from ®% via the localization map by [CDO07, Example 3.15]. Fur-
thermore, m&? (X) @ m& (V) = m&(X x5 V).

We define the presheaf with transfer
TY = coker(ZY(S) == 7% (PL))

and denote by Zg(1) the image of Z¥ (1) := T§[—2] in DM®T(S). Further-
more, we denote by Zg(n) the image of Z&(n) := (T§¥[-2])®5™, n > 0, in
DM®(S).
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Again, we want to invert the motive Zg(1) on DM®T(S) to define the
triangulated category of motives DM(S). This is done via the category of
symmetric T§ spectra.

Before we are able to do so, we need to endow DM®T(S) with a model cate-
gory structure. A model category structure on a category consists of three
classes of morphisms — fibrations, cofibrations and weak equivalences —
satisfying certain axioms. See [BGT76l Definition 4.1] for the precise defini-
tion.

C(ShE(S)) has a model category structure C(Sh¥; (S))nis that is given by
[CDOT, Example 1.6, Theorem 1.7]. More explicitly, Levine describes the
model structure in |[Lev10] as follows:

The cofibrations are generated by maps of the form ox[n]: Z§(X)[n] —
Dx[n], where X € Smg, n € 7Z, Dx is the cone of the identity map
ZE(X) — Z$(X) and ox[n] is the canonical map Z%(X) — Dx. This
means, that the class of cofibrations is the smallest class of morphisms
in C(Sh{.(S)) that contains the maps ox[n] for all X and is closed un-
der pushouts, transfinite compositions and retracts. The weak equiva-
lences are the quasi-isomorphisms for the Nisnevich topology and the fi-
brations are the morphisms having the right lifting property with respect
to acyclic cofibrations, i.e. maps that are cofibrations and weak equiva-
lences. We denote this model category structure by C(Shf(S))nis- Ap-
plying the Bousfield localisation to C'(Sh{(S))nis with respect to the com-
plexes {Z¥ (X x,A}) — Z¥(X), X € Smg} gives the model category struc-
ture C(Shi,(S))ar on C(Shi(S)). By [CDOT, Proposition 3.5, Example
3.15], the homotopy category of C(Sh¥, (S))a: is equivalent to DMeT(S),
where the model category structure on DM®#(S) is induced by the one on
C(Shyis (9) )nis-

Let Spt3u(S) be the category of TY spectra in C(Sh¥(S))a:. Its ob-
jects are sequences F := (Ey, Fy,...), where E,, € C(Sh{(S))a1, with E,
endowed with an action of the symmetric group Sy and bonding maps
én: B, % TY — E,.1. Furthermore, we require that for all n > 0 and
m > 1 the iterated bonding map

E, ®! (T)®™ en ®id Epyy @Y (Ttsr)®mfl By

is S, X S,, equivariant, where we use the canonical inclusion S, x S,, C
Sp+m- Morphisms are given by sequences of maps f = {f,} in C(Sh{(59))
that commute with the bonding maps and such that f, is S,-equivariant
for all n. Note that this makes Spt3. (S) a dg category.
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Now, we define a model category structure on Spt3., (S) following the con-
struction of Hovey in [Hov01]. For A € C(Sh¥,(S)) and 7 > 0, we have
the object A{—i}® in Spt3. (S) with A{—i}$, := S, xg, A®Y (TH)e"
and A{—i}$ = 0 for n < i. Sending A to A{—i}® defines a func-
tor (—){—i}%: C(Sh{.(S)) — SptSu.(S). The projective model struc-
ture on SptS..(S) consists of weak equivalences and fibrations f = {f,}
such that f, is a weak equivalence respectively a fibration for all n. The
class of cofibrations is the smallest class of morphisms containing the
maps f{—i}® with f a cofibration in C(Sh{_ (S))nis that is closed un-
der pushouts, transfinite compositions and retracts. We denote this model
category by SptSu (9) proj-

A TE-Q spectrum is a T§ spectrum E = (Ey, E,...) such that FE, is a
fibrant object in C(Sh{,)a1, i.e. the unique map from F,, to the zero object
is a fibration, and such that the map

tr
ETL — Homc(Sh;}ris(S)) (TS s En+1)

adjoint to €, is a weak equivalence in C(Sh{; (S5))a:. We callamap f: A —
B in Spt$. (9) a stable weak equivalence if the induced map

A, E)

proj ( )

f*: Homgye (s, (B, E) = Homgpe (s

is an isomorphism for all T§-Q spectra E. Then, the stable model category
SptSi: (S)s is the Bousfield localisation of the model category SptSi (iS) proj
with respect to stable weak equivalences.

Definition 2.14
The triangulated category DM(S) of motives over S is the homotopy cate-

gory of Spt2.(9)s.

DM(S) is indeed a triangulated category by [CD09, section 5.3.d]. Fur-
thermore, sending A € C(Sh¥,(S)) to the sequence (A, A % TE, A Q¥
(TF)®2,...) defines a functor

>+ C(ShE,(S)) = Sptfu(S),
where the action of S,, is given by permutation on (T§)®" and trivial
action on A. This induces a triangulated functor between the homotopy

categories
> DMT(S) — DM(S).

by [CD09, section 5.3].
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We denote the image of Zg(n), n > 0, under >3 also by Zg(n).

The tensor structure on C(Sh{,(S)) extends to a tensor structure ® on
DM(S) via

(E® F)y =9

where a runs over all bijections of sets. This makes DM(S) a triangu-
lated tensor category and >°3°: DM®(S) — DM(S) a triangulated tensor
functor. We do not give the details here (an explicit description can be
found in [Lev10, section 3.3] and [CD09, section 5.3]), but summarise the
important facts in the following lemma:

Lemma 2.15
The functor — @ T : DM(S) — DM(S) is an equivalence.

The object Zs(—1) := Zs(0){—1} is a tensor inverse to Zg(1) in DM(S).

Proof. The first statement is Proposition 3.3.1 in |[Lev10]. For the second
statement, see [CD09, section 5.3.23]. ]

For n > 0, we define Zg(—n) := Zg(—1)®".

Let f: T — S be a morphism in Smj;. The base change functor
f*: Cor(S) — Cor(T) that we defined in Definition yields a base
change functor f*: Sh{.(S) — Sh¥.(T) by [Dég07, section 2.5.2]. In
particular, f* Z%(Z) = 7} (Z xsT) and therefore, f* Zg(1) = Zr(1). Since
f*: Cor(S) — Cor(T) is a tensor functor, so is f*: Sh{. (S) — Shiy (7).

This functor has a right adjoint f,: Sh. (7)) — Sh¥. (S) defined by
FAF)X) = F(X x5 T),
where F € Sh{ (T) and X € Smg (see [Dég07, section 2.5.1] for details).

If f: T— S is a smooth morphism of finite type, f* also admits a left
adjoint that is induced by the restriction functor fi: Cor(7") — Cor(S) de-
fined in Definition [2.60 We denote the left adjoint of f* also by
fu: Sh&.(T) — Shi(S). If f: T — S is furthermore finite and étale,
the functors f, and fy agree by [Dég07, section 2.5.3]. In particular, in
this case f, and f* are left and right adjoint to each other.

By [CD09], the functors f,, f* and fu (if defined) yield well-defined adjoint
derived functors on D(Sh;.(—)) and hence on DM(—).
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For an arbitrary separated morphism f: T — S of finite type, there also
exist the exceptional functors f' and f; on DM(—). We do not give a
definition of these (see [CD09, section 2.2] for details) since fi and f, agree
if f is proper and f* and f' agree if f is étale.

We summarise the important properties of these functors in the following
lemma.

Lemma 2.16
Let f: T — S be a morphism in Smy,.

1. The functor f.: DM(T) — DM(S) is a right adjoint to f*: DM(S) —
DM(T).

2. If f:T"— S is smooth and of finite type, [* also admits a left adjoint
fu: DM(T) — DM(S).

3. If f+ T — S is finite and étale, then f, = fu, i.e. f* and f, are left
and right adjoint to each other.

4. If f- T — S is finite and étale and g: T" — S is another finite
and étale morphism, then there is a natural base-change isomorphism
frge = gL f"™, where 8" :=T xsgT" and ' S" =T and g': " =T
are induced by f and g via base-change.

Proof. The first three statements follow by the previous discussion. The
last claim follows by the more general base change isomorphism f*g =~
gif* using the exceptional functors f' and f' and the fact that f, = f, for
f proper and f' = f* for f étale. For more details see [CD09, section 2.2].
Furthermore, see [CD09, A.5] for an overview of the relations between the
functors f,, f*, fi and f*. m

An important consequence of the adjointness of the functors f, and f* is
the following statement.

Theorem 2.17 ([CD09, Example 11.2.3])
Let k be a field. Let S € Smy, and let X € Smg. Then there is a natural
isomorphism

Homp(s) (ms(X), Zs(n){m]) ~ Hompue) (mi (X), Zi () m]).
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Proof. Let f: S — Speck.

Hompas) (ms(X), Zs (n)[m]) =~ Hompyys)(ms(X), f* Zi(n)[m])
~ Hompnig) (fams(X), Zi(n)[m])
~ HomDM(k)( ( ), Zk(n [m])

2.4 The embedding theorem

Sending Y € Smyg to the representable presheaf with transfers Z§ (V') gives
an exact tensor functor

ig": DM (S) — DM*(S).

Therefore, i% links both triangulated categories of motives that we have
defined in the previous two sections.

Since the functor — ®g Zg(1) is invertible on DM(S) and i = Zg(1), it
extends to an exact tensor functor

ist DMy (S) — DM(S)

giving us a commutative diagram of exact tensor functors:

iCH
DM (§) =~ DM (S)

DM () ——= DM(S).

Theorem 2.18 ([Lev10, Theorem 3.5.3], [CD09, Theorem 11.1.13])
The functors
id": DM (S) — DMT(9)

and
1g: DMgm(S) — DM(SS)

are fully faithful embeddings.

Proof. See [CD09, Theorem 11.1.13]. It identifies DMy, (S) with the full
subcategory of compact objects of DM(S). O
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Hence, we can identify the categories DM (S) and DMy, (S) with full
subcategories of DM®T(S) and DM(S) respectively.

2.5 Tate Motives

In this section we define the triangulated category of Tate motives over a
scheme S. It is the full triangulated subcategory generated by the motives
Zg(n) for all n € Z in the Q-linearisation of the category DMy (S) (or
DM(S) respectively).

The vanishing of certain morphism groups ensures the existence of a non-
degenerate t-structure with heart MT(S). MT(S) is in fact a Tannakian
category and its Tannaka group is given as the semidirect product of G,,
with a unipotent group scheme.

This section follows [Lev10] and [Lev06].

As in the previous sections let S be a separated, smooth scheme of finite
type over a field k. For simplicity we also assume S to be irreducible. The
general case of a reducible base scheme S can be obtained by writing S as
a direct sum of its irreducible components.

2.5.1 Definition

Before defining the triangulated category of Tate motives, recall that
DM, (S) consists of the compact objects of DM(S) by [CD09, Theo-
rem 11.1.13]. Therefore, the Q-linearisation DM, (S)g of DMy (S) is
given by the same objects as DMy, (S) and morphisms

Homp,,, (5)o (X, Y) := Hompyy,, (s)(X,Y) @ Q.

This follows by [Kell3, Corollary A.2.12]. We denote the image of the Tate
motives Zg(n) in DMgy (S)g by Qg(n). In particular, we have

Homppg,,, (5)(Qs(0), Qg(n)[m]) ~ Hompyy,,,(s)(Zs(0), Zs(n)[m]) @ Q

for all n, m € Z.

By [CDQ9, Theorem 11.1.13], the category DM(S) is compactly gener-
ated. Hence, we can also define the Q-linearisation DM(S)q of DM(S) as



CHAPTER 2. TATE MOTIVES 39

the Verdier localisation DM(.S)/ DM(S)tor, where DM(S)o, is the subcat-
egory of compact torsion objects. Again, we denote the image of Zg(n) in
DM{S)q by Qs(n).

Note that for arbitrary objects X,Y € DM(S), Hompus),(X,Y) and
Hompa(s)(X,Y) ® Q are not isomorphic in general. However, this is true
if X is compact by [Kel13], Corollary A.2.13]. In particular, for the compact
objects Zg(0), Zg(n) we have:

Hompay,,, 5), (Qs(0), Qs(n)[m]) = Hompyy,,, (5)(Zs(0), Zs(n)[m]) @ Q.

Definition 2.19

The triangulated category of geometric mized Tate motives DM Ty, (S) over
S is the strictly full triangulated subcategory of DMgy, (S)q that is generated
by the Tate objects Qs(n), n € Z.

The triangulated category of mized Tate motives DMT(S) over S is the
strictly full triangulated subcategory of DM(S)g that is generated by the
Tate objects Qg(n), n € Z.

In Theorem we have seen that the embedding ig: DMy, (S) — DM(S)
is fully faithful. Since ig(Zg(n)) ~ Zg(n) for all n € Z, we have proven
the following proposition.

Proposition 2.20 ([Lev10, Proposition 3.6.2])
The Q-linearisation of ig: DMy, (S) — DM(S) restricted to DMTgy, (S)
defines an equivalence

is: DMTyn(S) — DMT(S)

of triangulated tensor categories.

Therefore, we identify the category DMT,,(S) with the subcategory
DMT(S) of DM(S)g and just write DMT(S) in the following.

Lemma 2.21 (|Lev10, Lemma 3.6.5])
DMT(S) is a rigid tensor triangulated category.

Proof. By [Lev98, Part I, IV. Theorem 1.2.5] it is enough to check that
the generators Qg(n), n € Z, of the triangulated category DMT(S) admit
a dual. We put Qg(n)Y := Qg(—n). Then we have the canonical isomor-
phisms Qg(0) ~ Qg(n) ® Qg(n)" showing that Qg(n) is indeed the dual
of Qg(n). O



40 CHAPTER 2. TATE MOTIVES

The advantage of the Q-linearisation is that the groups of morphisms be-
tween the generators of Q(n) and Q(m), n, m € Z, are now given as the
rational K-groups of the base scheme S. Therefore, the Tate motives can
be used to compute the motivic cohomology of S in terms of K-groups
or higher Chow groups. Furthermore, the Q-linearisation gives us a Q-
linear category and therefore enables a Tannakian subcategory (since Tan-
nakian categories are required to be Q-linear). However, note that it is
still possible to define a triangulated subcategory generated by the Tate
motives Z(n), n € Z, of DMgy(S) or DM(S) (without passing to the Q-
linearisation).

Theorem 2.22 ([CD09, Coroallary 14.2.14])
For any reqular scheme S and p,q € Z we have a canonical isomorphism

Homparr(s)(Qs(0), Qs(q)[p]) 2 Kag—p(S)2,

where Kgq,p(S)(q) denotes the q-th Adams eigenspace of the K-group
Ky, tensored with Q.

This theorem enables the computation of the morphisms Q4(0) — Qg(q)[p]
for any smooth connected scheme S and any g < 0.

Corollary 2.23
Let S be an irreducible smooth separated scheme of finite type over k. Then:

0 ifq<0
Hompyiresy(Qs(0), Qs(q)[p]) ~ {0 ifq=0,p#0
Q ifq=0,p=0.

The case S = Spec k, where k is a number field, is of particular interest for
us. In this case we can even compute the morphisms Qg(0) — Qg(q)[p]
for all p, q € Z.

Example 2.24
Let k be a number field. By the well-known K-theory for number fields (see
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e.g. [Weid]) we have

0 ifq<0

0 ifq=0,p#0

Q ifq=0,p=0

0 ifqg>0,p<0

0 ifq>0 even ,p=1
k*®,Q ifg=p=1

Qtr ifg>1,g=1 mod4,p=1
Q" ifg>0,g=3 mod4,p=1
0 ifqg>0,p>1,

HOHIDMT(k) (Qk(o)v @k (Q> [p]) =

where vy and ry are the numbers of real and pairs of complex embeddings
of k, respectively.

Note that by Lemma tensoring with Qg(1) or more generally Qg(n)
defines an auto-equivalence on DMT(SS). Therefore, it is enough to know
the morphisms Qg(0) — Qg(q)[p] for any p, q € Z.

We have seen in Example that for a morphism ¢: S — T the functor
¢*: DM(T) — DM(S) preserves Tate-motives, while the functor ¢, does
not. This is the origin of Artin-Tate motives that we define as the push-
forwards of Tate motives under finite morphisms in the next chapter.

2.5.2 t-structure

The category DMT(S) carries a canonical weight filtration. For any n € Z
we define the category W, DMT(S) to be the full triangulated subcate-
gory of DMT(S) generated by the objects Qg(—m), m < n. Dually, we
denote by W, DMT(S) the full triangulated subcategory generated by
the objects Qg(—m), m > n. These subcategories are used to define a
t-structure on DMT(S). However, this is not yet the t-structure we are
ultimately interested in.

Lemma 2.25 ([Lev10, Theorem 3.6.6])
(W<, DMT(S), W5, DMT(S)) defines a t-structure on DMT(S) for every
n € 2.



42 CHAPTER 2. TATE MOTIVES

Proof. This follows by [Lev93, Lemma 1.2]. The requirements for the
lemma are fulfilled by Corollary O

We denote the corresponding truncation functors by
Wen: DMT(S) — W<,, DMT(S)

and
W.,: DMT(S) — W, DMT(S).

For a < b we denote by Wi, DMT(S) the full triangulated subcategory
generated by Qgs(—m), a < m < b. We write gr)¥ for the functor Wi,
and gr’¥ DMT(S) for the subcategory Wi, , DMT(S).

Since Hompyir(s)(Q(—n), Q(—n)[m]) ~ 0 for m # 0 and n € Z and
Hompuyir(s)(Q(—n), Q(—n)) ~ Q the category gr)’ DMT(S) is equivalent
to the bounded derived category of Q-vector spaces Db(Q—VeCQ). Thus, it

makes sense to consider the Q-vector spaces H™(gr?¥ M), m,n € Z, for M
in DMT(S).

Definition 2.26

We define DMT(S)=C to be the full subcategory of DMT(S) with objects
M such that H™ (gt M) = 0 for all m > 0 and n € Z. Dually we define
DMT(S)2% as the full subcategory of DMT(S) with objects M such that
H™ (gt M) = 0 for allm < 0 and n € Z. Let MT(S) := DMT(S)= N
DMT(S)2°.

Remark 2.27

Let DMT(S)=° be the full subcategory of DMT(S) generated by the ob-
jects Qs(—n)[m], where m < 0. Then one obtains DMT(S)=" as the
full subcategory of DMT(S) generated by the objects M € DMT(S) with
gr” M € DMT(S)=°. Dually one defines the full subcategories DMT(S)z°
and DMT(S)=°.

