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Preface

This thesis aims to deduce the assumed form of the leading coefficient L* in the
L-function’s Taylor expansion of the motive 2'(G)(1) — G being a semi-abelian variety
— using the Tamagawa Number Conjecture in the form stated by Fontaine and Perrin-
Riou. As a semi-abelian variety is associated with a short exact sequence of algebraic
groups

0 - T -G - A -0

with a torus 7" and an abelian variety A, this generalises both the analytic class number
formula and the conjecture of Birch and Swinnerton-Dyer.

In the first chapter, we will initially gather some basic material. In order to later
state the Tamagawa Number Conjecture, determinants and some of their properties
will become relevant, so naturally they will be mentioned here. We will also review
continuous Galois cohomology which is fundamental to the conjecture. In particular,
we will need to discuss the distinguished subspaces H } as they are the local building
blocks for the motivic construct. Seeing that semi-abelian varieties unite affine and
projective algebraic groups, a proper understanding of the according basic concepts
is crucial. Afterwards, f-adic completions will be given a short review in order to
be prepared for subtle issues which may arise. At last, as the Tamagawa Number
Conjecture for a torus generalises the analytic class number formula, the analogues of
the objects involved in the class number formula need to be defined, particularly the
class number and regulator of a torus.

The second chapter then briefly reviews the notion of mixed motives with the topic
being profound and so interrelated that any attempt to illuminate a situation more
closely would only marginally enhance the understanding. Therefore, the reader may
consult books such as | | which illustrate various views on the landscape of
motives.

The third chapter introduces 1-motives which are believed to be a well-behaving
subcategory of mixed motives, their main advantage being their relatively simple and
concrete definition as opposed to the yet unknown definition of mixed motives. The
chapter is primarily an expansion of chapter §8.1/2 in [ | and defines the different
realisation functors. Moreover, the motivic cohomology of a 1-motive will be calculated
explicitly.

In the fourth chapter we will state the Tamagawa Number Conjecture using the
formulation of Fontaine and Perrin-Riou. As a well-thought-out introduction to the
topic would require a paper like | ], we restrict ourselves here to describe Fontaine
and Perrin-Riou’s constructions which will ultimately lead us to their formulation of
the Tamagawa Number Conjecture.
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The fifth and last chapter finally derives the desired formula for the leading coefficient
of the L-function up to sign (and up to a power of two for technical reasons). Firstly,
we will be replacing the motive h'(G)(1) by a 1-motive, consequently leading us to a
setting which is much more accessible and which enables us to compute everything
we may need. A large portion of the chapter is devoted to computing the different
H} groups. We will then be able to use techniques as employed by Venjakob | ]
in order to derive formulas from the Tamagawa Number Conjecture for the leading
coefficient. In a first step, this will be done up to a rational multiple, and in a second
step up to the aforementioned sign and power of two.

For the deduction of the leading coefficient’s formula it is vital that throughout the
whole thesis we assume the following conjecture:

Conjecture 0.0.1 (Tate-Shafarevich conjecture). For an abelian variety A over a
number field K, the Tate-Shafarevich group II*(K, A) is finite.

Notation: Let p and ¢ always be primes, potentially the same if not stated otherwise.
K is a number field and K, is its completion with respect to a prime ideal p over p, i.e.
K, is a finite extension of QQ,.

Define S(K) as all places ¢ of K. Furthermore, let S¢(K), Soo(K), S¢(K) be the
subset of all finite places, resp. all infinite places, resp. all primes over ¢. We will drop
the field K from notation and leave it as implicit where it is obvious from the context.
By [], resp. [],, we denote the product over all finite primes resp. all archimedean
valuations.

We use the notation A" to denote the f-adic completion lim A/¢"A of an abelian
group A. We write A,,, for the torsion subgroup of A and Ator.?r_ for the torsion free
quotient A/A.

All occurring groups are assumed to be abelian.

Acknowledgements: 1 would like to thank Prof. Otmar Venjakob for supervising this
thesis and for introducing me to this inspiring topic. Furthermore, I wish to express
my gratitude to Prof. Annette Huber-Klawitter for her time and our insightful meeting
concerning the general framework of motives. My thanks also go to Dr. Jakob Stix for
his enlightening advice on algebraic groups. Finally, I want to thank Dimitry Izychev
and Andreas Riedel for many helpful discussions and their comments on this thesis, as
well as Yvonne Dupré for her language skills and her continuous moral support.



1 Preliminaries

We start by collecting basic knowledge which serves as a foundation for later chapters.

1.1 Determinants

The construction of the determinant functor for a principal ideal domain R which
we are using is based on Fontaine and Perrin-Riou | , §0.4 — 0.5]. For explicit
constructions see Knudsen and Mumford | |. Note that more general notions exist
but will not be needed in this context; an overview may be found in Venjakob | ,
§0.1].

Definition 1.1.1 (| , 80.5]). Let A be a free R-module of rank d. Then define
drA as A% A. For an R-module A of finite type, i.e. there is a free resolution

0 - N - M - A -0

where N and M are finite rank modules, define dg A as dg(N) ' AdzrM where dg(N)~!
is dg N*, the determinant of the dual of V.

Remark 1.1.2 (] , §0.1]). This determinant has many properties, a non-exhaustive
list is given here:

(i) There is an associative and commutative product structure ® with a unit object
1z = dg(0).

(ii) Aut(1g) = R*.
(iii) It is compatible with direct sums:

dr(A® B) = dgA®@ drB.

(iv) It is compatible with base change:

(dRA)R/ = R/ KRR dRA = dR/(R, SR A)

(v) For a k-vector space with an automorphism f, the determinant df coincides
with det f € k*.

(vi) Let C* be a bounded complex of projective R-modules, then define

dRC. = ® dR(Cz)(il)z
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Furthermore, there is a canonical isomorphism

drC* = ® drH(C*)V",

The functor factors over the image of C* in the derived category of perfect
complexes.

(vii) For a short exact sequence of finite type R-modules

0 - A - A - A" - 0,

the determinant functor induces a canonical isomorphism
s: dpA' @ drA” = diA.
This even extends to short exact sequences of perfect complexes.
(viii) Let R =Z, and A be a finite module. Then the definition yields
dz, A= dz,(N)'® dz, M =14,.

On the other hand, the map N — M becomes an isomorphism after tensoring
with Q,, i.e.

1, = (dz,(N) Vo, ® (dz,M)g, = (dz,A)q,,
hence
1o, — (dz,A)g, = g,

The above corresponds to an element Q) which is actually nothing other than
the inverse of the cardinality of A modulo Z, see | , Rem. 1.3] and | ,
App. C]. We refer to this process as the trivialisation of the identity.

Proposition 1.1.3 (| , Def. 1]). The determinant of a quasi-isomorphism of
(bounded) complexes is an isomorphism. Furthermore, for a diagram of complezxes

0 - A® - B* - C* -0
2\ AA Z\ AB Z\ Ao
0 . A » B* . O 0

with quasi-isomorphisms Ax, A and \c, we get a commutative diagram

s

drA* ® drC* ~ dpB*

drAa ® drAc ‘Z J drAB

!

dpA® @ drC* —=% dpB*
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where s and s' are induced by the first and second exact row of the original diagram
respectively.

Remark 1.1.4. Consider an acyclic complex A®, for example an exact sequence. Then
there is a canonical quasi-isomorphism A®* — 0* and hence dzpA®* — 1p.

Differing with the convention used in | |, we will regard an exact sequence
0 — A; — ... as an (acyclic) complex where A; is placed in degree zero.

Remark 1.1.5. Let A, B,C be free R-modules with chosen bases and a short exact
sequence

Denote the sequence by S®. Then there is an isomorphism

can

m: 1p ~ drA® dRB_1 ® dr(C =——— dgSs"*

t

1r

where can is induced by the choice of bases and t is induced by acyclicity of S. As 7 is
an automorphism of 1z, we can also regard it as an element of R*. Moreover, there is
a more explicit description of this element:

Let ¢ be a section of 5. Consider the isomorphism of complexes

S —— . — 0 A A®C——=C—— 00— -
i N e
§ e ) —— A - B e )

where the line A = A is placed in degree zero. Because both complexes are acyclic, we
have quasi-isomorphisms mapping to the complex 0°. Hence, using proposition 1.1.3,
we get

dpSY —2— dpS°
dt

lp =1k

where s collapses to
dR(O./ D (,0)_1 . dR(A D C)_l —N—> CIRB_1

and can be evaluated using the bases above. Let M («) and M (¢) be the transformation
matrices of a resp. ¢. This then leads us to

7w =det(a @ ¢) = det (M(a) M(g&))

as the arrow s needs to be inverted and because (dgf)™! - dpf = id;, holds.
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1.2 Continuous Galois Cohomology

This section serves as a quick introduction to continuous Galois cohomology based on
[ J and | , App. BJ.