This notation is used to define the t-structure for Artin-Tate motives in

section [4.1]

Recall that the motivic cohomology with Q-coefficients of a smooth scheme
S over k is defined as

H”(S,Q(q)) := Homp,,, (k) (mx(S), Zk(q)[p]) ® Q.
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Using the fully faithful embedding ig: DMg,(S) — DM(S) and Theo-
rem we can rewrite this in the following way:

HY(S,Q(p)) := Hompw,,, (k) (m(S), Zi(
~ Hompp,,, (s)(ms(S), Zs(q)[p
~ Homp,,, (), (Qs(0), Qs
~ Hompyr(s)(Qs(0), Qs (g

Thus, we have proven:

Lemma 2.28 ([Levi0, Lemma 3.6.4])
For S € Smy, there is a natural isomorphism

HY(S,Q(p)) ~ Hompyrr(s) (Qs(0), Qs(q)[p)-

We say that S satisfies the Beilinson-Soulé vanishing conjectures if
HP(S,Q(q)) = 0 for p < 0 and ¢ # 0. In particular, for k a number field,
S = Spec k satisfies the Beilinson-Soulé vanishing conjectures (see Exam-
ple 2.24)). Further examples of schemes that satisfy the Beilinson-Soulé
vanishing conjectures include P} \ X, where £ is a number field and X a
finite set of k-points of P! (see [Levi0, Corollary 6.6.2]), or the spectrum
of the ring of integers of a number field (see [Schlll, Lemma 3.2]).

Theorem 2.29 ([Lev10, Theorem 3.6.9])
Suppose that S satisfies the Beilinson-Soulé vanishing conjectures. Then:

1. (DMT(S)=% DMT(S5)=%) is a non-degenerate t-structure on DMT(SS)
with heart MT(S) containing the Tate motives Qgs(n), n € Z.

2. MT(S) is equal to the smallest abelian subcategory of MT(S) which
contains the Tate motives Qg(n), n € Z, and is closed under exten-
sions in MT(S).

3. The tensor operation in DMT(S) makes MT(S) a rigid Q-linear
abelian tensor category.

4. The functor grl¥ = @, gr) : MT(S) — Q-Vecq is a fibre functor
making MT(S) a Tannakian category which we call the category of
mized Tate motives over S.

5. Each object M in MT(S) has a canonical weight filtration by subob-
jects
oc...cW,_ :MCcW,MC...CM.
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This filtration is functorial and exact in M. It is uniquely char-
acterized by the properties of being finite (i.e. W,M = 0 for n
small and W,M = M for n large), and of admitting subquotients
gtWM =W, M/W, 1M € gt¥ MT(S), n € Z.

6. The natural maps
Exti,[T(k)(M, N) — Hom%MT(k)(M, N)

are isomorphisms, for all p, and all M, N € MT(k). Both sides are
zero forp > 2.

Proof. This follows by [Lev93, Theorem 1.4 and Proposition 2.1], the nec-
essary ingredients being:

The category DMT(S) is generated by the Tate objects Qg(n), n € Z, with
canonical isomorphisms Qg(n) ® Qg(m) — Qg(n + m) for all n, m € Z
and satisfying:

0 ifg<0

0 ifg=0,p#0
Q ifg=0,p=0
0 ifg#0,p<0,

Hompurs)(Qs(0), Qs(g)[p]) ~

where the first three isomorphisms follow by Corollary and the last
one is given by the Beilinson-Soulé vanishing for S. O

2.5.3 Tannaka formalism

Let S be a separated, smooth scheme of finite type over a field k. Further-
more, we assume that S satisfies the Beilinson-Soulé vanishing conjectures
and therefore, the Tannakian category MT(.S) exists.

We denote the Tannaka group of MT(S) with respect to the fibre functor
gr’¥ by G(MT(S)). We have the following lemma describing the structure
of GIMT(S)).

Lemma 2.30 (|Lev06, Lemma 13.3])
There is a split exact sequence

1 =-U— GMT(S)) =G, — 1,

where U is a unipotent group scheme.



CHAPTER 2. TATE MOTIVES 45

Proof. G, is the Tannaka group of the category GrVecq of graded Q-vector
spaces and t acts via multiplication by ¢™ on the vector space in degree m.
@,V — @,V ®oQs(—n) defines a rigid tensor functor GrVecg — MT(S)
and hence a map of the Tannaka groups p: G(MT(S)) — G,,.

Considering gr'V' A = @, gr’V A for A € MT(S) as a graded vector space
defines a rigid tensor functor gr’V: MT(S) — GrVecg that clearly gives a
right inverse s: G, — G(MT(S5)) to p.

This gives us the split exact sequence
1 —-U— GMT(5)) =G, — 1.

So it only remains to check that U = ker(p) is unipotent.

Let ¢: gr’¥ — gr!” be an automorphism that restricts to the identity
g’V — gr!V for each n, i.e. ¢ € U = ker(p). For any A € MT(S) we have
the weight filtration

OZWM_lACWMAC...CWNACWN+1A:A

for some M, N € Z.

Since gr'V is exact and ¢ is natural, ¢ must preserve the weight filtration
of gr' A that is given by Wc,(grl¥ A) = ®,<ngrl A. Thus, the (a,b)
component ¢,p: gry — gr}y is zero for b > a. Since ¢ € U = ker(p), Gasp
is the identity for a = b and ¢ is unipotent. O

If S = Speck, where k is a number field, then the unipotent algebraic
group U is determined by its Lie algebra Lie U which is called the motivic
Lie algebra over k. The splitting of the exact sequence in Lemma [2.30
makes LieU a graded Lie algebra, concentrated in negative degrees. By
[DGOS, Proposition 2.3], LieU is a free Lie algebra. See [DGO5| for more
details on the Lie algebra.
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Cell modules

The aim of this chapter is to formulate and prove Spitzweck’s represen-
tation theorem. It states that the triangulated category of mixed Tate
motives DMT(S) is equivalent to the derived category of Adams-graded
dg modules D/]i/( s) of finite rank over the so-called cycle algebra N/ (S) over
S. However, the proof uses the equivalent homotopy category of finite
N (S)-cell modules instead of the category Dji[( s)-

We start by giving the definition of the cycle algebra in section [3.1] In sec-
tion , we define the homotopy category of finite cell-modules, ICCMQ,
over a cdga A. Furthermore, we study the structure of the triangulated
category ICCM’; and notice in section that, for A = N(S), it re-
sembles the triangulated category of Tate motives DMT(S) in some key
properties, e.g. the existence of a t-structure whose heart is a Tannakian
category. Lastly, we give the proof of Spitzweck’s representation theorem

(Theorem [3.31)) in section [3.4] utilizing the knowledge about DMT(S) and
/CC/\/lfv( ) we acquired in section and sections and respectively.

3.1 Cycle algebra

We give the definition of the cycle algebra N (S) of a smooth, separated
scheme S of finite type over a field k. This is done by constructing a
complex of Nisnevich sheaves A" on Sm, using the algebraic cycles we
defined in section 2.1} This complex can be endowed with a product making
it an Adams graded cdga object in the category of complexes of Nisnevich
sheaves. Then the cycle algebra over S is defined as the evaluation of N at
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S. Since NV (S) is a cdga, we can consider the homotopy category of finite
cell modules over N(S) that we define in the next subsection. It turns
out to be equivalent to the triangulated category of Tate motives DMT(S)
by Spitzweck’s representation theorem that we discuss in section 3.4 The
idea to use algebraic cycles to define a category of Tate motives goes back
to Bloch (see e.g. [Blo89]). However, we will follow [Lev10, section 4]. His
approach uses cubical complexes instead of Bloch’s simplicial complexes.

3.1.1 Definition

We denote by (0!, 500') the pair (A}, {0,1}). We define (0", 500") as
the n-fold product of (O, 600!), i.e. OO" = AP and 60" is the divisor

P o(x;=0)+>" (z; = 1), where 4, ..., z, are the standard coordinates
on A}. A face of (0" is a face of the normal crossing divisor J[J", i.e. it
is a subscheme that is defined by equations of the form x;; = ¢;, where

€; S {0, 1}
For e € {0,1} and j € {1,...,n} we let ¢;.: 0" ! — O be the closed

embedding defined by inserting € in the jth coordinate. We let 7;: 0" —
[0"~! be the projection which omits the jth factor.

Now we are able to define a cubical version of the Suslin-complex C5u
from [Voe00].

Definition 3.1
Let X be in Smy, and let F be a presheaf of abelian groups on Smy.

We refer to the subgroup 30—, i (F(X x, O 1)) of F(X xx O") as the

J=1"j
degenerate elements, written Deg,. Let C°(F) be the presheaf defined by

C(F)(X) := F(X x;,00")/ Deg,

and let CP(F) the complex with differential

n

d, = Zix—l)jlf(bj,l) = > (1) F(40)-

J=1 J=1

If F is a Nisnevich sheaf, then C¢(F) is a complex of Nisnevich sheaves.
We extend the construction to complexes of sheaves by taking the total
complex of the evident double complex.
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Definition 3.2
For a presheaf F on Smy and a scheme X € Smy, let

CHY(F)(X) € CH(F)(X)g = F(X x O0")g/ Deg,

be the Q-subspace consisting of alternating elements of F(X x;, O")q with
respect to the action of the symmetric group S, i.e. the elements satisfying
(id xo)*(z) = sgn(o) - x for all 0 € S,. Here, S, acts on O™ = A} by
permuting the coordinates.

The subspaces CA(F)(X), n > 1, form in fact a subcomplex of presheaves
CAMYF) € C%(F)q for any presheaf (or complex of presheaves) F on Smy.

Furthermore, C2(F) is quasi-isomorphic to the classical Suslin complex
C5u(F) as the following lemma in [Lev10] shows.

Lemma 3.3 ([Levl0, Lemma 4.1.3])
Let F be a complex of presheaves (with transfer) on Smy.

There is a natural isomorphism C5'(F) ~ C®(F) in the derived category
of presheaves (with transfer) on Smy,.

Furthermore, the inclusion CA%(F)(X) C CP(F)(X)q is a quasi-isomorphism
for all X € Smy.

We denote by Z (P! /oo) the sheaf defined by the exactness of the split
exact sequence

0 — Z(Spec k) == 7 (PL) — Z (P Joo) — 0.

Therefore, by definition Z (P! /oo) agrees with Z{'(1)[2] that we defined
in section 2.3

Similarly, let Z{"((P' /oo)") be the sheaf defined by the exactness of the
split exact sequence

Zj ij,oo*
LN

By 2y (P)) Zi{((PL)") = Zy (P* /o0)") = 0,

where 4.1 (P;)" ' — (P;)" inserts oo at the jth coordinate. Again,
ZF((P' Joo)") agrees by definition with Z{(r)[2r] := Z(1)[2]®".

The symmetric group S, acts on Z{*((P'/oc0)?) by permuting the coordi-
nates in (P')?. Now we can apply the alternating cubical complex CA!
to the sheaf Z{"((P")?) and consider the subcomplex of symmetric section
with respect to this action of .S,,.
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Definition 3.4

We define N'(q) C CAYZ"((P!/o0)?)) as the subcomplex of sheaves con-
sisting of symmetric sections with respect to the action of S, induced by
permuting the coordinates of (Py)9. This defines N'(q) as an object of
C(Sh¥..(k)g). By abuse of notation we write N'(0) for the constant presheaf

Q.

We set N := @,>0N (q) and for S € Smy, we let Ns(q) denote the restric-
tion of N'(q) to Cor(S). Similarly, we define Ns := Q @ ®;>1N5(q).

Lemma 3.5 ([Lev10, Lemma 4.2.1])
The inclusion N'(q) C CMYZ" ((PL/o0))) is a quasi-isomorphism of com-
plexes of presheaves on Smy.

Therefore, the complex N (q) is quasi-isomorphic to the Suslin-complex
CS(ZE (P! /00)?)) for all ¢ € Z. Furthermore:

Lemma 3.6 (|[Levl0, Lemma 4.3.3])
In DM®%(S)q there is a canonical isomorphism Qg(q) — Ns(q) for all
q € N giving a commutative diagram of isomorphisms

Qs(q9) ® Qs(p) —=Qs(g+p)

l l

Ns(q) ® Ns(p) == Ns(q +p).

3.1.2 Algebra structure

In the previous subsection we defined N' = Q @ ®,>1N (¢) as an object in
C(Shi(k)g). Our goal is to define a product on N to endow it with the
structure of a cdga object in C(Sh¥, (k)g) such that the evaluation N (S)
for S € Smy, yields a cdga.

Recall that a commutative differential graded algebra (short: cdga) (A, d)
over Q consists of a unital, graded-commutative Q-algebra A := @,z A"
together with a differential d = @®,,d", d": A" — A" such that d"1od" =
0 and d satisfies the Leibniz rule:

4" (- b) = d'a - b+ (—1)"a - d™b,

where a € A", b€ A™.
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A is called connected if A" = 0 for all n < 0 and A° = Q-1. A is called
cohomologically connected if H"(A) = 0 for all n < 0 and H(A) = Q1.

Furthermore, an Adams graded cdga is a cdga A together with a
direct sum decomposition into subcomplexes A = @,>oA(r) such that
A(r) - A(s) C A(r - s) and A(0) = Q-1. An Adams graded cdga is said to
be (cohomologically) connected if the underlying cdga is (cohomologically)
connected.

For a € A™(r), we call n the cohomological degree of a, dega := n, and r
the Adams degree of a, |a| := 7.

Let X and Y € Smy. The external product of correspondences (see [Voel0),
section 2])
X cp(X, k) X cp(Y k) = (X % Y, k)

yields an associative external product

B (27 ((P*/00)))(X) ® Crl(Z7 (P /oo)?))(Y)
— Ol (Z7 (P /00) ™)) (X % Y).

m-+n

If we take X =Y, the pull-back via the diagonal morphism X — X x; X
gives the associative cup product of complexes of sheaves

U CR(Z" ((P'/00)")) @ CRl(Z7 (P! /o0)F)) — Cpy

m-+n

(Z" ((P"/00)™*7)).

Applying the alternating projection

Alt ::# > sgu(o)o

(n+m)! oS

on 0" and the symmetric projection on (P')9*? gives the associative,
commutative product on N/

N @N(p) = N(p+q).

This makes N = @®,0N(¢) into an Adams-graded cdga object in
C(Sh¥..(k)g), i.e. N(X) is an Adams-graded cdga for any X € Smy, where
N(q)(X) denotes the subcomplex of V(X)) that is in Adams degree g.

For S € Smy, we denote by Ng(q) the restriction of N(q) to Cor(S) giving
us the Adams graded cdga object Ng = @4>0Ns(q) in C(Sh{(S)g). Note
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that for X € Smg we have Ng(X) = N(X). Therefore, Ny is in fact a
presheaf of Adams graded cdgas over NV(S). In particular, For f: X — S
in Smg, we have an algebra homomorphism f#: A'(S) — N(X) induced
by the pull-back of algebraic cycles.

3.2 Cell modules

The subject of this section is to give the definition of the category of finite
cell modules CM]; over an Adams-graded commutative differential graded
Q-algebra A following [Lev10]. C/\/lf; is a subcategory of M 4, the category
of dg A-modules. Subsequently we construct the homotopy category of
C./\/lf; which in fact is equivalent to the derived category of M 4 and define
a t-structure on these categories if the base algebra A is (cohomologically)
connected. This discussion allows us to consider the homotopy category
of cell modules ICCMji/(S) over the cycle algebra N'(S). This category is
used to prove Spitzweck’s representation theorem in section [3.4]

3.2.1 Definition

Throughout this section let A be an Adams-graded cdga. Note that every
Adams graded cdga A has a canonical augmentation A — Q given by the
projection onto A(0) ~ Q with augmentation ideal A" := @&,-oA(r).

If A=, ,A"(r) is an Adams graded cdga, we denote by A(r)[n] the (left)
A-module which is A" (r+ s) in bi-degree (m, s), with A-action given by
left multiplication.

Definition 3.7
Let A be a cdga.

1. A dg A-module (M,d) consists of a complex M = @,,M,, of Q-vector
spaces with differential d that satisfies the Leibniz rule, together with
a graded, degree zero map AQ M — M, a @ m +— a-m which makes
M into a graded A-module.

2. If A = @,50A(r) is an Adams graded cdga, an Adams graded dg
A-module is a dg A-module M together with a decomposition into
subcomplexes M = @&,M(s) such that A(r)- M(s) C M(r + s).

3. An Adams graded dg A-module M 1is called A-cell module if
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(a) M is free as a bi-graded A-module, that is, there is a set J and
elements b; € M™(r;), j € J, such that the maps a — a - b,
induce an isomorphism of bi-graded A-modules

®;A(=r;)[—n;] = M;

(b) there is a filtration on the index set J of generators
Ji=0cJy,c...cJ

such that J = U, J, and db; = > ;c; | a;b; for j € J,.
4. A cell module with finite index set J is called finite A-cell module.

5. We denote the category of Adams graded dg A-modules by My, the
category of A-cell modules by CM 4 and the category of finite cell
modules by CMY,.

Let M, N be two Adams graded dg A-modules. Let Hom (M, N) be the
Adams graded dg A-module with Homa (M, N)"(r) the A-module con-
sisting of maps f: M — N with f(M(s)) € N"™(r + s), f(am) =
(=1)"af(m) for a € AP and m € M, and with differential d defined
by df (m) = d(f(m)) + (=1)"*' f(dm) for f € Homa(M,N)"(r).

This makes M 4 into a differential graded category. Thus, we can define
the homotopy category of M 4.

Definition 3.8
Let A be an Adams graded cdga. We define K4 as the homotopy category
of My, i.e. the objects of K4 are the objects of M 4 and

Homy , (M, N) := H*(Hom (M, N)(0)).

We define the homotopy categories of A-cell modules respectively of finite
A-cell modules as the full subcategories of K4 with objects in CM 4 respec-
tively in C./\/lf; and denote them by KCM 4 and ICCM£ respectively.

On K4 there is the natural translation functor [1]: M +— M]J1], where
M[J = M™ and dyp; = —ditt. The cone of a map f: M — N of
Adams graded dg modules is the well-defined object Cone(f) = M[1]& N
with differential d(m,n) = (—=dy(m), f(m) + dn(n)) in M. We call a
triangle in K4 distinguished if it is isomorphic to a cone triangle.
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Proposition 3.9

The homotopy category K4 of My is a triangulated category, with distin-
guished triangles being those triangles which are isomorphic in K4 to a
cone sequence.