Definition 1.2.1 (] , §1.2]). For a (profinite) group G and a topological G-
module A, i.e. an abelian topological group with a continuous action of GG, we define
C™"(G,A) = Map(G", A) as the inhomogeneous n-cochains, where Map(G™, A) denotes
the continuous maps from G™ to A. There is the notion of coboundary operators

o™ C(G, A) — C"H(G, A),

cf. | , 81.2]. Then, we define inhomogeneous n-cocycles and inhomogeneous
n-coboundaries as

Z"(G, A) = ker(C™(G, A) 75" C™1(G, A)) resp.
B"(G,A) =im(C" (G, A) L C(G, A))

and the n-th continuous Galois cohomology group as
H"(G,A) =7Z"(G,A)/B"(G,A).

Remark 1.2.2. Using the definition of 0 for i = 0, 1, we see that the zeroth cohomology
group H°(G, A) coincides with A®. Another important special case arises if A is a
trivial G-module. Then we may easily see that H'(G, A) = Hom(G, A), where we use
the continuous homomorphisms.

Lemma 1.2.3 (] , Lem. 11.7.2]). Given a short exact sequence of topological
G-modules

0 A - B C -0

such that the topology of A is induced by that of B and such that B — C has a
continuous section (in the category of sets). Then this induces a long exact cohomology
sequence

.o —— H"Y(G,C) ——~ H"(G, A) —— H"(G, B) —— H"(G,C) — --- -

In the case of discrete G-modules, the condition on B — C' can be dropped.

Remark 1.2.4. If C' is a free Z,~-module or a Q-vector space, the section exists.

Remark 1.2.5 (] , §1.2]). There is an explicit description of the boundary mor-
phism § in the case n = 1. Let ¢ be an element of H°(G, C). The goal is to find an

element in H'(G, A) C Map(G, A). By assumption, B 2 s surjective so we find an
element b which maps to ¢. Let o € G, then 5(cb—b) = oc — ¢ = 0 because we started
with an element of H°(G,C). Exactness yields ob — b € A, hence we may define §(c)
as 0 — (ob —b). It can be shown that this map has all required properties and is
independent of all choices.

10



1.2 Continuous Galois Cohomology

Due to | , p- 138], we have the following proposition even in the case of
modules with continuous group action.

Proposition 1.2.6 (| , Prop. 1.6.1]). Let A be a continuous G-module. Assume
n > 1 and let H be an open subgroup of G such that H"(H, A) = 0. Then

(G:H)-H"(G,A) =0.
In particular, if G is finite, then H"(G, A) is annihilated by the order of G. Furthermore,
assuming A is finitely generated as Z-module, H"(G, A) is finite.
For later reference, we want to explicitly state the connection between cocycles and
extensions.

Proposition 1.2.7. Assume A is a discrete Z[G]-module. Then there is a canonical
isomorphism Ext;/;[G](Z, A) = HY(G, A).

Proof. The proof is inspired by the proof of | , Thm. A.1].
Assume

-7 -0

is an extension in Z[G]. Choose a lift e € E of 1 € Z. Then this gives rise to a cocycle
G — A defined by o — u'(c(e) — €). The map is well-defined because

v(o(e) —e) =ov(e) —v(e) =0l —1=0

and different lifts result in equivalent elements in cohomology.
Starting with a cocycle f : G — A, one can define an inverse map: we have an
extension of Z[G]-modules

L T

0 - A - ADZ - 7L -0

where the GG-action on the direct sum of abelian groups is defined by
o:(a,n)— (o(a)+n- f(o),n).
These maps are mutually inverse, which can be seen as follows: in order to show that
Extyq (Z, A) = H'(G, A) = Exty(Z, A)

is the identity, it is sufficient to find a Z[G]-map t : A & Z — FE such that

0 - A - ADZ - L 0
- A

11
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is commutative. This is accomplished by (a,n) +— u(a) + n - e where e € E is the lift
of 1 € Z as above. Then one verifies

t(o(a,n)) =t(o(a) +nf(o),n)
=u(o(a)+n- f(o))+n-e
a)+n-u(f(o))+n-e
=ou(a)+n-(ole)—e)+n-e
=o(u(a) +n-e) = ot(a,n).

= ou(

Confirming
H'(G, A) — Exty (Z,A) - H'(G, A)

as the identity works as follows: use as a lift of 1 € Z the element (0, 1). The resulting
cocyle is then defined as

o= ul(o(e) —e) =u"'(f(0),0) = f(0).