Proof. This can be shown by imitating the proof of Proposition [I.5] The
definitions of the mapping cone agree in both cases and the maps needed to
satisfy the axioms (TR1) - (TR4) can be constructed in the same way. [

If M and N are both (finite) cell-modules, then the cone Cone(f) of any
map f: M — N is isomorphic to M[1] & N as a bi-graded A-module.
Moreover, the filtrations on the sets of generators of M and N give a
filtration on the set of generators of Cone(f: M — N). More explicitly,
let (JM)™, be the filtration on the index set JY of generators of M and

likewise (JV)™,. Now, put J; = J» for i < n and J,,; = J¥N UJM for any
i > 1. Thus, the cone Cone(f) of any map between (finite) cell modules
is again a (finite) cell module making KCM, and KCMY, triangulated

subcategories of 4.

For two Adams-graded dg A-modules M, N let M ®4 N be the Adams-
graded dg A-module with underlying module M ®4 N and differential
dim ®n) = dm @ n + (—=1)%™m @ dn. If furthermore, M and N are
A-cell modules with index sets J' and J” respectively of generators, then
J; == J] x J! defines a filtration on the index set of generators of M @4 N
making CM 4 and C/\/l’; closed under tensor products. Therefore, CM 4
and ICCMQ are triangulated tensor categories.

Example 3.10
For n € Z we define the Tate object Q4(n) as the object of CMY, which

is the free rank one A-module with generator b, having Adams degree —n,
cohomological degree 0 and db, =0, i.e. Q4(n) = A(n). Then:

Homyo i1 (Qa(=a)[n], Qa(=b)[m]) = H" " (A(a — b)).
In particular,

0, ifa<b
Q-id, ifa=0b
since A(a —b) =0 for a < b. By comparing this result to Corollary

we see that the Tate objects Q 4(n) in KCM 4 behave like the Tate motives
Qg(n) in DMgn(S) which motivates the similar notation and name.

Homyee 1 (Qa(=a), Qa(=0)) = H'(A(a — b)) = {
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Furthermore, for n > 0 we have Q4 (+n) = Q4 (£1)®" and for alln € Z
we have Q(n)Y = Q4(—n).

These Tate objects are of particular interest for us since they generate
ICCM’; as a triangulated subcategory:

Lemma 3.11
ICCM’;‘ is the strictly full triangulated subcategory of ICa generated by the
Tate objects Q4(n), n € Z.

Proof. We denote the full triangulated subcategory of K4 generated by
the Tate objects Q4(n) by A.

Obviously, A C KCMY, since the generators Q 4(n), n € Z are in KCM?,.

Conversely, let M € /CCMQ. We prove the result by induction on the
number of generators of M.

Let M be a cell module that is of rank two as a bigraded module, i.e. there
are two generators by, by such that M ~ A-b; & A - by. Since M is a finite
cell module, there is a filtration ) = J_; C Jy C J; C J on the index
set J = {1,2} such that for any j € J,, the differential db; only depends
on those b; with ¢ € J,,_;. For J = {1,2} there are only the possibilities
JO =J= {1,2} or J() = {1} and J1 =J= {1,2}

If Jy=J,ie. dby = dby =0, then M is isomorphic to the direct sum of
two rank one modules, hence modules of the form Q4(n)[m| and therefore
clearly in A.

Now, we assume db; = 0 and dby = a - b; for some a € A with degb; = p,
degby = ¢, and dega+degby = g+ 1. Since 0 = d(dby) = d(a-by) = da- by,
da = 0 in A. Without loss of generality, we may assume that ¢ = deg by =
0.

We want to show that M is isomorphic to the cone of a map in A. To that
end we define the Adams-graded A-modules M; := A-b; and My := A - by
with differentials given by dps,: ¢ - by — dc- by and dpg,: ¢ - by — dc - b.
Then M; ~ Q,(r)[—p] and My ~ Q4(s)[—¢|, where r := |b;| and s := |by].
Therefore, M,, M, are in A.

We compute the differential on M = @;M?. Let a1b; + asby € M?, i.e.
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dega;, + degb; =1 and degay = i.

dM(a1b1 + agbg) = d(albl) + d(ang)
= day - by + (—1)%*8“ q db; + day - by + (—1) asdby
= dM1 (a1 . bl) + dM2<a2 . bg) -+ (—1)7;(12 Q- bl.

Now, we put f: Mj — M;™ c-by — (—1)'ca - by. This defines an dg A-
module map My — M;[1] since f = (f%) commutes with the differentials
dar) = —da, and dag,. Indeed, let ay - by € M3,

f(dary(as - b2)) = f(dag - by) = ((—1)"*'dag - a) - by = (—1)""'d(asa)b,
= (=1)'dap -1 (aza - by) = dany 1y (f(az - ba)).

The cone of f is given as the Adams graded A-module Ms[1] & M, [1] with
differential given by

d(a2b2 + (Z1b1) = —dM2 (agbg) + f(agbz) -+ dM1 m(albl)
= —dMQ (a2b2) + (—1)i+1a2a . bl — dMl (albl)
= —dy(azbs + arby),

where agby + arby € (Ma1] & M (1)) ~ (M5 & M),
Therefore, M is isomorphic to Cone(f)[—1].

More generally, if M is of rank n + 1, then by the filtration of the set
of generators, we can write M ~ My & M,,; where M, ; is of rank one
with generator b,,; in degree 0 and db,y; = > a;b;. We define the
differentials dag, = dps (restricted to My) and day,,, @ ¢ bpg1 — de - bpya.
Computing the differential on M gives us in degree m:

M(Z cjbj + any1 - bry1)

j=1
= d( ZC] )+ dur(angt - bugr)

= Zc] )+da-bypy+ (=)™ aps 'Zaﬂ%

We define f: M", — M by ani1bagg = (=1)™ang1 - S0, a;b; which
defines an A-module map f: M, 1 — My[1]. Again, this commutes with
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the differentials, hence is a map of Adams graded A-modules and M is
isomorphic to Cone(f)[—1] as Adams-graded A-modules.

This shows that every finite cell module is given by iterated cones of maps
between the Tate objects Q4(n)[m], n,m € Z, proving the claim. O

Since Q4(n) =~ Q4(—n) for all n € Z, it follows by Lemma that
every object in ICC/\/IQ admits a dual and is in particular rigid, proving
the following corollary.

Corollary 3.12
ICCM’; s a rigid triangulated tensor category.

Remark 3.13

In [Levi(, Proposition 1.7.1], Levine even proves that ICCMQ is exactly
the subcategory of rigid objects of KCM 4, i.e. an object M € KCMy is
rigid if and only if M is a finite cell module.

We want to construct a t-structure on KCM?. To be able to do so we
define a weight structure on CM 4 yielding a weight structure on ICCM’;.

Let M € CMy. Thus, we can choose a basis B = {b;: j € J} of
M ~ @JA . bj. If we write db] = Zl aijbi, Q5 € A, we see |bz| S |b]| if
a;j # 0 since |a;j| > 0 and d has Adams degree 0.

Therefore, WEM = {@;,<nA - b;} is in fact a subcomplex of M. The
subcomplex does not depend on the choice of the base B, thus we just
write W, M instead of WEM. This defines an increasing filtration of
A-cell modules

W.M:...CW,MCWyMC...CM

such that M = U, W, M.

For n < m we define W}, /,, M as the cokernel of the inclusion W,,M —
W, M. We write gry’ for W,/,—1 and W>" for W/,

This filtration is functorial in M. In particular, if f: M — N is a homotopy
equivalence in CM 4 with inverse g: N — M, then W,g: W,N — W, M
is a homotopy inverse to W, f: W, M — W, N. Hence the functors W,
respect homotopy equivalence of cell modules, so they yield a functorial
tower of exact endo-functors on XCM4:

oo Wy = Why — ..o —id.
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Remark 3.14 ([Lev10, Proposition 1.5.1])

The endo-functor W,, is exact for each n. Furthermore, for m < n < oo,
the sequence of endo-functors W, — W, — Wy, canonically extends to
a distinguished triangle of endo-functors.

This filtration allows us to define the full subcategory CME"Y of CM 4
with objects M such that W, M = 0 for some n.

If we denote by KXCME"W the homotopy category of CM W, then KCM W
is exactly the full subcategory of XCM 4 with objects M such that W,, ~ 0
in KXCM 4 for some n.

Clearly, KCMY, is a subcategory of KCMFW . In subsection we con-
struct a t-structure on CCM%" that induces the desired t-structure on

KCM!,.

3.2.2 The derived category

Another possibility to describe the category of A-cell modules is the derived
category of dg A-modules as we will outline in this subsection following
[Lev10].

Definition 3.15

The derived category Da of dg A-modules is the localization of K4 with
respect to morphisms M — N which are quasi-isomorphisms on the un-
derlying complexes of vector spaces.

The derived category inherits the structure of a triangulated category from
IC4. This follows by the same arguments that show that the derived cate-
gory of an abelian category is triangulated (see e.g. [Sos12]).

In [KM95], Kriz and May prove that the categories Dy and KCM 4 are
equivalent. We give the result as stated by Levine in [Lev10].

Theorem 3.16 ([Lev10, Proposition 1.4.3])
The evident functor KCM 4 — Dy is an equivalence of triangulated cate-
gories.

Equivalently, let f: M' — M be a quasi-isomorphism in My, N € CMy4.
Then the induced map f: Homy, (N, M') — Homy , (N, M) is an isomor-
phism.



CHAPTER 3. CELL MODULES 29

Proof. See [KM95), Construction 2.7]. O

We denote by D£ the full subcategory of D4 of those objects M that
are isomorphic in D4 to a finite cell module. Then we get the following
statement as an immediate consequence of Theorem [3.16}

Corollary 3.17 ([Lev10, Proposition 1.4.4])
The induced functor ICCMQ — Df; is an equivalence of triangulated cate-
gories.

The equivalence XKCM 4 — D, is a very powerful tool to impose additional
structure on D4 as we see in the following.

The tensor functor on KXCM 4 defines a well-defined derived tensor product
on D, via the equivalence given in Theorem [3.16] making D4 a triangu-
lated tensor category and Df; a triangulated tensor subcategory.

Similarly, the weight filtration W,, on KCM 4 defines a weight filtration on
D, via the equivalence in Theorem [3.16]

Note that even though it is possible to define the weight filtration W, for
not just cell modules but any Adams graded dg A-module which is free as
a bi-graded module, this definition does not work for modules that are not
free. Thus, it is not possible to define the weight filtration W, directly on
D,. Furthermore, even for free modules M it is not clear that W, M is
invariant under quasi-isomorphisms in general.

Since cell modules are in particular free as bi-graded modules, they can be
easily described by choosing a basis. Therefore, Theorem allows us a
better description of the objects of D 4.

As in KCM 4 we can consider the full subcategory D" of D4 of objects
M such that W,,M ~ 0 for some n.

The equivalence KCM, ~ Dy restricts in fact to an equivalence
KCMW ~ DIV as was shown by Levine (see [Levi0, Lemma 1.5.6]).

3.2.3 Base change

To define the t-structure on ICCMQ, we need the base change of an A-cell
module along the augmentation A — Q. Furthermore, the base change
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allows us to substitute a cohomologically connected cdga A by its minimal

model, i.e. by a connected cdga (see Remark |3.18)).

Let ¢: A — B be a homomorphism of Adams graded cdgas.

The functor
— Q@1 B: My — Mp

induces a functor on cell modules and on the homotopy category
¢*: ICCMA — ICCMB
that restricts to an exact tensor functor

by : KCMI — KCMI,.

Via the equivalence XCM 4 ~ D, and the equivalences of their respective
subcategories, there are also exact tensor functors on the derived categories

¢«: Dy — Dp,
o DIV — DEV,

¢.: D) — DL

Remark 3.18

In [KM95, Proposition 4.2] it is shown that if ¢: A — B is a quasi-
isomorphism, then ¢.: Da — Dp is an equivalence of categories. Since
O« s compatible with the weight filtrations, ¢, restricts to an equivalence
b, DIV — DEW. Because an equivalence of triangulated tensor categories
induces an equivalence on the subcategory of rigid objects, ¢, also restricts
by Remark to an equivalence ¢ : ng — Df; as was pointed out by
Levine in [Levi(, Corrallary 1.8.2 and Corollary 1.8.3]. These facts allow
us in the following (see e.q. Theorem to weaken the condition of
A being a connected cdga to the condition of A being a cohomologically
connected cdga by replacing A with its minimal model. See [Levl(l, Section
1.11] for more details.

Recall that every cdga A admits an augmentation e: A — Q that is given
by the projection on A(0) = Q-1. This induces the base change functor

g =6€:CMy—=CMg, qM =M®,Q
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and the exact tensor functors

- KCM 4 — KCMyg,
: KCMY, — Kemi,
: Dy — Do,

: DV — DY,

: D)y — DY,

KRR R R

The inclusion Q — A splits the augmentation ¢, identifying Dg, D&“’ and

Dé with full subcategories of D4, D{" and Df;. Under this identification,
the functor ¢ is identified with the functor gr’¥ = [,,cz gr™V.

We end this section by giving two lemmas that are needed for the definition
of the t-structure.

Lemma 3.19 ([Lev10, Proposition 1.8.4])

Let ¢: A — B be a homomorphism of Adams graded cdgas.

Then ¢.: DYV — DEY is conservative, i.e. ¢,(M) = 0 implies M = 0,
or equivalently, if ¢.(f) is an isomorphism, then f is an isomorphism.

Proof. We use the equivalence KCM "W — D" and prove the claim for
cell modules using the weight filtration. See [Lev10, Proposition 1.8.4] for
further details. m

Lemma 3.20 ([Lev10, Proposition 1.9.2])
Let M be in DFY. Then M is in D£ if and only if

1. gtV M is in D(Q) € D(Q) for all n and
2. gtV M =0 for all but finitely many n.
Proof. 1t is clear that M € Df; satisfies the conditions 1 and 2. For the

proof of the converse, we use Lemma See |[Lev10, Proposition 1.9.2]
for details. [

3.2.4 t-structure

With the help of the functor ¢: DV — Daw we can construct a t-
structure on the triangulated category D}".
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We define the full subcategories D3°, D5° and H 4 of DL by

D3’ = {M e D" H"(¢M) = 0 for n > 0}
D3 :={M e D" H*(¢M) =0 for n < 0}
Ha = {M € DV: H"(¢gM) = 0 for n # 0}.

Theorem 3.21 ([Lev10, Theorem 1.12.6])
Let A be a cohomologically connected Adams graded cdga. Then (D3°,D3°)
defines a non-degenerate t-structure on D" with heart H,.

For the proof of Theorem we need the following lemma.

Lemma 3.22 (|Lev10, Lemma 1.12.3])
Let A be a connected Adams graded cdga.

1. Let M be in D3". Then there exists an A-cell module P € CMEW
with basis {e,} such that deg(e,) < 0 for all a and a quasi-
isomorphism P — M.

2. Let M be in D3°. Then there exists an A-cell module P € CMEW
with basis {e,} such that deg(e,) > 0 for all o and a quasi-
isomorphism P — M.

Proof.

1. Choose a quasi-isomorphism Q — M with Q € CM%W. Let {e,} be
a basis for (). Decompose the differential dg as dg = dg + da After
a QQ-linear change of basis, we may assume that the collection Sy of
eq with dege, und dje, = 0 forms a basis of

ker (dol @degeazo @ “Co 7 @degeazl Q ’ea) .

Let 7=°Q) be the A-submodule of @) with basis Sy U {e,|dege, < 0}.
Then one can check that 7°Q is in fact a subcomplex of Q.

We claim that 7<°Q — (@ is a quasi-isomorphism. Applying
Lemma to the augmentation A — Q the functor ¢: D"V —
D" is conservative, thus it suffices to show that ¢g7=°Q — ¢Q is a
quasi-isomorphism. Now, g() represents gM in Dg and by assump-
tion ¢M is in DF", hence ¢@ is in DF". By construction, ¢r="Q — ¢Q
is an isomorphism on H" for all n < 0. Since H"(¢7=°Q) = 0 for all
n > 0, it follows that ¢7=°Q — ¢Q is a quasi-isomorphism as claimed.
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2. This follows by [Lev10, Lemma 1.6.2].

Now we are able to give the proof of Theorem [3.21

Proof of Theorem[3.21 By replacing A with its minimal model, we may
assume that A is connected (see Remark [3.18]).

The inclusions D3°[1] € D3° and D3°[—1] € D3 are obvious.

Let M € D3 and N € D7°. We need to show Hompjw(M, N[-1]) =0.
By Lemma [3.22) we can assume that M and N[—1] are A-cell modules with
bases {e,} of M and {fz} of N[—1]|, where dege, < 0 and deg fz > 1 for
all o, B. Via the equivalence D" — KCM " we have

Homp +w (M,N[-1]) = Homyep pqw (M, N[—-1)).

But if ¢: M — N[—1] is a map in CM", then ¢ is given by a degree
zero map of complexes and

P(ea) = Z aap s
B

where a5 € A. Since A is connected, deg(assz) > 0 for all a and . Thus,
we have

0 > deg(eq) = deg(aqs) + deg(fz) > 1
which is not possible. Therefore, HomDXw(M . N[-1]) = 0.

For the third axiom of a t-structure we need to show the existence of a
distinguished triangle for every M € D",
We may assume M € KXCMEY. As in the proof of Lemma we consider
7<0M which is by construction in D3’. We choose M= = 7=0M and
M=% = Cone(r=M — M). This gives us the distinguished triangle in
DV
M= — M — M~° — M=[1].

Applying q to the distinguished triangle gives us a distinguished triangle
in D@W:

qM=" — qM — qM~° — qM="[1].
Since H"(¢M=°) = H"(¢M) for all n < 0 and H°(¢M=[1]) = H'(¢M=°) =
0, H"(¢qM>°%) = 0 for all n < 0. So ¢M~>" is in Dél and hence M>? is in
D7, as desired.
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The t-structure is non-degenerate:

Let M € Nu<oD3", i.e. H"(gM) = 0 for all n, hence ¢M = 0 in Dy
and since ¢ is conservative by Lemma [3.19, M = 0 in D}". Similarly,
M € N,>oD7" implies M = 0. O

This t-structure on D" restricts to a t-structure on the full triangu-
lated subcategory Dfl. Let Dﬁ,go = DQ N D3, DQZO = Dfl N D" and
H), = HaN DY = D" n DL

Corollary 3.23 (|[Lev10l, Corollary 1.12.8])
Let A be a cohomologically connected Adams graded cdga. Then (Df{go, Df{zo)
defines a non-degenerate t-structure on Dfl with heart ’Hf;.