Definition 1.2.8. Galois groups have the desired structure of profinite groups. There-
fore, we define for a field & the object H'(k, —) as H'(Gal(k/k), —).

Many interesting properties can be proved for Galois cohomology, for example:

Theorem 1.2.9 (Hilbert’s Satz 90, | , Thm. VI.2.1]). Let K over k be a Galois
extension with Galois group G. Then H'(G, K*) = 1 if we use the discrete topology
on K*.

Lemma 1.2.10 (| , Thm. VIIL.3.20b)]). Let A be a finitely generated free
Z-module with the discrete topology. Then H'(k, A) is finite.

Proof. Let K over k be a finite field extension for which A becomes a trivial Galois
module, i.e. A= 7Z". Then

0

HY(Gal(K [k), A) —=— H'(k, A)

Hl(K, 7") =0
because

H'(G,Z) = lim H'(G/U,Z) = lim Hom(G/U,Z) = 0
U U

where U runs through the open normal subgroups of G, i.e. the quotient G /U is finite.
The first group is finite due to proposition 1.2.6 and the result follows. ]

Now we want to illuminate the situation of topological G-modules 7', which are
finitely generated Z,-modules and on which G acts Z-linearly. Fix V =T ®z, Qy, then
V is a Qg-vector space. Our primary example for T" will be Tate modules of abelian
variety.

12



1.2 Continuous Galois Cohomology

Proposition 1.2.11 (] , Cor. 11.7.6]). There is an isomorphism for n = 0,1:
H*(G,T) =lm H"(G,T/C"T).

If G is finitely generated, this also holds for n = 2.
Proposition 1.2.12 (] , Prop. I11.7.11]). There is an isomorphism for all n,
H"(G,V)=H"(G,T) ®z, Qq.

Proposition 1.2.13 (] , Prop. B.2.5(i)],] , Prop. 0.107]). For a closed,
normal subgroup H of G, we have the first part of the five-term exact sequence given by

0—— HY(G/H,T") —— HYG,T) —— H'(H,T)/",

Remark 1.2.14. In the case of discrete modules we have the full five-term exact sequence
at hand.

1.2.1 Distinguished Subspaces

This section renders the definition of H} C H' for local and global cohomology. Let
K, be a p-adic local field and K be a number field.

Definition 1.2.15. Define the dual of V as V* = Homg, (V, Q,) and define the Cartier
or Kummer dual as VP = V*(1). The same holds for T with Q, replaced by Zj.

Proposition 1.2.16 (| , §1.3.2.4]). In general, there is the equality
2 , , — K, : - di f 0=
ch—ml&n@pﬂwh;nozz{ Ko Qpl - dime, v HL=p
=0 0 else.

We need to assume the existence of certain period rings Begp, Berys and Bgg associated
with K. Their definition is sophisticated and as such exceeds the scope of this thesis.
We suggest that readers refer to | ] for definitions and properties. Note that B.,, is
denoted as B/} in | ] and as B, in | |. As a first indication towards the period
ring’s properties we state that they are filtered and we have the following inclusions

Fp C Bewp - Bcrys C BdR-
Definition 1.2.17. For a p-adic representation of Galg, we define
D.(V) == H'(K,. B, ©g, V)

for x = exp, crys,dR. For x = crys,dR, this is a functor in the category of filtered
K,-vector spaces with field K, = H°(K,, B,). One has K,z = K, by | , Prop. 5.23]
and K.,s = K, o, the maximal unramified subfield of K, by [ , Thm. 6.14]. We
denote the filtration Fil' D, by Di. Furthermore, we know dimg Dyr(V) < dimg, V
and we say the p-adic representation V' is de Rham if equality holds.

13



1 Preliminaries

Theorem 1.2.18 (| , Thm. 5.28]). The functor Dag from de Rham representations
to filtered K,-vector spaces is an exact, faithful tensor functor.

Proposition 1.2.19 (] , D- 356]). For a de Rham representation, we have
dimg, D)RV + dimg, DYV? = dimg, DyrV.

Definition 1.2.20 (| , §3]). For V' € Repry, (Q¢), define the following subspaces
of Galois cohomology. If ¢ # p (where p is the residue characteristic of K,), define

H,(K,, V) = (0)
H}(F,, V) = ker(H' (K, V) — H'(K}",V))
H)(K,,V):=H'(K,V)

where K" is the maximal unramified extension of K. If £ = p, define

Hel(KP’ V) = ker(Hl (KP? V) — H' (va Beﬂfp ®Qp V))
H}(Kp, V) =ker(H'(K,,V) = H' (K, Berys ®q, V))
Hgl(Kp, V) =ker(H'(K,,V) = H'(Ky, Bir ®q, V)).

Then there are inclusions
H)(K,,V) C Hy(K,,V) C Hj(K,,V) C H'(K,,V)
due to the same inclusion relations mentioned above for the period rings.

Remark 1.2.21. The definition of these subgroups is different from the definition in
[ |. Yet according to Remark 1.3.3.3 in | ], the definitions coincide if V' is a
de Rham representation. This we assume throughout this thesis.

The most striking result for a H} group is

Lemma 1.2.22 (| , Lem. A.1]). The subgroup H}(K,, ViGp) = Hj(K,, Qy(1))
of H'(K,,Qp(1)) = (K})" ®z, Q¢ is equal to (O[X(p)M ®z, Qp. Here, Gy, is the

multiplicative group which we will define later in 1.3.11.

Remark 1.2.23. Almost all proofs in literature use the exponential map defined by
Bloch-Kato. Still, it is not too hard to obtain this result just by explicit computation
on cocycles using the logarithm log : R* — Byg defined in | , §6.1.3] and the fact
that the Galois group Galg, operates on t := loge by ot = x(0) - t, where € is the
generator of Z,(1) C R* and y is the cyclotomic character.

Lemma 1.2.24 (| , Lem. 1.3.2]). Let ¢ # p, then there is an exact sequence

Frp —1

0 —— HY(K,,V) — VT, —— VT,

Hi(Kp, V) ——0

14



1.2 Continuous Galois Cohomology

where T, is the inertia subgroup of Galg, and Fry, is the Frobenius. As a consequence,
we get

dimg, HY(K,,V) = dimg, H}(Kp, V).
Theorem 1.2.25 (] , Prop. 3.8]). If { = p, assume V to be de Rham. If { # p,
no assumptions need to be made. Then there exists a perfect pairing
HY(K,V) x HY(K,V") = H*(K,Q(1)) = Q.
In this pairing, the subspaces H} (K,V) and H}(K,VP) are orthogonal for (?,;) =
(e,9), (f. 1), (g,€).

Proposition 1.2.26 (] , Cor. 3.8.4]). Assume ¢ = p and let V be a de Rham
representation. Then there is a commutative diagram with exact rows

0 —~ HY(K,, V) = Deay(V) & Dp(V) Dar(V) H, (Kp, V) =0

{ (0,4d) (

0 — HY(Ky, V) = Deys(V) @ D9Y(V) = Deyys(V) @ Dyr(V) — H}(Kp, V) — 0.

Corollary 1.2.27. With the same assumptions as in the proposition, it holds that
dimg, H}(K,, V) = dimg, DarV — dimg, Dy,V + dimg, H°(K,,V).

Note that the above definitions concern local fields. However, we also need the
distinguished subgroups for global fields. We achieve this by imposing the standard
Selmer group condition, using the aforementioned groups as local building blocks.

Definition 1.2.28 (] , Def. 11.1.3.1]). For number fields K we define
HEK,Y) = bor (V) - TL (V)G V)
p

forx=e, f,g.
By Poitou-Tate duality, we get the following
Proposition 1.2.29 (| , Prop. 12.5.9.5 iii)]). For V there is
dim H{(K,V) = dim H{ (K, V")
+dim H°(K, V) — dim H(K, V")

+ 3 (dim DarVical, — dim DSR‘/lGale)
peES,

— > dim H"(K,,V).

VESco

Furthermore, there are also integral versions of H}:

Definition 1.2.30 (| , §1.4.1.2]). For p-adic and number fields k& we define for
any Zg[Galg]-module T’

H!(k,T) = "HN(k,T ®z, Q)
for v : H(k,T) — H}(k, T ®z, Q¢) and x =, f, g.

15



1 Preliminaries

1.3 Algebraic Groups

Most results of this section can be defined or proved the same way in a far more general
setting. For convenience, we restrict ourselves to the case of working over a ground
field of characteristic 0.

Definition 1.3.1. An algebraic group A over a field k is a separated k-group scheme
of finite type. Denote the category of algebraic groups over k by AlgGrp(k).

Remark 1.3.2. Recall that we only consider commutative groups.

Remark 1.3.3. Algebraic groups automatically have various useful properties, e.g. they
are reduced, cf. | ).