Proof. Since Dfl is a full triangulated subcategory of D", closed under
isomorphisms in D", all the properties of a non-degenerate t-structure
are inherited from the non-degenerate t-structure on D", except for the
existence of a distinguished triangle in D/,

Let M € Df‘. Then there exists a distinguished triangle in D"
M= — M — M~ — M=[1]
with M=<0 € D3 and M>° € DF".
Applying the exact functor gr)V gives the distinguished triangle
grV M0 = gtV M — gtV MO — gV M=Y[1]
in D(Q) such that gr’¥ M=0 € D(Q)=° and gr'¥ M>° € D(Q)=!, ie.
H"(grV M=% =0 for n > 0 and H"(grV M>%) = 0 for n < 0.

Since M is in DY, it follows by Lemmam that gr'V M is in D°(Q) for all
n and grY¥ M = 0 for all but finitely many n. The long exact cohomology
sequence for a distinguished triangle in D(Q) shows that gr¥V M=% and
grV M>0 are in D®(Q) as well for all n and that they are isomorphic to

zero for all but finitely many n. Applying Lemma [3.20] again shows that
M=% and M>° are in D/, O

Remark 3.24

When identifying the functor q with @, grY, we see that the t-structure
(DQ’SO,DQ’ZO) on Dfl is defined in the same way as the t-structure
(DMT(S)=, DMT(S)=°) on DMT(S).

Indeed, the subcategory DQSO is the category of those objects M € Dfl such
that H™(grW M) = 0 for all m > 0 and all n. Similarly, D=° is the
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category of objects M € Dfl such that H™(gr™ M) = 0 for all m < 0 and
all n, while HY, consists of the objects M € DY such that H™(gr¥V M) = 0
for all m # 0 and all n.

The subcategory Wanl of Di; is the strictly full triangulated subcategory
generated by the objects Q4(—q), where ¢ < n and dually W>"KCMY, is
the strictly full triangulated subcategory generated by the objects Q4(—q),
where ¢ > n. Thus, gr’¥ D£ is the full triangulated subcategory generated

by the object Q4(—n).

If we define DI=" as the full subcategory of Dfl generated by the objects
Qu(—n)[m], where m < 0, then D=" is given as the strictly full subcat-
egory generated by objects M € DY such that gr'’V M € DI=0. Dually,
if we define D120 as the strictly full subcategory of Df; generated by the
objects Q 4(—n)[m], where m > 0, then D5=° is given as the strictly full
subcategory generated by objects M € Dfl such that gr¥¥ M € D/=0.

The heart of a t-structure is always an abelian category, but as in the case
of Tate motives the category "HQ has even nicer properties.

Theorem 3.25 ([Lev10, Proposition 1.12.11 and Lemma 1.12.9])

Let A be a cohomologically connected Adams graded cdga. 7-[1]; s neutral
Tannakian category over Q with fibre functor w given by the composition
of q: 7—[£ — ”Hé with the forgetful functor to Q-vector spaces.

Furthermore, Hf; is the smallest abelian subcategory of ’Hf; containing the
Tate objects Q4(n), n € Z and closed under extensions in H,.

Before we prove this theorem, we give a lemma that is used in the proof.

Lemma 3.26
Let A be a cohomologically connected cdga. Then:

0 ifa#b

Homyﬁ(@A(a)»QA(b)) ~ H(A(b —a) = {Q-id if a =0b.

Proof. Since A is cohomologically connected, H’(A) = Q. On the other
hand, using the decomposition A = A(0) & A" we have

Q ~ H°(A) = H°(A(0) @ AT) ~ H°(A(0)) @ H°(A™T),

showing that H’(A*) = 0 and in particular H’(A(r)) = 0 for r > 0. This
proves the case a < b.
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The cases a = b and a > b follow from the facts that H’(A(0)) = A(0) =
Q-1 and A(r) =0 for r < 0. O

Corollary 3.27 (|Lev10, Lemma 1.12.10])
Let A be a connected Adams graded cdga. Let M, N &€ ’Hf; and n < m.
Then we have

HomHQ(W>mM, W.N)=0.

Proof. Let M = Q4(—a) and N = Q4(—b) with a > b, then
Hom,,; (M, N) = H(Qu(a—0)) =0

by the previous lemma. The general result follows by induction on the
weight filtration. O]

Proof of Theorem |3.25. To check that ’H£ is a Tannakian category we have
to show that HQ is a rigid abelian Q-linear tensor category and that the
fibre functor is an exact and faithful tensor functor.

’Hﬁ is an abelian category since it is the heart of a t-structure. The restric-
tion of the tensor product on the rigid tensor category Df; to ”H£ makes
Df; a rigid tensor category. Clearly, 7-[1]; is Q-linear.

The fibre functor ”Hf‘ —  Q-Vecg is given by the composition of
q: %f, — ’Hé with the forgetful functor since 'Hé is equivalent to the
category of finite dimensional graded Q-vector spaces. This functor is an
exact tensor functor since ¢ and the forgetful functor are. The forgetful
functor is also faithful, so it remains to check that ¢ is faithful as well.
Let f: M — N be a map in ’H£ such that grVV f = 0 for all n. By in-
duction on the length of the weight structure, it follows that W= f = 0,
where m is the minimal integer such that W,,M & W,,N # 0. Since
M — N — W>™N is therefore zero, f is given by a map W>™M — gr'’¥V N
which is zero by Corollary [3.27]

Finally, let H% be a full abelian subcategory of 7—[1}; containing the objects
Qu(n), n € Z, and being closed under extensions in ’Hf:,.

Let M € HY. Then gtV M ~ Q(—n)™ for some r, > 0, hence
grW M € HL. If N is the minimal n such that W, # 0. Then we have
the exact sequence gr™¥ M — M — W>NM in ’Hf‘. By induction on the
weight filtration, also W>" is in H%. M7 is closed under extensions and
therefore M € HY completing the proof. O
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3.3 Cell modules over N(S)

We now have associated to any smooth scheme S € Sm; an Adams-graded
cdga N (S). Our goal in section [3.4]is to prove that the homotopy category
of finite N(S)-cell modules is equivalent to the triangulated category of
Tate motives DMT(.S). Recall that the homotopy category of cell-modules
is generated by the modules Qur5)(n), n € Z, by Lemma m Therefore,
we are interested in the groups of morphisms between these generators.
As we have seen in Example [3.10] these are determined by the homology
groups of N(S):

Homzey . (@uis)(0), Qus) (@) = HN(5)(a)).

Applying Lemma [3.3] and Lemma [3.5] we obtain an isomorphism

HP(N(S)(q)) = HP(C™(Zs (P /00)"))(S)) = HP(C7 (24 (9)[24])(S))-

By [Voe00, Theorem 4.2.2 and Proposition 4.2.3], we have an isomorphism
to the motivic cohomology

HP(C2(2 (9)[24))(5)) ~ H"(S, Q(q))
proving the following proposition.

Proposition 3.28
Let S € Smy. There is an isomorphism

H(S, Q(q)) = H'(V(5)(q) = Homyee ur  (Quis)(0); Qus) (9)[P)).

Corollary 3.29
Let S € Smy. S satisfies the Beilinson-Soulé vanishing conjectures if and
only if N'(S) is cohomologically connected.

Therefore, if S satisfies the Beilinon-Soulé conjectures, we can apply the
results of section [3.2] to N(S), especially we can utilize Theorem and
Theorem [3.25]

Theorem 3.30
Suppose S satisfies the Beilinson-Soulé vanishing conjectures. Then:
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1. (Dj:’[(ég),Dj{}%g)) is a non-degenerate t-structure on D}\C/(S) with heart
’H/Jif(s) containing the Tate objects Qus)(q), q € Z.

2. 7-[/{/(5) is equal to the smallest abelian subcategory of ’HJ{[(S) which
contains the Tate objects QN(S)(q), q € 7, and is closed under exten-

stons in H/]i/(s) )

3. The tensor product in Dy sy makes 'Hf\/(s) a rigid Q-linear abelian
tensor category.

4. The functor w: va(s) — Q-Vec is a fibre functor making va(s) a
Tannakian category.

3.4 Spitzweck’s representation theorem

We constructed the triangulated category of Tate motives DMT(S) in
chapteras well as the derived category Dj\cf(s) in this chapter. By com-
paring Theorem [2.29| and Theorem [3.30] we see that the structure of both
categories is very similar. In fact, they are equivalent as we show in this
section. Furthermore, the weight filtrations and therefore the t-structures
on both categories are obtained in the same fashion out of the "base ob-
jects" Qg(q) respectively Qus)(q); ¢ € Z, such that the equivalence of
triangulated tensor categories restricts to an equivalence of the Tannakian
subcategories MT(S) and ’va(s) in case S satisfies the Beilinson-Soulé
vanishing conjectures.

This result is known as Spitzweck’s representation. We formulate it as
stated in [Lev05, Theorem 5.23], where it is proven for the case of S the
spectrum of a field, but extend it to the case of smooth base schemes
S € Smy, by [Lev10, Theorem 5.3.2].

Theorem 3.31 (Spitzweck’s representation theorem)
Let S be a separated, smooth scheme of finite type over a field k. Then
there is a natural exact tensor functor

Os: Dis) = DMgm(S)g
that induces an equivalence of triangulated tensor categories

Og: Di(s) — DMT(S).
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The functor ®g is compatible with the weight filtrations in Dj{/(S) and
DMT(S).

If S satisfies the Beilinson-Soulé vanishing conjectures, then the functor
®g induces an equivalence of Tannakian categories

Os: His) — MT(S)

transforming the fibre functor w on ’Hf\/(s) into the fibre functor gr'V
MT(S).

For the proof of the theorem we use the following lemma.

Lemma 3.32

Let ICCMj{[(S)’EO be the full triangulated subcategory of /CCM/{/(S) that is

generated by the objects Qnrg)(q), where ¢ > 0. Then KCMf\/(S) s equiv-

alent the category one obtains by inverting the functor — ® QN(S)(l) on
!

Proof. We denote by C the category obtained by inverting the functor
— ® Qu(s)(1) on ICC./\/l/{/(S)zO. The objects of C are given as X (n), where

X e ICCMf\/(S),zo and n € Z and

Homc( (n),Y(m))

%nHomICCMN(S)f< ® Qus)(n + N), Y @ Qusy(m + N)).

We have the canonical isomorphisms Qurg)(q)(1) =~ Qu(s)(q + n)(0) for
qg>0and n > —q.

Sending X (n) to X ® Qr(s)(n) defines a tensor functor F': C — /CCM/fv(S)
This functor is clearly fully faithful since — ® Qurg)(1) is a fully faithful

endo-functor on ICC./\/ljf\/( s)

Lastly, we need to check that F' is essentially surjective. We do this by
induction on the weight filtration. For the generators Qu(s)(q), ¢ € Z, of
the triangulated category ICC/\/lfv(S) we have F(Qus)(0)(q)) = Qus)(q)-
Now, let A’, B’ in ICCMf\/(S) such that A’ ~ F(A) and B’ ~ F(B) for some
objects A, Bin C. Let f: A’ — B’. We need to construct an objects C' € C
such that F(C) ~ Cone(f). Since A" and B’ are finite cell modules, there
exists an N > 0 such that A’ ® Qur5)(N), B’ ® Qus)(N) and Cone(f) ®
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Qu(s)(IN) are in ICC/\/lf\,(S)’ZO. Now define A := (A’ ® Qus)(N))(—N)
and B = (B’ ® Qug)(N))(=N). The morphism f: A" — B’ induces a

morphism f(N): A" ® Qurs)(N) = B' @ Qurg)(N) in ]CCMJf\/(S),zo and
hence an object C' := Cone(f(N))(—N) € C. Then:

F(C) = Cone(f(N)) @ Qus)(—N) =~ Cone(f).

Proof of Theorem [3.51, We actually define a tensor functor

®5: KCMY ) = DMgn(S)o,

where /CCM/{’/(S) is the homotopy category of N (S)-cell modules with a
choice of a basis. This is equivalent to /CCva( ) Which in turn is equivalent
to D/Jif( g) by Corollary 3.17}

Such a functor ®g is in fact determined by giving a tensor functor
ICCMf\’/(S)zo — DM (S)q which extends canonically to a tensor func-

tor ICCMJf\’/(S) — DM (S)g by Lemma (3.32]

Let M = @®,N(S)m; be a N(S)-cell module in ICC./\/lf\’/(S)ZO with basis
{m;} and differential d given by

dmj = Z Qi
%

Let ®5(M,d) be the complex of sheaves >>; N'(r;)[n;]u;, where p; is a
formal basis, —r; is the Adams-degree of m; and —n; is the cohomological
degree of m;. Note that r; > 0 since M is in ICCMJ{}/(S)?O, hence N (r;) is
well-defined. The differential 6 on ®5(M, d) is defined by

Opj = Z i i

and the Leibniz rule. By d? = 0 it follows §% = 0, giving a well-defined
object in DM (S)q.

If f: M — N is a morphism of N(S)-cell modules, we choose bases {m;}
and {n;} of M respectively N with corresponding bases {y;} and {v;} of
Pg(M) respectively ®g(N). If f(m;) = X; fijn;, we define ®g(f)(y;) :=
i fijvi-
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Since ®5(Qus)(q)), ¢ > 0, is the object Ns(q) which isomorphic to Qg(q)
in DM*f(S)g by Lemma , the image of the functor ®g is in fact in
DM (S)q.

One easily checks that ®g respects tensor products, the translation functor
and cone sequences, so it yields a well-defined exact tensor functor

Og: KM g) — DMgu(S)q.

Furthermore, we have

HOTHKCML( 5 (Qu(5)(0), Qurs)(n)[m]) ~ Hompunr(sy(Qs(0), Qs (n)[m])

by Proposition and Lemma and ®g induces the identity maps
between these Hom-groups.

Since the objects Qars)(q), ¢ € Z, generate /CCMf\/(S) as a triangulated
category by Lemma , g is fully faithful. And since DMT(S) is gen-
erated by the objects Qg(q), ¢ € Z, as a triangulated subcategory of
DM, (S)g, the essential image of the functor ®g is DMT(S) and there-
fore, ®¢ induces an equivalence DK/(S) — DMT(S) of triangulated tensor
categories.

By definition the functor ®g respects the weight filtrations in Dj\cf(s) and
DMT(S).

Now assume S satisfies the Beilinson-Soulé vanishing conjectures. Since
the functor ®g is compatible with the weight filtration, it also respects the
t-structures on DL(S) respectively DMT(S). Furthermore, identifying the

fibre functor w on ’H/{[( sy with @y, grV (see Remark [3.24)) shows that w is

indeed transformed into gr!¥ by ®g.

This completes the proof. O]
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Artin-Tate motives and
cell modules

In the previous chapter we constructed an equivalence between the trian-
gulated category of Tate motives DMT(k) over a number field k£ and the
derived category of Adams-graded dg modules Dji[(k) of finite rank over
the cycle algebra N (k) over k. The category DMT (k) is a full triangulated
subcategory of the triangulated category of Artin-Tate motives DMAT (k)
over k which consists of the push-forwards of Tate motives under finite
maps to Spec k. So it is natural to ask whether a triangulated category of
cell modules can be constructed that contains Djz/(k) as a full triangulated
subcategory and is equivalent to DMAT(k). This question was the main
motivation for this thesis and is answered in this chapter.

In the first section of this chapter we recall the definition of the triangulated
category of Artin-Tate motives DMAT(k) over k and summarise some of
its essential properties, first and foremost the existence of a non-degenerate
t-structure that yields a Tannakian category as its heart that we denote
by MAT (k). This was shown by Wildeshaus in [Wil08]. Furthermore, we
define the triangulated category of Artin-Tate motives over k trivialisable
over L, DMAT(L|k), that is used in the second section. The first section
concludes with the computation of the Tannaka group of MAT(k) in The-
orem as the semi-direct product of the absolute Galois group Gal(k|k)

with the Tannaka group of MT(k).

Subject of the second section is the construction of a triangulated category
of cell modules D(k) that is equivalent to DMAT (k) and contains the cat-
egory D/]:[(k) as a full triangulated subcategory. Furthermore, D(k) should
carry a non-degenerate t-structure whose heart A(k) is a Tannakian cate-
gory. This is done by constructing a triangulated category D(L|k), where
L is a finite Galois extension of k, that is equivalent to DMAT(L|k) and
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carries the desired properties. Furthermore, there are canonical embedding
D(K|k) — D(L|k) if K is an intermediate Galois extension k C K C L,
that preserves the structures. Then, D(k) is the union of the categories
D(L|k) over all finite Galois extensions L of k.

The chapter concludes with the main result of this thesis (Theorem [4.41]).
It states the desired equivalence of the triangulated tensor categories
D(k) — DMAT (k) that, restricted to the full subcategory Dfi/(k), yields

the equivalence Djf\, g DMT (k) given in Spitzweck’s representation the-
orem (Theorem . Moreover, the equivalence is compatible with the
t-structures on D(k) and DMAT (k) respectively and hence gives an equiv-
alence of the Tannakian categories A(k) and MAT (k).

Throughout this chapter let k£ be a number field.

4.1 Artin-Tate motives over number fields

In this section we construct the Tannakian category of mixed Artin-Tate
motives over a number field k. There are several approaches to do this.
We start by giving the construction of Scholbach in [Sch1l] who defines
the triangulated category of Artin-Tate motives DMAT(k) over k as the
full triangulated subcategory of DM(S)q generated by the push-forwards
of the Tate motives under finite morphisms to Spec k. For number fields,
this is equivalent to the definition by Wildeshaus in [Wil08] who defines
DMAT (k) as the triangulated category generated by the Tate motives over
k and the motives of zero-dimensional schemes over k.

Similar to the case of Tate motives, a t-structure can be defined on DMAT (k)
which again yields a Tannakian category MAT(k) as its heart. This was
done by Wildeshaus in [Wil08] and we give his result in Theorem [4.13] but
using the notations of [Schli].

Furthermore, we state some properties of the category DMAT (k) that give
us an indication of how to define an equivalent category of cell modules
(and allow us to prove this equivalence). These results are also used to
compute the Tannaka group G(MAT(k)) as the semi-direct product of
the absolute Galois group Gal(k|k) with the Tannaka group of MT(k) in

Corollary
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4.1.1 Definition

Let X, Y € Smy and ¢: X — Y a k-morphism. Recall that there exist
adjoint functors ¢*: DMy (Y)g S DMgm(X)g: ¢« and ¢*: DM(Y)q S
DM(X)g: ¢«. The functor ¢* respects the category of Tate motives, in
particular ¢* Qy (0) = Qx(0), whereas the functor ¢, does not.

So it makes sense to consider the full triangulated subcategory of DM(Y)g
generated by the objects ¢. Qx(0) or ¢, Qx(q), ¢ € Z, respectively.

Definition 4.1 ([Schill Definition 2.1])

The triangulated category DMA(k) of Artin motives over k is the full
triangulated subcategory of DMy (k)q generated by direct summands of
¢+ Qx(0), where ¢p: X — Speck is a finite morphism.

If S is a scheme of the form S = |, Speck;, a finite disjoint union of
spectra of fields, we put DMA(S) := @&; DMA(k;).

Note that by Proposition [2.20f DMA(k) is equivalent to the full triangu-
lated subcategory of DM(k)g generated by direct summands of ¢, Qx(0),
where ¢: X — Speck is a finite morphism.

Remark 4.2

Let ¢: X — Speck be a finite morphism. In particular, ¢ is affine, hence
X =~ Spec R for some ring R. Since ¢ is surjective, we have dim R =
dim X = dimk = 0, so R is a finite product of finite field extensions k;
of k: X ~ Spec R ~ Spec([Tk;) ~ [ISpeck; and ¢, Qx(0) ~ @i Qy,(0).
Therefore, one can also define DMA(k) to be the full triangulated subcat-
egory of DM(k)q that is generated by direct summands of ¢. Q(0), where
L is a finite field extension of k.

Lemma 4.3
FEvery finite morphism ¢: X — Speck, k a number field, is étale, hence

smooth. Conversely, every smooth zero-dimensional scheme X Ly Speck
in Smy, s finite over k.

Proof. If ¢: X — Speck is finite, we have seen in the previous remark
that X is isomorphic to Spec R, where R is a finite product of finite field
extensions. Since k is a number field, every such field extension is finite and
separable. Therefore, R is an étale k-algebra and ¢ is an étale morphism.
Conversely, let X be a smooth zero-dimensional scheme over k. Then
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¢: X — Speck is étale, hence, X ~ Spec R, where R is a finite product
of finite separable field extensions of k. Therefore, ¢p: X — Speck is
finite. O

Hence, the following definition by Wildeshaus in [Wil08] is equivalent to
Definition given above. Recall that for ¢: X — Speck finite (and

hence étale) . Qx(0) ~ ¢z Qx(0) ~ my(X)g.

Definition 4.4 ([Wil08| Definition 1.2])

The triangulated category of Artin motives DMA(k) is the full triangulated
subcategory of DMy (k)q generated by the motives my,(X)q of smooth zero-
dimensional schemes X over Speck.

Remark 4.5 ([Wil08, Remark 1.4])

The triangulated category of Artin motives DMA(k) is equivalent to the
bounded derived category D' (MA(k)) of the Tannakian category MA(k) of
representations of the absolute Galois group Gal(k|k) of k in finitely gener-
ated Q-vector spaces, i.e. G(MA(L(k))) = Gal(k|k). More precisely, if X
is a smooth zero-dimensional scheme over k, Gal(k/k) acts canonically on
the set of k-valued points of X. Then the object in MA(k) corresponding
to my(X)g is just the formal Q-linear envelope of this set with the in-
duced Galois action. In particular, MA(k) is semi-simple and every object
m(X)q admits a dual.

This follows by [VoeOl, Remark 2 on page 33].

Now, we obtain the category of Artin-Tate motives if we consider the full
triangulated subcategory of DMy, (k) generated by the push-forwards of
all Tate motives (not just of the trivial motive Q(0)) under finite maps
X — Speck.

Definition 4.6 ([Schlll, Definition 2.1})

The triangulated category of mized Artin-Tate motives DMAT (k) over k
is the full thick triangulated subcategory of DMy (k)g generated by the
objects ¢. Qx(q), where ¢p: X — Speck is a finite morphism of schemes
and q € Z, i.e. DMAT(k) is the smallest full triangulated subcategory of
DM, (k)g that contains the objects ¢. Qx(q) and is closed under direct
summands.

In [Wil08, Definition 1.3], DMAT(k) is defined as the full triangulated ten-
sor subcategory of DMy, (k)g generated by DMT (k) and DMA(k). Since
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o+ Qx(q) = 0. Qx(0)®Qy(q) for any finite map X — Spec k this definition
agrees with Definition As a consequence the category DMAT (k) is a
rigid tensor category since the generators Q. (q), ¢ € Z, and ¢, Qx(0) are
rigid.

The same arguments as in Remark [£.2show that DMAT (k) is the full thick
triangulated subcategory of DM, (k)g generated by direct summands of
¢+ Qr(q), where L is a finite field extension of k, ¢: Spec L — Spec k and
q € Z.

Remark 4.7

Like the category of Tate motives, one can define the category DMAT(S) of
Artin-Tate motives over an arbitrary smooth separated scheme S of finite
type over k. However, in general it is not possible to define a t-structure
on DMAT(S), even if S satisfies the Beilinson-Soulé vanishing conjectures.
For the case S = Spec O, the spectrum of the ring of integers of a number
field k, the construction of a t-structure was given by Scholbach in [Schil).

4.1.2 Hom-groups

In this subsection we compute the Q-vector spaces of morphisms between
the generators of DMAT(k). This serves two purposes. First we need
the vanishing of certain morphism groups to ensure the existence of a
t-structure on DMAT (k) (cf. Corollary and the Beilinson-Soulé van-
ishing conjectures in the case of Tate motives) and secondly we use these
results to show an equivalence of categories between DMAT (k) and the
triangulated category of cell modules with Galois-action that we define in
section .2

Let L and K be two finite field extensions of k. We denote the struc-
ture morphisms over Speck by ¢: Spec L — Speck and 1: Spec K —
Spec k respectively. We define S as the fibre product Spec L x; Spec K ~
Spec(L ®y, K):

Spec(L ®; K) v Spec L

l# I

Spec K v, Speck.

We are interested in Hompy, (¢« QL(0), 1. Qi (q)[p]), for all g,
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p € Z. These Q-vector spaces are given by
(1)
HomDM(k)@ (¢* QL(O)7 ¢* QK(Q) [p]) >~ HOmDM L)

(2)
~ HOHlDM

(

(

2 Hompp(s), (
@

(4)
~ HOHlDM (S)o

QL(0), 9", Qi () [P))

QL(0),v.¢" Qx(9)[p])

" QL(0), 6™ Qi (a)[p])
5(0), Qs(q)[p])

L)g

using the following facts from Lemma [2.16}
(1) ¢* is right adjoint to ¢, since ¢ is finite and étale;
(2) 6. ~ Y@’ (base change),
(3) 4. is right adjoint to ¥™;
(4) ¥ Q,(0) = Qg(0) and ¢ Qi (0) = Qg(0).
Now, S = Spec(L @ K) ~ Spec(IIj_; ki) =~ LI;_; Spec(k;) for some finite

field extensions k; over k and some r € Z, so
Hompy(s), (Qs(0), Qs(q) @HomDM(k o(Q1,(0), Qg (q)[p])

~ @ K2q7p<ki)(5 .
i=1

These computations allow us to prove the following lemma.

Lemma 4.8 (Variant of [Sch1ll Lemma 3.2])
Let ¢: X — Speck and i: Y — Speck be two finite maps. Then:

0 ifq<0
Hompui (k) (¢:Qx (0), ¥.Qy (9)[p]) = finite-dimensional if g=p =20
0 ifq#0,p<0.

Proof. X and Y are given as the disjoint union of spectra of number fields
over k by Remark In particular, Qy(0) ~ @®; Q4 (0) for some number
fields k; and hence ¢, Qx(0) ~ ®;¢; Q4. (0), and similarly 1. Qy(¢)[p] ~
SIS Qlj (9)[pl-
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Since the functors Hom(M, —) and Hom(—, M) are additive, the Q-vector
spaces Hompu,,, (k)o (9+Qx (0), ¥.Qy (n)[m]) are given as direct sums of the
vector spaces Hompui,,, k), (9 Q, (0), 152 Qy, (¢)[p]). On the other hand, by
the computations preceding the lemma, these are given by direct sums of
K-groups of number fields.

By the (known) K-theory for number fields (see Example [2.24]), the state-
ment follows. O

Example 4.9

Let L be a finite Galois extension of k of degree n with Galois group
G = Gal(L|k) and let ¢: SpecL — Speck. Then L ®; L ~ L™ and
Spec(L ®y, L) ~ @, Spec L. Therefore, for q, p € Z:

Hompyi (kg (¢4 Qr(0), ¢ Q1(q) [p]) = Hompw(1)o (Qr(0), Qr(q)[p])"
in particular for p=q = 0:
Hompaiqe)q (6 Q1 (0), 6. Q,,(0)) =~ Q"
Furthermore, since L ®y, k ~ L we have:
Hompyg (g (@1 (0), ¢+ Qr(q)[p]) ~ Hompu(z)o (Q1(0), Qr(q)[p])
and
Hompyg (g (¢« Qr(0), Qi(q)[p]) ~ Hompu(z)o (Q(0), Qr(a)[p]).
In particular for q =p = 0:
Hompai (g (Q1(0), ¢« QL (0)) = Hompaiery, (¢ Q1 (0), Q1 (0)) ~ Q.
Let K be an intermediate Galois field extension k C K C L of degree m

over k with Galois group H = Gal(K|k) and 1: Spec K — Speck. Then
L ®, K ~ L™ and hence:

Hompi), (¢ QL(0), ¥, Qg (q)[p]) ~ Hompu(z), (QL(0),Qr(g)[p)™

and

HOHlDM(k;)@ (1/}* @K(O)v o8 @L(Q) [p]) = HOTHDM(L)Q (QL(O)7 QL(Q) [po

We discuss these vector spaces in more detail in subsection [{.1.4)
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Let L be a finite field extension of k and ¢: Spec L — Speck.

Using the adjointness of the functors ¢. and ¢* we see that the Q-vector
spaces Hompyp(r), (¢« Q1 (0), Q4(0)) and Hompuk), (Q4(0), ¢. Q(0)) are
isomorphic to the Q-vector space Hompyyz),(Q(0),Q.(0)) ~ Q. The
first one is the Q-vector space generated by the map p: ¢, Qp(0) — Q,(0)
in DMy, (k) that is induced by the morphism ¢: Spec L — Spec k, whereas
the latter Q-vector space is generated by a map s that is not induced by
a morphism of schemes. The composition p o s is a non-zero element in
Hompa(x), (Qx(0), Q4(0)) = Q-idg, (o), hence a Q-multiple of idg, (o) show-
ing that Q(0) is in fact a direct summand of ¢, Qp(0) in DMy, (k)q-

More generally, we have the following lemma:

Lemma 4.10
Let k be a number field. Let k C K C L be a tower of finite field extensions

of k. We denote the corresponding morphisms of schemes by v : Spec K —
Speck and ¢: Spec L — Spec K.

Then ¥, Qg (n) is a direct summand of (v o ). Qp(n) in DMAT (k). In
particular, Qg (n) is direct summand of ¥, Qg (n).

Proof. Since

HOHIDM(K)Q(Cb* Q. (n),Qk(n)) = Hompw(z), (QL(n),Qr(n)) =Q

and similarly

Hompui(x)o (Qk (n), ¢: Qr(n)) = Q

as well as
Hompai(r)o (Qk (1), Qi (1)) =~ Q,

there exist morphisms p: ¢, Qr(n) — Qg(n) and s: Qg(n) = ¢. Qr(n)
in DM(K)g such that p o s = idg, (). (Choose p # 0 and s # 0. Then
pos#0,s0pos=A\-idg, () for some X\. Now scale accordingly.) Since
DMAT (k) is pseudo-abelian by [Wil08, Corollary 2.6], this is equivalent to
Qg (n) being a direct summand of ¢, Q(n) corresponding to the image of
the idempotent endomorphism s o p on ¢, Qy(n).

Because ¢, is an adjoint functor, it is additive and hence preserves direct

summands. Therefore, 1, Qg (n) is a direct summand of (¢ 0 ¢). Qp(n) in
DMAT(k). O
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4.1.3 t-structure

Now we are able to imitate the definition of the t-structure of the previous
chapter to obtain the Tannakian category of mixed Artin-Tate motives
over a number field k, as done in [Wil08§] and [Sch11].

For any ¢ € Z we define the category W<, DMAT (k) as the full thick tri-
angulated subcategory of DMAT (k) generated by the objects ¢.Qx(—m),
where m < ¢q and ¢: X — Speck a finite morphism. Dually, we define
W-,DMAT (k) to be the full thick triangulated subcategory generated by
the objects ¢.Qx(—q), where m > ¢ and ¢: X — Speck a finite mor-
phism. (W<, DMAT(k), W-,DMT(k)) defines a t-structure on DMT(k)
for every q € Z since

Hompnarr) (¢:Qx ()], ¥.Qy (b)[4]) =~ 0

for b < a and two finite maps ¢: Spec X — Speck, ¥: Y — Speck by
Lemma [4.8

We denote the corresponding truncation functors by
W<,: DMAT (k) — W<, DMAT (k)

and
W-,: DMAT (k) — W-,DMAT(k).

For a < b we denote by W, DMAT(k) the full thick triangulated sub-
category generated by the objects ¢.Qx(—m), where a < m < b and
¢: X — Speck a finite morphism. We write gr’ for the functor Wia,q) and
gryV DMAT (k) for the category Wi, DMAT (k).

Let DMAT (k)= be the smallest full additive subcategory of DMAT(k)
containing the objects ¢,.Qx(—q)[m], where m < 0 and ¢: X — Speck
a finite morphism, and that is closed under direct summands and cones.
Dually, let DMAT (k)7 be the smallest full subcategory of DMAT (k) con-
taining the objects ¢, Qx(—q)[m|, where m > 0, and that is closed under
direct summands and fibres (i.e. if f is a morphism in DMAT(k)Z°, then
Cone(f)[—1] is in DMAT(k)Z°).

Definition 4.11

We define DMAT (k)=° as the full subcategory of DMAT(k) containing the
objects M € DMAT(k) with gr)’ M € DMAT(k):" and dually the full
subcategory DMAT(k)=°. Let MAT(k) := DMAT(k)<° N DMAT(k)=°.
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Remark 4.12

Obviously gry’ DMAT(k) is equal to the category DMA(k) which is gen-
erated by direct summands of the objects $.Qx(0), where ¢p: X — Speck
is a finite morphism. Similarly tensoring with Qx(q) gives an equivalence
between gry DMAT(k) and DMA(k) ~ D*(MA(k)) ~ Grz(MA(k)). This
restricts to an equivalence of grgv MAT (k) and MA(k). Hereby denotes
Grz(MA(k)) the Z-graded category ®;cz MA(k).

As in the case of Tate-motives (see Theorem [2.29)), the full subcategories
DMAT(k)=? and DMAT(k)=° define a non-degenerate t-structure on
DMAT(k) as proven by Wildeshaus:

Theorem 4.13 ([Wil08, Theorem 3.1])
Let k be a number field. Then:

1. (DMAT(k)<°, DMAT(k)=°) is a non-degenerate t-structure on
DMAT (k) with heart MAT (k) containing the objects ¢.Qx(q), where
q € Z and ¢: X — Speck is a finite morphism.

2. MAT(k) is equal to the smallest abelian subcategory of MAT (k) which
contains the objects ¢.Qx(q), where ¢ € Z, and ¢: X — Speck
finite, and is closed under extensions in MAT(k).

3. The tensor operation in DMAT(k) makes MAT (k) a rigid Q-linear
abelian tensor category.

4. The functor gr'¥: MAT(k) — Q-Vec which is defined by the compo-
sition of ®qgr,” : MAT (k) — Grz(MA(k)) and the forgetful functor
to the category of (graded) Q-vector spaces is an exact fibre func-
tor, thus making MAT (k) a Tannakian category which we call the
category of mixzed Artin-Tate motives over k.

5. Each object M in MAT (k) has a canonical weight filtration by sub-
objects
oc...cWeeeMCcWMcC...CM.

This filtration is functorial and exact in M. It is uniquely char-
acterized by the properties of being finite (i.e. W,M = 0 for q
small and W,M = M for q large), and of admitting subquotients
griV M = W,M/W,_1M € gr} MAT(k), q € Z.

6. The natural maps

Eth/{AT(k) (M,N) — Hom%MAT(k) (M, N)
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are isomorphisms, for all p, and all M, N € MAT(k). Both sides
are zero for p > 2.

Proof. See [Wil08, Theorem 3.1 and Variant 3.2] for the proof. It uses
the facts stated in Lemma [4.8 and the same arguments as in the proof of
Theorem namely [Lev93, Theorem 1.4]. O

Remark 4.14

A similar construction can be done for a finite field k. Then k is again a
perfect field and every finite field extension is separable. Furthermore, the
K-theory for finite fields gives a similar result to Lemmal[{.8, so the corre-
sponding t-structure with heart MAT(k) can be constructed. This is used
in [Schil)] to define a t-structure on DMAT(Ok), where K is a number
field.

4.1.4 Fixing a Galois extension L

Throughout this subsection we fix a finite Galois extension L of k of degree

n with Galois group G = Gal(L|k).

The goal of this subsection is to study the full thick triangulated subcate-
gory DMAT(L|k) of DMy (k) that is generated by the objects ¥, Qg (q)[p],
where K is any intermediate field extension & C K C L (not necessarily
Galois) and ¢: Spec K — Spec k. This category is called the triangulated
category of Artin-Tate motives over k trivialisable over L by Wildeshaus

in [Wil0g].

We have seen in Lemma that 1. Qg (¢)[p] is a direct summand of
¢+ Q1 (q)[p], hence we can define DMAT(L|k) in the following way:

Definition 4.15

Let k be a number field. Let L be a finite Galois extension of k. We define
the category DMAT(L|k) to be the full thick triangulated tensor subcat-
egory of DMAT (k) generated by the objects ¢. Qy(q), where ¢ € Z and
¢: Spec L — Speck.

Similarly, —we define MAT(L|k) to be the full thick tensor
subcategory of MAT (k) generated by the objects ¢, Qy(q), where g € Z and
¢: Spec L — Speck.

This was inspired by Deligne’s and Goncharov’s definition of Artin-Tate
motives in [DGO5]. The major advantage of this approach is that it suf-
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fices to understand the morphisms ¢, Q(0) — ¢.Q(¢)[p] since these
already determine the morphisms between their direct summands, e.g.
. Qg (q)[p] for any intermediate field extension K. Limiting ourselves
to Galois extensions L of k allows us to easily describe the morphisms

¢+ Qr(0) = ¢.Qr(q)]p] in terms of morphisms Q. (0) — Q(¢)[p] in
DMT(L) and the Galois group G as we have seen in Example [1.9]

Lemma 4.16

The category DMAT(L|k) is exactly the full thick triangulated subcate-
gory (without taking tensor products) of DMAT(K) generated by ¢. Qy(q),
where ¢: Spec L — Speck and q € 7.

Proof. We have to show that the tensor products of any two objects in
the full thick triangulated subcategory generated ¢, Qp(q) is still in this
subcategory. We denote this category by C.

For the generators we have:

0. Qr(q) ® . Qp(p) ~ &7 16. Qg+ p) €C.

Similarly, tensor products of direct summands or direct sums of the gen-
erators are in C. Let f: A — B be a map in C such that A® C'and B C
are in C for some C' € C. Then:

Cone(f: A— B)®C ~ Cone(f ®idc: A C —- B®C) eC.

It remains to show that the tensor product of two mapping cones
Cone(f: A — B)® Cone(g: C' — D) is in C if the tensor products A ® C,
A® D, B®C and B® D are in C. Then:

Cone(f: A — B) ® Cone(g: C — D)

~ Cone(idcone(r) ®g: Cone(f) ® C' — Cone(f) ® D)
~ Cone(Cone(f ®id¢) — Cone(f ® idp)) € C

since all expressions are given as
(A O)2le (BeO)1l]l® (A® D)1l & (B® D)

and carry the same differential. This concludes the proof. O

Remark 4.17

If we denote by DMAT(k), the full triangulated tensor subcategory of
DM, (k) generated by the objects ¢, Qp(q) (without taking direct sum-
mands), DMAT(L|k) is the pseudo-abelian hull of DMAT (k). This fol-
lows from the fact that the category DMAT (k) and hence also DMAT(L|k)
is pseudo-abelian and the uniqueness of the pseudo-abelian hull.
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The t-structure (DMAT="(k), DMAT="(k)) on DMAT(k) restricts to a
t-structure on DMAT(L|k) with heart MAT(L|k).

Let DMAT(L|%)<® := DMAT(L|k) N DMAT(k)=0 and DMAT(L|k)2" :=
DMAT(L|k) N DMAT(k)=%. Tt is easy to see from the proof of Theo-
rem that (DMAT(L|k)=°, DMAT(L|k)=°) defines indeed a t-structure
on DMAT(L|k) and its heart MAT(L|k) is exactly MAT (k) "\DMAT(L|k).
Thus, MAT(L|k) is an abelian category and therefore a Tannakian sub-
category of MAT (k).

For a tower of finite Galois extensions L|K |k we have the evident embed-
ding DMAT (K |k) — DMAT(L|k) that respects the triangulated structure
as well as the t-structures.

In particular for K = k we have an embedding of DMT(k) into DMAT(L|k)
and DMAT(k) is the full subcategory of DMy, (k) generated by the sub-
categories DMAT(L|k), L a finite Galois extension of k.

As we have seen in Example[4.9|we have a natural isomorphism of Q-vector
spaces

Hompair), (0= Q(0), ¢+ Qr(g)[p]) == Hompa(r), (Qr(0), Qrg)[p])",

for all p, g € Z.

On the other hand, we have the evident map

Hompw(r),(QL(0), Qr(q)[p))[G] — Hompaik), (¢« QL(0), ¢- QL(q)[p])-

We claim this map is injective and therefore, for dimension reasons an
isomorphism.

First, we consider the case ¢ = p = 0. Let 0 € G. We also denote by o
the corresponding map o: ¢, Q. (0) — ¢. Q.(0). The functor ¢* induces
a map

Hompai(ry, (64 Qz(0), 6. Qz(0)) — Hompyy(r), (6" Q1 (0), ¢, Q(0))
~ HomDM(L)Q(@TeG QL(0)7 @TEG QL(O))

Under this map o is mapped to the permutation n X n-matrix that is
corresponding to o € End(Q|[G]) ~ End(Q"). Since ¢, and ¢* are adjoint
functors, we have a unit 7: idpmr), —+ ¢*¢« such that ng, o): Q(0) —
®rcc Qp(0) is given by (id, 0,...,0). Composition with 7g, (o) yields a map

Hompy(r)o (Prec Q(0), Drec Q1 (0)) — Hompy(r)o (QL(0), ©req QL(0))
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such that

Homppi(k), (¢« Q1 (0), ¢+ QL(0)) — Homppi(z), (¢ ¢« QL(0), ¢" ¢, Q1 (0))
~ Homppy(z), (Prea Qr(0), Brec Q1 (0))
— Hompa(r), (Q1(0), Breq QL(0))
~ Hompy(z,), (Q(0), QL(0))"

is exactly the adjunction isomorphism

Hompnir)y (¢4 QL (0), ¢+ Q1 (0)) 2 Hompu(r), (Q(0), QL(0))™.

It is easy to see that the induced map

Hompyi(z), (Q.(0), Q. (0))[G] = Hompyi(z), (QL(0), rea QL(0))

is injective and hence an isomorphism since o € G is mapped to the mor-
phism Q(0) = @®,eq Qp(0) with id at the o-component and 0 elsewhere,
i.e. the images o € G are linearly independent.

The general case for ¢, p € Z is shown in a similar way. Again, we consider
the map

HomDM(k)Q (Cb* QL(O)v o QL(Q) [p])
— HomDM(L)@ (@Tec @L(O)a Drec @L(Q) [P])
and note that a morphism f: Q. (0) — Q. (¢)[p] that is defined over K is
mapped to the diagonal matrix f - 1,. Again, it is easy to see that

Hompw(r),(QL(0), Q1 () [p))[G] — Hompyi(r), (QL(0), ®rec Qr(g)[p])

is injective. Thus we have proven:

Lemma 4.18
Let L be a finite Galois extension of a number field k with Galois group
G = Gal(L|k). Then there is a canonical isomorphism.:

HomDM(k)@(¢* QL(0), 0. Q(q)[p]) ~ HomDM(L)@ (QL(0), Q(q)[p)]G].

G acts canonically on Hompu(r),(QL(0), Q(¢)[p])[G] by multiplication
and hence on Homppy(r), (¢« QL(0), ¢« Q;(q)[p]) via composition with o €
G. More generally, G acts on Hompyy(r), (¢« Q1 (0), M) for M € DM(k)q in
the same way. Putting M = Q,(¢q)[p] we have the adjunction isomorphism

Hompyi(r)o (¢« QL (0), Qi(q)[p]) = Hompu(r),(QL(0), QL(q)[p])

and we are interested in the behaviour of the G-action under this isomor-
phism.
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Lemma 4.19
G acts via conjugation on Hompnr), (QL(0), Q.(q)[p]). Then the isomor-
phism

Hompur), (¢ Q1(0), Qi(q)[p]) ~ Homp(z)o (Qr(0), Qr(g)[p])

respects the G-action.
In particular,

HomDM(k)@(¢* Q.(0),Q4(q) [p])G = HomDM(L)Q(QL(O)> Qr(q) [p])G-

Proof. A morphism f: ¢, Q.(0) — Q(q)[p] is mapped to the composition

f: Qp(0) 25 Qp(0) @, Q(0) 225 Qu() 0] @1 Q1 (0) =~ Q. () 1]

under the isomorphism

Hompui(ky, (¢« Qr(0), Qi (q)[p]) ~ Hompyy(z), (Qr(0), Qr(q)[p])-

Now, we claim that G acts on morphisms ¢g: Q. (0) — Q. (q)[p] via conju-
gation, i.e. g7 := cogoo™!, where o: Q.(0) — Q.(0)and o7 ': Q,(q)[p]®+
Q.(0) = Qu(¢)[p] ®r QL (0) denotes the morphism (id ®c~1). Tt is easy to
see that

(foo)=f°
proving that ¢7 is again a morphism Q. (0) — Q(q)[p] in DM(L)g.
Clearly, g°°7 = (¢7)” and hence this defines indeed a G-action. By con-
struction, the G-action is compatible with the isomorphism

Hompyi(k), (¢« Qr(0), Qi (q)[p]) ~ Hompy(z), (Qr(0), Qr(q)[p])-

O

We have seen that for any intermediate field extension ¥ C¢ K C L
the motive 1, Qg (0), where ¢: Spec K — Speck, is a direct summand
of ¢.Q(0). Therefore, DMAT(K|k) is a subcategory of DMAT(L|k)
and since both are full triangulated tensor subcategories of DMy (k)qg,
DMAT(K|k) is also a full triangulated subcategory of DMAT(L|k).

Every direct summand of Q;(0) can be expressed as the image of an idem-
potent endomorphism on Q(0). The endomorphism

a € HOHlDMAT(L\k)(¢* Q.(0), 0. QL(0)) ~ Hompni(z), (QL(0),QL(0))"
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corresponding to Q4 (0) is given by < 3, 0. Since

Q ~ Hompui(r), (Qx(0), ¢« QL (0))
~ {foa: f € Hompum), (¢« QL(0), ¢ QL(0))}
~{foa: feQ[G]},
a can be only of the form >, .o A - o for some A € Q (otherwise the

latter vector space is not one-dimensional). And the condition that « is
idempotent implies that \ = %

Similarly, let K be any intermediate field £ C K C L with Galois group
H = Gal(K|k) and 9: Spec K — Speck. We identify Gal(L|K) with a
subgroup N C G of order m. Now, 1, Qg(0) is given as the image of
the idempotent endomorphism ay = i > sen 0. This description of Q,(0)
allows us to prove the following fact in [MVWO0G].

Lemma 4.20 ([MVWO06|, Exercise 1.11])
Let L be a finite Galois extension of k with Galois group G = Gal(L|k)
and ¢: Spec L — Speck. Then:

HomDM(k)Q(@k<0)a Qi(q)[p]) ~ HomDM(L)@(@L(O)v QL(q) [p]>G7

where G acts via conjugation.

Proof. The functor ¢*: DMT(k) — DMT(L) induces a map

HOHIDM(k)@(Qk(O)a Qi(q)lp]) — HOInDM(L)Q(QL(O)v QL(q)[p)-

Let
0= 3 0 € Hompnay, (6, @4 (0), 6. Q,(0)) and
ceG
5= Y o € Hompuuyg (60 Qs (0)[p) 6. Q).
oceG

Let f = ZO’GG fJOO'i ¢* @L(O) — (b* QL<Q)[p]7 where fa: @L(()) — QL(Q)[p]
Then:

fofoa=—(0)0 (¥ fro0)o(X0)
= 2 0) o (XX A o0)

1

= () ew

2
n- = v, T
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Clearly, the morphism

Zf: Q.(0) = QL(q)[p]

is G-equivariant and every G-equivariant morphism Q(0) — Qp,(¢)[p] can
be written this way. Therefore:

Hompyre) (Q1(0) Qu(q)[p]) = {Bo foa, f:.QL(0) = ¢.QL(q)[p]}
=Ly meo]

n

~ Hompp(z), (Q(0), Q.(a)[p)°.

4.1.5 Tannaka formalism

We compute the Tannaka group of MAT(L|k) for a finite Galois extension
L of k utilizing the following lemma in [DMS82].

Lemma 4.21 ([DMS82] Proposition 2.21])
Let f: G — G’ be a homomorphism of affine group schemes over k and let
w! be the corresponding functor Repg(G’) — Repg(G).

1. f s faithfully flat if and only if w' is fully faithful and every subob-
ject of wi(X"), for X' € Repg(G'), is isomorphic to the image of a
subobject of X'.

2. f is a closed immersion if and only if every object of Repg(G) is

isomorphic to a subquotient of an object of the form w/(X'), where
X" € Repg(G).

Theorem 4.22
Let L be a finite Galois extension of k with Galois group G = Gal(L|k).
Then there exists a split exact sequence

1 — G(MT(L)) — G(MAT(L|k)) = Gal(L|k) — 1.

Before we prove the theorem, we give a lemma used in the proof.

Lemma 4.23
Let L be a finite Galois extension of k. Let ¢: Spec L — Speck.



90 CHAPTER 4. ARTIN-TATE MOTIVES AND CELL MODULES

1. Every M € MT(L) is a direct summand of ¢*¢p. M.

2. Every M € MAT(L|k), such that ¢* M is in the additive subcategory
of MT(L) that is generated by Q(0), is in MA(L|k).

Proof. 1. We prove the more general claim that every M € DMT(L)
is a direct summand of ¢*¢p. M. For M = Q.(q), ¢ € Z, we have
¢* 6. Qr(q) ~ Qp(q)®™, where n = [L : k]. Now, the claim follows by
induction. Let A, B be objects in DMT(L) such that A and B are di-
rect summands of ¢*¢, A respectively ¢*¢, B and let f: A — B. Then
it is easy to see that Cone(f) is a direct summand of Cone(¢*¢. f)
and that Cone(¢*¢.f) ~ ¢*¢. Cone(f) since the functors ¢* and ¢.
are triangulated. Therefore, every motive M € DMT(L) and is a
direct summand of ¢*¢p, M.

2. Let M € MAT(L|k) such that ¢*M € (Q.(0)), i.e. in the additive
subcategory of MT(L) that is generated by Q(0). We claim that
M € MAT(L|k) is a direct summand of ¢.¢*M. By the same ar-
guments as in the proof of the first claim, it is enough to check this
for the ObjeCtS ¢* QL(Q)a q € L. NOW, ¢*¢*¢* QL(Q> = ¢* QL(Q)@n'
Therefore, M is a direct summand of ¢,¢*M. On the other hand,
¢.¢*M is by assumption in the subcategory generated by ¢. Q(0)
which equals MA(L|k). Since MA(L|k) is closed under direct sum-
mands, M is in MA(L|k).

O

Proof of Theorem[{.23 We use the same arguments as in the proof of
[HMS17, Theorem 9.1.16].

Let ¢: Spec L — Speck. The map G(MT(L)) — G(MAT(L|k)) is in-
duced by the functor ¢*: DM(L) — DM(k). This functor restricts to a
functor ¢*: DMAT(L|k) — DMT(L). Note that the functor ¢* is trian-
gulated and ¢*¢, Q(q) =~ Q(q)®" for ¢ € Z to see that the image of ¢* is
actually in DMT(L). Since the functor ¢* is compatible with the weight
filtrations and hence the t-structures on DMAT(L|k) and DMT(L), it re-
stricts to a functor ¢*: MAT(L|k) — MT(L) which is the dual of the map
G(MT(L)) — G(MAT(L|k)). By Lemma [4.21] this map is a closed im-
mersion if every motive M € MT(L) is a subquotient of an object in the
image of ¢* which follows by Lemma [4.23]

G(MAT(L|k)) — Gal(L|k) = G(MA(L|k)) is the homomorphism dual to
the inclusion functor i: MA(L|k) — MAT(L|k). By Lemma [4.21] this
map is surjective if the functor ¢ is fully faithful and its image is closed
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under subquotients. Clearly, i is fully faithful and MA(L|k) is semi-simple
by Remark hence the second condition is satisfied.

Furthermore, the functor @, gry”: MAT(L|k) — MA(L|k) defines a right
inverse to the inclusion MA(L|k) — MAT(L|k) and therefore, induces a
splitting to the homomorphism G(MAT(L|k)) — Gal(L|k).

Lastly, we have to show that the sequence is exact at G(MAT(LI|k)).
We claim that Gal(L|k) is the cokernel of the the map G(MT(L)) —
G(MAT(L|k)). We consider the dual map ¢*: MAT(L|k) — MT(L). Let
A be the biggest full Tannakian subcategory of MT(L) containing the ob-
jects M such that ny, = idy, for all n € G(MT(L)). Furthermore, we
denote by B the biggest full Tannakian subcategory of MAT(L|k) such
that the image of B under ¢* is in A. By Tannaka duality, G(B) is the
cokernel of the map G(MT(L)) — G(MAT(L|k)). Hence, we need to
show that D ~ MA(L|k). In Lemma we have computed the Tannaka
group G(MT(L)). The proof of Lemma shows that C = gry MT(L) =
(QL(0)). Therefore, D = {M € MAT(L|k): ¢*M € (Q.(0))} and we
claim that D = MA(L|k). The inclusion MA(L|k) < D is obvious since
¢* 6. Qr(0) ~ Qr(0)*™ € (QL(0)). For the converse, we need to show that
every motive M € MAT(L|k) such that ¢*M € (Q.(0)) is in MA(L|k).
This follows by Lemma [4.23]

This completes the proof. n

Theorem 4.24 B
Let k be a number field and let k denote its algebraic closure. Then there
exists a split exact sequence

1 — G(MT(k)) — G(MAT(k)) — Gal(k|k) — 1.

Proof. The map G(MT(k)) — G(MAT(k)) is again induced by the func-
tor ¢*: MAT(k) — MT(k), where ¢: Speck — Speck. Note that while ¢
itself is not finite, the functor ¢* factors for any motive 1, Q;(n) through
Y* and therefore, ¢*1, Qp(q) ~ Qz(q)®" for some finite number n. Then
the statement follows by the same arguments as in the proof of Theo-

rem 4.22 O
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4.2 Cell modules with Galois action

As we have seen in the previous chapter, the derived category D/{/(k) of
Adams graded modules over the cycle algebra N (k) is equivalent to the
triangulated category of Tate motives DMT (k) over k. The goal of this sec-
tion is to construct a triangulated category D(k) of cell modules containing
D}i/(k) that is equivalent to the triangulated category of Artin-Tate motives

DMAT (k) over k and that restricts to the equivalence Dj:[ r — DMT(k)
given in Spitzweck’s representation theorem (Theorem [3.31])

Furthermore, D(k) should carry a non-degenerate t-structure whose heart
is a Tannakian category that we denote by A(k). The t-structure should be
compatible with the equivalence D(k) — DMAT(k) and therefore, induce
an equivalence of Tannakian categories A(k) — MAT(k).

To achieve this goal we construct a triangulated tensor category D(L|k) of
N (L)-cell modules with Gal(L|k)-action for every finite Galois extension
L over k that is equivalent to DMAT(L|k) with the desired properties and
such that for a tower of Galois extensions L|K |k there exists an embedding
D(K|k) — D(L|k). The union of these categories is our desired category
D(k).

Let L be a finite Galois extension of k of degree n with Galois group
G = Gal(L|k). Let ¢: Spec L — Speck.

4.2.1 Idea

Recall that Mz is the category of Adams graded dg modules over the
cycle algebra N (L) that we defined in section and CMf\/(L) is the
category of finite cell modules over N'(L). Their homotopy categories are
denoted by KM (1) and ICCMji/( 1) respectively.

Recall further that Qpr)(q)[p] is the Tate object in Marz) which is the
free rank one N(L)-module with generator b, having Adams degree —g,
cohomological degree —p and db, = 0, where d is its differential.

The algebra map ¢*: N(k) — N(L) induces a pair of adjoint functors
¢*: Muy — M) (extension of scalars) and ¢.: My () — My
(restriction of scalars). The functor ¢, allows us to consider A/(L)-modules
as N(k)-modules, i.e. ¢.Qur)(0) is just N'(L) considered as an N (k)-
module and similarly for ¢. Qu 1) (q)[p], where ¢,p € Z. In the same way
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as in the case of Artin-Tate motives we can consider the full triangulated
subcategory of KM ) generated by the objects ¢. Qa1 (q)[p]-

In DMAT(L|k) we have

HomDMAT(L\k)(¢* QL(0), 9. Qr(q)[p]) ~ Hompwmr(r) (Q(0), QL(9)[P))G]-

Thus, if we define the full thick triangulated subcategory of My (x) gen-
erated by the objects ¢. Qurr)(q)[p], we have to check whether

Homycaty g (05 Qur(2)(0), @ Qurry (@) [p])

and

Homycptyp, (Qurry (0), Qurry (@) [p)[G] = Hompyr(r) (QL(0), QL (9) [p))[G]

agree. Otherwise, these categories cannot be equivalent.

G = Gal(L|k) acts canonically on N'(L) by sending a cycle W to its con-
jugate cycle W7 for ¢ € G. Therefore, we have a G-action on every
free N'(L)-module. Note that if M is a dg N(L)-module (or an N(L)-
cell module), the action of G does not necessarily commute with the dif-
ferential on M. However, this is the case for the modules Qur ) (q)[p],
q, p € Z. Thus, every o € G induces an (N (k)-linear) endomorphism on

Qur ) (@)[p], i-e. an endomorphisms on ¢, Qrz)(q)[p] in Murr)-

Clearly, every N (L)-module morphism f: Qu)(0) = Quz)(q)[p] gives

an N (k)-module morphism ¢.f: ¢. Qu1)(0) = é.Qur)(q)[p] that we
also denote by f. Composing the endomorphism o on Q. (q)[p] with f
defines another N (k)-module morphism

foo: . Qunry(0) = &« Qurry(@)[p]-

As in the case of motives, this gives an injective map:

Homye ity (Qurry (0), Qurry () [P)[G]
— Homye iy, (4 Qurry (0), 04 Qur(zy (@) [p])-

But the other inclusion is not evident, namely if every A (k)-linear mor-
phism ¢, Qur1)(0) = ¢+ Qurr)(q)[p] is necessarily a Q-linear combination
of morphisms of the form

foo, where 0 € G and f € Hom;CMN(L)(qﬁ* Qun)(0), & Qurry (@) [p])-
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Thus, the full triangulated subcategory of M) generated by the ob-
jects @ Qurry(q)[p] might not be equivalent to the respective category
DMAT(L|k) of motives.

An intuitive approach to solve this issue is to consider not the full trian-
gulated subcategory of KMy ) generated by the objects ¢. Qurr(q)[p],
p,q € Z, but the triangulated subcategory generated by the N (k)-modules

¢« Qur(z)(q)[p] and putting

Hom(¢. Qur1)(0), ¢+ Qurry (9)[P])
= Homaty ,, (Qurr) (0), Qurry (0) [p)[G]
C Homyc g, (4 Qarrys @« Qurry (@) [p))-

However, there is no nice machinery for defining a non-full triangulated
subcategory generated by certain objects and morphisms.

To circumvent this we construct a triangulated category of modules con-
taining the category Dj{/(k) and "base objects" My (q)[p], ¢, p € Z, such
that

Hom (My,(0), My (q)[p]) ~ Hompaty;, (Qurry(0), Query (0)[])[G]

and then consider inside this category the full triangulated subcategory
generated by the objects My (q)[p].

A candidate for such a category containing Df(/(k) arises in the following
way. The functor ¢*: KCMYy ) — KCMYy ) identifies DY) ~ KCMYs(,

with a triangulated subcategory of ICC/\/lji/( L) Note that this subcategory
is not full, but rather by Lemma we have

Homye ) (Qurciy (0), Quriay (0) [P]) = Homepa ) (Quez) (0), Query () ),

where the G-action is given by conjugation. On the other hand,
Homaty, ) (Query (0), Qurry (9)[p])¢ is exactly the Q-vector space of G-
equivariant morphisms Qys(z(0) — Qa1 (q)[p] with respect to the natural
action of G on N'(L). Therefore, we consider in the following the category
of N(L)-cell modules with G-action and G-equivariant morphisms.

4.2.2 Definition

We denote by G—CML(L) the category of finite N'(L)-cell modules with
G-action. Its objects are finite N (L)-cell modules M together with a
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bi-degree preserving GG-action on M that is compatible with the module
structure and the differential on M in the following sense. For all a €

N(L), m € M and o € G-
o(dm) =d(om) and o(a-m)=oc(a)-o(m).

The morphisms f: M — N in G—C/\/lji/(L) are exactly the morphisms

f: M — Nin CMf\/( L) that are G-equivariant with respect to the G-action
on M and N.

Recall that for M, N € M) we have the Adams graded N (L)-module
Homp ) (M, N), where Homp ) (M, N)?P(q) consists of N'(L)-linear maps
f: M — N (they do not need to be compatible with the differentials d,
and dy on M and N respectively) such that f(M(b)) C N**P(s+q). The
differential of f € Hompry(M, N)?(q) is given by

df (m) := dy(f(m)) + (=1)""" f(das (m))

for m € M. Note that for p even (especially for p = 0) df = 0 is equivalent
to f commuting with the differentials d); and dy.

Now, if M and N are in G—CMf\/(L), then Homyry(M, N) is also endowed
with a G-action that is given by conjugation: 7 :=o"!o foo. It is easy
to see that f7 is N'(L)-linear if f is N'(L)-linear. The G-equivariant maps
are exactly the maps that are invariant under this G-action. Furthermore,
the G-action is compatible with the differential on Homprzy(M, N):

df?(m) =dy(o™" o foa(m)) + (1)o7 o f o o(d(m))
=0 " ody(f(a(m))) + (=1)"" 07" o f(du(o(m)))
= (07" odf o o)(m) = (df)7 (m).

In other words, the differential of a G-equivariant map is again G-equi-
variant and the G-equivariant maps form a subcomplex of Homr(r) (M, N).
We denote this subcomplex by Hom (M, N)C.

We denote by G—/CCM}Q(L) the homotopy category of G—C./\/l/{/( 1)- Thus,
the objects of G—/CCM}C\/(L) are the objects of G—C/\/lf\/(L) and for M, N €
G—ICCM/{/( 1) the morphisms are given by

HomG_,CCMJfWL)(M, N) := HO(HomN(L)(M, N)(0)%).
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Since the G-action commutes with the differential of Hom ) (M, N), we
have for all M, N € G—ICCMva( 1) the equality

HY (Homy 1) (M, N)(0)7) ~ H'(Homu 1) (M, N)(0))°
~ Homyady,,, (M, N)©.

Let f: M — N be a map in G—lCCMj(/(L). Then, the G-actions on M
and N induce a natural G-action on Cone(f) that is defined by o(m,n) :=
(c(m),o(n)) for m € M, n € N. Clearly, this action is compatible with
the N (L)-module structure of Cone(f) since Cone(f) is just the direct sum
M[1] @& N as a N(L)-module. Furthermore, the differential of Cone(f) is
compatible with the G-action:

d(a(m,n)) = (=du(a(m)), f(o(m) + dy(o(n))))
= (=o(du(m)),o(f(m) + o(dn(n)))
= o(d(m,n))

since dyy, dy and f commute with all ¢ € G. Therefore, Cone(f) is in
G—ICCMJ{,(L) if f: M — N is G-equivariant. Note that the canonical
projection Cone(f) — M[1] and the canonical inclusion N — Cone(f) are
G-equivariant.

Similarly, the tensor product over N (L) of two N (L)-modules M and N
in G—ICCMJ{/(L) is in G—ICCMfWL). The G-action on M &) N is given
by o(m ®n) := o(m) ® o(n) and is again compatible with the differential
dim @n) == dy(m) @ n+ (=1)%™m @ dy(n) on M Q) N:

d(o(m,n)) = dyr(o(m)) ® o(n) + (=1)*8 "o (m) @ dy(o(n))
= o(dym) ® o(n) + (=1)*8"g(m) @ o(dyn)
=o(d(m ®n)).
Proposition 4.25

G-ICCMf\/( L) s triangulated category, where the distinguished triangles are
those triangles that are isomorphic to a cone sequence.

Proof. We have already seen that KCM () is a triangulated category.
Therefore, the maps needed to satisfy the axioms (TR1)-(TR2) exist in
KCMprry. It remains to show that these maps are G-equivariant if the
maps in the assumptions are.

Clearly, (TR1) is satisfied for G—ICCM/{/(L) since the maps id and 0 are
G-equivariant.
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For (TR2) we have to show that if A LB Cisa distinguished triangle
in G—ICCMfWL), then so is B — C' — A[l] and vice versa. This follows
by the fact that A[1] is isomorphic to Cone(B — C'). The isomorphism
is given by ¢f = (—f*1,id%™ 0): A[1] — Cone(B — () with inverse
Yk = (0, idffl“, 0) which are G-equivariant maps since the maps f, id4 and
idp are G-equivariant. See [Sos12, Lemma 2.6] for details.

Similarly, one proves (TR3) and (TR4). Again the maps required in (TR3)
and (TR4) exist in lCC/\/lijL) and are G-equivariant if the maps in the
assumption are G-equivariant. See the proof of Proposition and [Sos12)
Theorem 2.7] for details. O

As mentioned before, we can identify Dj{,(k) with a full subcategory of G-
/CCva(L) via the functor ¢*: /CCMf\/(k) — /CCva(L). To see this, the
image of every finite N'(k)-cell module M under ¢* must be endowed with
a natural G-action. For M = Qu4)(q), ¢ € Z, we have ¢*M =~ Qur1,)(q)
which carries the natural action of G on N'(L). If f: Qur)(0) = Qurr)(q)
is a morphism in ICCMf\/ py then ¢*f: Qury(0) = Qury(g)lp] is G-
equivariant by Lemma [4.20{and the fact that the equivalence lCC./\/ljfv( L~
DMAT(L) respects the G-action. We have already seen that Cone(¢* f)
carries a natural G-action induced by the G-actions on Qu.)(0) and
Qurr)(@)[p]. Since the objects Qur)(q)[p], ¢, p € Z, generate lCC./\/ljfv(k) as
a triangulated category, we have endowed ¢* M with a G-action induced by
the G-action on NV (L) for every object M € ICCMf\/(k) giving the following
theorem:

Theorem 4.26
The image of every M € ICCML(,C) under the functor

¢ KCM ) = KCM, )

can be endowed with a natural G-action yielding a fully faithful tensor
triangulated functor

* ! !
¢": KCMys gy = G-KCMyyp,
identifying ICC./\/lf\/(k) with a full triangulated subcategory of G—KCMf\/(L).
Proof. We have already described the G-action on ¢*M for every M €

ICCML(M. To obtain a functor ¢*: ICCML(,C) — G—ICCM/{/(L), we need
to check that ¢*f: ¢*M — ¢*N is G-equivariant for every morphism



98 CHAPTER 4. ARTIN-TATE MOTIVES AND CELL MODULES

f: M — N in lCCMf\fk. For M = Qu)(0) and N = Q) (q)[p],
this is true by Lemma m For arbitrary M and N, the N (L)-modules
with Galois action ¢*M and ¢*N, where we ignore the differential, are
given as direct sums of the base objects Qu(r)(q)[p] = ¢* Qu(q)[p] and
morphisms ¢*f: ¢*M — ¢*N are given as sums of G-equivariant maps
Qu)(0) = Qurz)(q)[p] and hence also G-equivariant.

Therefore, ¢* defines indeed a functor
¢": KCMY ) = G-KCMy )
that induces a bijection

Homyceny ., (Qurry (0), Quriry (0)[p])
~ Hom;CCMN(L) (QN(L) (0), @N(L) (@)[p] )G'

Since the objects Q) (¢)[p], ¢, p € Z generate ICCMJQ(,C) as a triangulated
category and the functor ¢* is triangulated, ¢* gives an equivalence of
ICC./\/lf\/( ) With the full triangulated subcategory of G—lCCMjfv( 1) generated

by the objects Qur)(q)[p], ¢, p € Z. O

Our goal is to define a category that is equivalent to DMAT(L|k). Inside
G—ICCMJ{/( 1) we already identified a full triangulated subcategory that is
equivalent to DMT(k), where the objects Q1) (q) correspond to the Tate
motives Qy(q). We still need to find N (L)-modules that correspond to the
Artin-Tate motives ¢, Q. (q), i.e. objects M (q) € G—/CCM}C\/(L), q € Z,
such that

HomlCCMN(L) (M (0), ML(Q)[p])G
=~ Hompni(k)g (0« QL(0), ¢+ Qr(q)[p])

~ Hompi(), (QL(0), Q(q)[p) [G]
~ Homyenm,yp, (Qurry (0), Query () [P) G-

Furthermore, Quz)(¢) should be a direct summand of Mp(g) in
G-KCM,, such that

Homyce ., (M2(0), Qury(0))% ~ Q

and
Homyce ;) (Qurry (0), ML(0)% ~Q

mirroring the results in Example [£.9] for motives.
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Therefore, M (q) should be the direct sum of copies of Qu(1(¢) as a N'(L)-
module, but the G-action on M(gq) cannot be the canonical G-action on
every direct summands (since in this case there are too many projections

My (q) = Qury(q))-

The N (L)-cell modules N (L)[G](q), ¢ € Z, have the desired properties.
These are the free rank n = [L: k] modules with generators 7 € G having
Adams degree —¢, cohomological degree 0 and d(7) = 0. The G-action is
defined by

o> a.7):=) ola;)oor.

TEG TEG

Lemma 4.27
Let k be a number field. Let L be a finite Galois extension of k with Galois
group G = Gal(L|k). Let Mp(q) := N(L)[G](q). Then:

HomKCMN(L) (M (0), ML(q) [pDG = Hom’CCMN(L) (QN’(L)(O) @N(L)(Q)[p])[G]'
Furthermore, we have:

Homgemy e, (Qurry (0), Mr(q)[p) =~ Homye o) (Quiz) (0), Query () [p),
Homyce o, (M(0), Query () [p]) ~ Hompeny ) (Qur(r) (0), Query (@) [p])-

Proof. For the first claim let f: Mp(0) — Mp(q)[p] be a G-equivariant
map. Since f is N'(L)-linear, f is determined by its values on v € G. Let
F() =2 Sres for where fry, € N(L)(g). Then:

f(O'l/) = Z fT,m/T-
On the other hand,

U(f(”)) = Z U(fT,V)U oT = Z U(fa—lr,u)T-

T T

Equating coefficients and putting v = id yields the equality

fT,a - O-(fU*lT,id)

for all 0,7 € G. In other words, f is already determined by f(id), i.e. by
giVng fT,id S HomKCMN(L)(QN'(L)(O) QN(L)(Q)[p]) for all 7 € G.
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For the second isomorphism consider a map f: Q1) (0) — Mz(q)[p]. It is
determined by f(1) =: 32, f»7, where f, € N(L)?(q). If f is G-equivariant,
we have

Y fr=f1)=0(f(1)) = o(fr)ooT =3 o(fomir)T

T T

for all o € G. By equating coefficients, we see that for 7 = id: o(f,-1) = fiq
or, equivalently, f, = o(fiq) for all o € G. Therefore, f is determined by

fia € Homyeay ) (Qur)(0), Qurry () [p])-

For the last isomorphism we write f, := f(7) for a G-equivariant map
f: Mp(0) = Qurry(@)[p]. Then for all 0,7 € G:

o(fr) =o(f(7)) = flooT) = for.

For 7 = id we get f, = o(fia). Again, f is determined by fiq and the claim
follows. [

Corollary 4.28
Qur)(q) is a direct summand of Mr(q) in G—/CC./\/lfv(L).

Proof. Without loss of generality we assume ¢ = 0. Recall that n = |G|.
By the proof of the previous lemma, the maps

1
st Qur)(0) = Mi(q), a— 52‘”7

p: ML(Q) %QN(L)(Q)a ZCLTT’_)Z@T
are G-equivariant and satisty p o s =idg,., (g [

We see that the modules My (q) = N(L)[G](¢) behave like the Artin-Tate
motives ¢, Qp(q) in DMAT(L|k). Therefore, we consider the full thick
triangulated subcategory of G—ICCMJQ( 1) generated by the objects M .(q),
q € Z, to obtain a category that is equivalent to DMAT(L|k).

Definition 4.29
Let D(L|k) be the full thick triangulated subcategory of G—lCCMJfV(L) gen-
erated by the objects My (q) == N(L)[G](q), q € Z.

If we denote by D(k), the full triangulated subcategory (without taking
direct summands) of G—ICCML( 1) generated by the objects M. (q), q € Z,
then D(L|k) is given as the pseudo-abelian hull of D(k).
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Lemma 4.30
Djf\/(k) is a full triangulated subcategory of D(L|k).

Proof. We identify D/{f(k) with ICC./\/lfv(k). The essential image of the func-
tor
¢*: KCMy = G-KCMsq

in Theorem is in D(L[k) since ¢* Qo (q) =~ Qury(q), ¢ € Z, is a
direct summand of My (q) by Corollary m O

Now we are able to prove that the categories D(L|k) and DMAT(L|k) are
indeed equivalent.

Theorem 4.31
Let k be a number field. Let L be a finite Galois extension of k of degree
n with Galois group G. Then there is a tensor functor

that induces an equivalence of triangulated tensor categories
Opr: D(LIk) — DMAT(LIk).

Restricted to the full subcategory Dj{/(k) of D(L|k), ®r agrees with the
equivalence
®p,: DYy — DMT(k)

in Spitzweck’s representation theorem |3.51|.

Proof. We prove the theorem by giving an equivalence of D(k); and
DMAT (k) which then in turn induces an equivalence of the respective
pseudo-abelian hulls D(L|k) — DMAT(LIk).

As in the proof of Spitzweck’s representation theorem [3.31] we do not con-
sider the category D(k)r, but instead the equivalent category of N (L)-cell
modules in D(k), with the choice of a basis over N'(L). Again, we construct
a functor from the full triangulated subcategory D(k)r o of D(k), that is
generated by the objects Mr(q), ¢ > 0, to DM (k). D(k)L,>o consists of
the cell modules with Adams-degree concentrated in non-positive degrees.
The same arguments as in the proof of Lemma show that D(k), is
equivalent to the category obtained by inverting the functor — ® M (1)
on the triangulated subcategory D(k)p o of D(k). and a tensor functor
D(k)L >0 — DM (k) extends canonically to the desired tensor functor
D(k)r, — DMy (k).
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Any M € D(k)y is a finite direct sum of copies of N(L)[G] as a N(L)-
module with G-action. Therefore, we can choose elements m; € M, j € J,
such that

M~PN(L)G @N (tmy;),

jedJ

i.e. the basis of M is given as {rm,};, with differential

ij chw vm;

and G-action
o(tm;) = (o o T)m;.

The condition d o d = 0 implies

d(ck,j,a,id) = Z(_1)degCi’j’”’idCz‘,j,u,idck,i,a,y
i,V

for all £, j € J and all 0 € G. The compatibility of the differential and
G-action on M yields the equation o(c¢; jidr) = Cijoor forall 4, j € J and
all o,v € G. Therefore, {¢; ;ia}rec already determines ¢, for all o,
veQ.

We put

(M) == ¢ (@NL(TJ')[W]M]‘) :
jeJ
where ¢: Spec L — Speck, {p;} is a formal basis over N'(L), —r; is the
Adams degree of m; and —n; is the cohomological degree of m,;. The

differential § on ®;,(M) is defined by

o(c- pj) = dny(e) -y + (‘UdegczT(C)Ci,j,id,T " Hi,

4T

where ¢ € N(L). Note that 6 does not satisfy the Leibniz rule for all
c € N(L), but for all ¢ € N (k) since 7(c) =cforall 7 € G. By dod =0
and using the compatibility of d and the G-action on M, it follows dod = 0,
giving a well-defined object in DM (k)q.

If f: M — N is a G-equivariant morphism of N(L)-cell modules with
G-action, we choose bases {Tm;} and {7n;} of M respectively N with
corresponding bases {y;} and {v;} of ®,(M) and @, (N) respectively.
Let

Fr) = 3 Fsrlom)
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The condition to be G-equivariant is equivalent to the equation f; ;.- =
o(fijiar) foralli,j € J and all 0,7 € G. We put

<I>le(f)(C : Mj) = ZT(C)fi,j,id,T %

%, T

for ¢ € N(L). Again, note that ®p(f) is not N(L)-linear, but N (k)-
linear, since 7(c) = ¢ for all ¢ € N (k) and all 7 € G.

We omit the (easy but tedious) computation that ®7 (g o f) = ®rx(g) o
Ok (f) showing that @y, is indeed a functor.

Since ®r(ML(q)) ~ ¢. Qr(g) for ¢ > 0, the image of @y, is in DM (k)q-

From the definitions above it is easy (but again tedious) to deduce that
the functor ®p;, respects cone sequences and hence distinguished triangles.
Furthermore, ®r;, commutes with the respective translation functors.

To see that ®r; is a tensor functor, it is enough to show
Mp(0) ®n(ry) Mr(q) ~ @iy Mr(q)-

Clearly, as N(L)-modules both sides are free modules of rank n?. The
set of generators of the left hand side is given by {o ® 7},, and on the
right hand side by {rm;},;. Writing G = {oy,...,0,} and sending (o ®
oo;) = o(id ®c;) to om; = o(idm;) defines an N (L)-module isomorphism
that is compatible with the respective G-actions. The differentials of all
generators is 0, hence it is an isomorphism of N(L)-cell modules with
G-action.

Therefore, @, induces a triangulated tensor functor

(DL|I<:: D(k’)L — DMgm(k’)

Furthermore, we have

Homyee (M (0), Mr(q)[p])© =~ Hompu(k)g (¢ QL (0), ¢ Qr(q)[p])

since by Lemma and Example 1.9 both agree with

Homye 1, (Qurz)(0); Qurry (@) [P])[G] =~ Homp(r), (QL(0), QL (9)[p))[G]

and @, gives a bijection between these Q-vector spaces.

Since the objects M(q), q¢ € Z, generate D(k), as a triangulated category,
®pyp is fully faithful. On the other hand, DMAT(k), is generated by
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the objects ¢, Qp(q) ~ Pr(Mr(q)) as a full triangulated subcategory of
DM, (k)g. Hence, the essential image of the functor is DMAT (k).

Therefore, ®p, is an equivalence D(k);, — DMAT(k), that induces an
equivalence of triangulated categories between the pseudo-abelian hulls:

O, D(L|k) — DMAT(L|K).

For the last claim, recall that ¢* Q) (0) € D(L|k) is given as the image
of the idempotent endomorphism

Y arT e iZ(ZaT)a

on Mp(q). Now,
1
¢L|k(a) = EZO_

on ¢, Q(0). Therefore, ®1,(¢* Qurx)(0)) =~ Q4 (0) and since dpyp, is trian-
gulated, it identifies D/f\/(k) with DMT(k).

Every finite NV(k)-cell module M ~ @&;N(L)m, is isomorphic to the direct
summand generated by {3>; >, a;7m; } of &N (L)[G]m;, showing O, (M) ~
O (M) for all M € D/Jif(k). Identifying M € Dji/(k) with a direct summand
makes it easy to see that ®p,(f) ~ ®x(f) for all morphisms f in Dj:[(k)
and likewise for the differentials. This completes the proof. O]

4.2.3 Embeddings

If we are given an intermediate Galois extension k£ C K C L with Galois
group H = Gal(K|k), we have seen in section that DMAT(Kk) is
a full subcategory of DMAT(L|k). Now, we prove the same fact for the
categories D(K|k) and D(L|k). For K = k we have already seen this in
Lemma and the same arguments show:

Lemma 4.32
Let K be an intermediate Galois extension k C K C L over k. Then
D(K|k) is a full triangulated tensor subcategory of D(L|k).

Proof. Let ¢: Spec L — Spec K and 1: Spec K — Speck. We identify
N = Gal(L|K) with a subgroup of G such that G = N - H. Let m :=
L: K].
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We apply Theorem for k = K and obtain a functor

"1 KCM ) = N-KCMYy,,
Applying the functor ¢* to H- ICC./\/lf ) vields a functor

0"+ H-KCMy o) = G-KCMy

with o*(N(K)[H](q)) ~ N(L)[H](q), q € Z. N(L)[H](q) is a direct sum-
mand of My (q) = N(L)[G](¢q), namely the image of the idempotent endo-
morphism

0 Yares 3 (Z aﬂ,> vo
VEN TEN
ceH

on My (q). Therefore, we get a triangulated tensor functor
0" D(K|k) — D(L|k).
It is fully faithful since

Homyee p e, (M (0), M (q)[p])"
~ Homyerty e (Quan (0 Qe (@) ]
~ (Homyceay s, (Qur(2)(0), Qurry (9)] 1)[H])Y
~ (Homyce o, (N (L)[H](0), N (L)[H](0) [p) )Y
~ Homemy e, (N (L) [H](0), N (L) [H](q)[p) "

3

]

The embeddings D(K|k) — D(L|k) are compatible with the equivalences
D(L|k) — DMAT(L|k) as the following lemma shows.

Lemma 4.33

Let L|K|k be a tower of finite Galois extensions over a number field k.
Then the equivalences ® . : D(L|k) — DMAT(L|k) and @k D(K|k) —
DMAT(K|k) given in Theoreml[{.31 respect the embeddings DMAT(K|k) —
DMAT(L|k) and D(K|k) — D(L|k), i.e. the following diagram commutes:

D(K|k) —~~ DMAT(K|k)

l l

D(L|k) —~~ DMAT(L|k).
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Proof. Let m = [L: K] and N = Gal(L|K) C G. Recall that ¢*Mg(q) is
given as the image of the idempotent endomorphism

o Yars Ly (Z aﬂ,> vo
T mz/EN, TEN
oceH

on M1(q). p«Qg(q) is exactly the image of the idempotent endomorphism
Prp(a) = % >een o on ¢, Qp(q) in DMAT(L|E). O

4.2.4 t-structure

We constructed a triangulated tensor category D(L|k) that is equivalent
to DMAT(L|k). Our next goal is to define a t-structure on D(L|k) that
is preserved under the equivalence yielding an equivalence of the hearts of
the respective t-structures.

The equality

HOIHD(L|k)(ML(O>a ML(Q) [p])
~ Hom;chNm(ML(O), My (q)[p)°
~ HomICCMN(L) (@N(L) (0)7 @N(L)<Q> [p])[G]

ensures that Homp() (Mr(0), Mr(q)[p]) vanishes if and only if
Homyenm, ) (QL(0), QL(q)[p]) does. This makes it easy to imitate the

construction of the t-structure on ICCMJ{/(L) to define a t-structure on
D(L|k).

For any m € Z we define the category W<,,D(L|k) as the full thick trian-
gulated subcategory of D(L|k) generated by the objects My (—q), ¢ < m.
Dually, we define W-,,D(L|k) to be the full thick triangulated subcate-
gory generated by Mp(—q), ¢ > m. (W<, D(L|k), Ws,,D(L|k)) defines a
t-structure on D(L|k) for every m € Z, since

Homp(L|k) (ML<G) [3]7 ML(b> [J])
~ Homp(L|k)(ML(0)[i], M (b — a)j])
~ HomICCMN(L) (QN(L)(O)[Z.L @/\/(L) (b - a) [J])[G]
~(
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for b < a.

We denote the corresponding truncation functors by
WSm: D(L|k) — WSmD(L|k)

and
Wem: D(L|k) — Ws,,D(L|k).

For a < b we denote by Wi, 5 D(L|k) the full thick triangulated subcategory
generated by Mp(—q), a < ¢ < b. We write gr}” for the functor W, , and
grtV D(L|k) for the subcategory Wi, o D(L|k).

Since the weight structures W on DMAT(L|k) and D(L|k) are defined in
the same way using the "base objects" My (q) respectively ¢, Q;(q) and
since @ x(Mr(q)) ~ ¢.Qr(q), the following statement is obvious:

Proposition 4.34
The equivalence @, : D(L|k) — DMAT(L|k) is compatible with the weight
filtrations on D(L|k) and DMAT(L|k).

Let D(L|k):° be the smallest full thick additive subcategory of D(L|)
containing the objects My (—q)[p], where p < 0, that is closed under cones.
Dually, let D(L[k)7" be the smallest full thick additive subcategory of
D(L|k) containing the objects My (—q)[p], where p > 0, and that is closed
under fibres.

We define D(L|k)=<? as the full thick subcategory of D(L|k) consisting of
the objects M € D(L|k) with gr,” M € D(L|k)>° and dually the full thick
subcategory D(L|k)=°. Let A(L|k) := D(L|k)=° N D(L|k)=°.

Theorem 4.35

The equivalence ®p.: D(L|k) — DMAT(L|k) identifies the full subcate-
gories D(LIk)=C and D(L|k)Z° of D(L|k) with the full subcategories
DMAT (k)= and DMAT (k)= respectively of DMAT(L|k). In particular,
the functor @, induces an equivalence of categories

A(L|k) — MAT(L|k).

Proof. This follows by the fact that @ (Mr(q)[p]) = ¢+Qr(q)[p] and
that the equivalence ®p,: D(L|k) — DMAT(L|k) preserves the weight
structures by Proposition [4.34] O
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As in the case of Artin-Tate motives, (D(L|k)=°, D(L|k)=%) is a non-
degenerate t-structure on D(L|k). This can be seen by imitating the
proof of Theorem or using the equivalence D(L|k) — DMAT(L|k).
Furthermore, the category gry’ D(L|k) is equal to the full thick subcat-
egory of D(L|k) generated by the object My (0) which in turn is equiva-
lent to grfy DMAT(L|k) by Theorem and Theorem [4.35, Therefore,
Remark gives an equivalence of gry/ D(L|k) and D’(MA(L|k)), the
bounded derived category of the abelian category MA(L|k) of representa-
tions of the Galois group G' = Gal(L|k) of L over k in finitely generated
Q-vector spaces. The object in MA(L|k) corresponding to My (0) is just
the Q-vector space Q[G] endowed with its natural G-action.

Similarly, tensoring with Qu)(q), ¢ € Z, gives an equivalence
grt! D(L|k) ~ gr/ D(L|k) ~ D*(MA(L|k)). This restricts to an equiv-
alence of gr,” A(L|k) and MA(L|k).

We summarise our results about the t-structure on D(L|k) in the following
two theorems:

Theorem 4.36
Let k be a number field. Let L be a finite Galois extension of k of degree
n with Galois group G = Gal(L|k). Then:

1. (D(L|k)=°, D(L|k)=) is a non-degenerate t-structure on D(L|k) with

heart A(L|k) containing all direct summands of the objects
Mi(q), q € Z.

2. A(L|k) is equal to the smallest abelian subcategory of A(L|k) which
contains (the direct summands of) the objects M(q), q € Z, and is
closed under extensions in A(L|k).

3. The tensor operation in D(L|k) makes A(L|k) a rigid Q-linear abelian
tensor category.

4. The functor gr’¥: A(LJk) — Q-Vecq which is defined by the compo-
sition of ®4gry’ . A(L|k) — D*(MA(L|k)) and the forgetful functor
to the category of (graded) Q-vector spaces is an ezxact fibre functor
making A(L|k) a Tannakian category.

5. Each object M in A(L|k) has a canonical weight filtration by subob-
jects
oc...cWyutMCcW,McC...CM.

This filtration is functorial and exact in M. It is uniquely char-
acterized by the properties of being finite (i.e. W,M = 0 for m
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small and W,, M = M for m large), and of admitting subquotients
gV M =W, M/W,, 1M € gtV A(L|k), m € Z.

6. The natural maps
EX‘GI;‘(LUC)(M7 N) — Hom%(L‘k)(M, N)

are isomorphisms, for all p, and all M, N € A(L|k). Both sides are
zero for p > 2.

Proof. This follows from the equivalence D(L|k) ~ DMAT(L|k) that is
compatible with the respective weight filtrations by Proposition and
Theorem [4.13 stating the corresponding results for DMAT(L|k). O

Now, we can rephrase Theorem as follows:

Theorem 4.37

The equivalence ®r,: D(L|k) — DMAT(L|k) is compatible with the t-
structures (D(L|k)=°, D(L|k)=°) and (DMAT(k)=°, DMAT(k)=°) on D(L|k)
and DMAT (L|k) respectively.

In particular, the functor ®p, induces an equivalence of Tannakian cate-
gories

A(L|k) — MAT(L|k)

transforming the fibre functor gr'’¥ on A(L|k) into the fibre functor gr!’ on
MAT(L|k).

Corollary 4.38
For K an intermediate Galois extension k C K C L, the embedding
D(K|k) — D(L|k) also preserves the t-structure.

Proof. This can be seen directly from the definitions or by applying the
commutative diagram in Lemma and using Theorem [4.37] O

The category DMAT (k) of Artin-Tate motives over k is given as the full
subcategory of DMy, (k)g generated by the categories DMAT(L|k), L a
finite Galois extension of k. On the modules side there is no obvious
counterpart for the category DMy (k), i.e. a category that contains the
categories D(L|k) as full triangulated subcategories.

But it is still possible to define a union D(k) of the categories D(L|k), L|k
a finite Galois extension. The class of objects of D(k) is the union of the
objects of D(L|k), L|k Galois. Recall that for a tower of Galois extensions
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L|K|k, D(K]|k) is a full subcategory of D(L|k) and therefore, this union is
not disjoint.

If M and N are two objects in D(k), we can find two finite Galois extensions
L and K of k such that M € D(L|k) and N € D(K|k). Then there exists
another finite Galois extension F of k containing L and K. Therefore, M,
N € D(E|k). Now, we define

Homp(k)(M, N) = HOIHD(E|k)(M, N)

This is independent of the choice of the field E. Indeed, if £’ is another
finite Galois extension containing L and K, then again there exists a finite
Galois extension F' containing £ and E’ and D(E|k) and D(E'|k) are full
subcategories of D(F|k) by Lemma [4.32]

Clearly, D(Llk) is a full subcategory of D(k) for all Galois extensions L
of k. Furthermore, D(k) is exactly the subcategory of D(k) generated
by the categories D(L|k), L|k Galois. Since the categories D(L|k) are
triangulated, D(k) has a natural structure of a triangulated category.

Furthermore, the tensor structure on D(L|k) induces a tensor product

on D(k) since the tensor structures are compatible with the embeddings
D(K|k) — D(L|k), LI K|k a tower of Galois extensions.

By the previous discussion, we have proven the following theorem:

Theorem 4.39

Let k be a number field.

D(k) is a triangulated tensor category. If L is a finite Galois extension of
k, then D(L|k) is a full triangulated tensor subcategory of D(k).

The t-structures on the subcategories D(L|k) induce a t-structure on D(k):

Let D(k)=° be the union of the full subcategories D(L|k)=°, L|k finite
Galois, of D(k). Dually, let D(k)=° be the union of the full subcategories
D(L|k)=° of D(k). Define A(k) := D(k)=°ND(k)=° which equals the union
of the Tannakian categories A(L|k).

Since the embeddings D(K|k) — D(L|k) for L| K|k respect the t-structures
by Corollary 4.38] (D(k)=C, D(k)=%) defines a t-structure on D(k).

Theorem 4.40
Let k be a number field.
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1. (D(k)=Y, D(k)=°%) is a non-degenerate t-structure on D(k) with heart
A(k) containing all direct summands of the objects ¢. Qr1)(q), where
L is a finite Galois extension of k, ¢: Spec L — Speck and q € 7.

2. A(k) is equal to the smallest abelian subcategory of A(k) which con-
tains (the direct summands of) the objects ¢. Qu1)(q), L a finite
Galois extension of k and q € Z, and is closed under extensions in
A(k).

3. The tensor operation in D(k) makes A(k) a rigid Q-linear abelian
tensor category.

4. The functor gtV : A(k) — Q-Vecq which is defined by the composi-
tion of ®qgry : A(k) — D°(MA(k)) and the forgetful functor to the
category of (graded) Q-vector spaces is an exact fibre functor making
A(k) a Tannakian category.

5. FEach object M in A(k) has a canonical weight filtration by subobjects
oc...cWyp MCcW, McC...CM.

This filtration is functorial and exact in M. It is uniquely char-
acterized by the properties of being finite (i.e. WM = 0 for n
small and W,,M = M for m large), and of admitting subquotients
gtW M = W,,M /Wy, 1M € gt¥ A(k), m € Z.

6. The natural maps
Ext!) ) (M, N) — Homp,, (M, N)

are isomorphisms, for all p, and all M, N € A(k). Both sides are
zero for p > 2.

Proof. This follows by Theorem that states the corresponding prop-
erties for the full triangulated subcategories D(L|k) of D(k), where L is a
finite Galois extension of k. m

Furthermore, the functors ®p: D(L|k) — DM,y (k)g in Theorem [4.35]
yield a functor ®: D(k) — DM, (k)g that induces the desired equivalence
D(k) — DMAT(k):

Theorem 4.41
Let k be a number field. There is a natural exact functor

®: D(k) — DMy (k)g
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that induces an equivalence of triangulated tensor categories
®: D(k) — DMAT (k).

Furthermore, the functor ® is compatible with the weight filtrations in D(k)
and DMAT (k) and yields an equivalence of Tannakian categories

O A(k) — MAT(k).

Restricted to the the full subcategory Dj:/(k) of D(k), the functor ® agrees
with the functor
®p,: Dy — DMgm(k)g

in Spitzweck’s representation theorem [3.31]
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