Remark 1.3.4. We can regard an algebraic group A as a representable sheaf on the fppf
site via Agp,r = Homy, (—, A).!

Definition 1.3.5 (] , Def. 5.1.15]). A sequence of algebraic groups is called ezact
if it induces an exact sequence on the associated fppf sheaves.

We need to gather some results on the fppf topology.

Proposition 1.3.6. Let f: X — Y be a morphism of schemes. Then this induces a
functor f*: Sh(Yippr) = Sh(Xppr) with the following properties:

(i) Let Ag,,s be the sheaf represented by A. Then f*Ayg,,s is represented by A xy X.
(ii) f* is exact.

Proof. We essentially imitate the approach used in | , §I1.1.4].

The map f induces a morphism of topologies frppr @ Yippr = Xpppr via Y = Y/ xy X
Then, employing general theory, we get a pullback functor f* = (frppf)s : SR(Yppps) —
Sh(X;ppy) for the category of abelian sheaves on Yy,,. It follows that f* is exact in
complete analogy to the étale case using | , Prop. 1.3.6.7].

In | , Eq. 1.3.6.1], (frpps)s is defined as # o (fppr)p © @ where 4 is the inclusion
of sheaves into presheafs and #’ is the sheafification functor. We apply this functor to
Agppr step by step, starting with ¢. The resulting presheaf is then still represented by
A. Applying (frpps)p yields a presheaf represented by frppr(A) = A Xy X, cf. | ,
Ex. 1.2.3.3]. As the fppf topology is subcanonical, the sheafification is still represented
by A Xy X. O

Corollary 1.3.7 (extension of scalars). A homomorphism of fields k — K, i.e. a
morphism of schemes f : Spec K — Speck, induces a functor f* : AlgGrp(k) —
AlgGrp(K). Let A be an algebraic group over k. Then the functor has the following
properties:

(i) ffFA=A®, K.

(ii) f* is exact.

We will use the big fppf topos, see [ , Rem. 6.2.6].

16



1.3 Algebraic Groups

(7ii) For a scheme T over K the T-valued points are unchanged:

A(T) = (f~A(T)
where the left hand side T is a k-scheme via f.

Proof. The first statement follows from proposition 1.3.6 (i) because Ay, is represented
by A. So we need to check whether A ®; K is still an algebraic group. But this is
obvious, cf. | , Appendix CJ.

The second statement follows from proposition 1.3.6 (ii) because exactness is just
defined via the embedding into the fppf topos.

The last result follows from

A(T) = Homy (T, A) = Homg (T, A @y, K) = (f*A)(T)

where the middle equality follows directly from the universal mapping property of the
fibre product. O

Proposition 1.3.8 (] , Prop. 0.16]). The functor which maps an algebraic group
A over k to its k-rational points A(k) is exact.

Remark 1.3.9. Let K be an extension of k. Then the group A(K) inherits a Galois
action from the absolute Galois group of K and this action is compatible in the sense
that for a field extension K C L over k and G = Gal(L/K)

A(L)® = Homy(Spec L, A)¢ = Homy(Spec K, A) = A(K)
holds.

Definition 1.3.10. The previous remark enables us to apply Galois cohomology to the
points of an algebraic group. For ease of notation we write H'(k, A) for H'(k, A(k)).

Definition 1.3.11. Define the multiplicative group as
G, = Spec Z[T, T™].

Note that it can be given the structure of an algebraic group. Define the multiplicative
group over a basis S via base change:

Gmﬂ = Gm X7 S.

Definition 1.3.12. An algebraic group 7 is called a torus over k if T ®j, k = G”
where 7 is called the rank of T. Let K be a field extension of k and T' ®;, K = Gm e
then we say that T is split over K.

Lemma 1.3.13 (] , Prop. 1.2.1]). A torus already splits over a finite extension
of k.
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Definition 1.3.14. For a torus 7', we define for a field extension K of k the character
group Xx = X;.(T) = Homp (T xi, K, G, ic). We drop the index K if K = k. This
group is a finitely generated free Z-module.

Remark 1.3.15. It is apparent that the property of being a torus is stable under base
change.

Definition 1.3.16. An algebraic group A is called an abelian variety over k if A is
connected, geometrically integral and proper over k.

Lemma 1.3.17. Being an abelian variety is stable under extension of scalars.

Proof. Properness is stable under base change, cf. | , Appendix C|, and after
extension of scalars it is still connected, see | , Cor. 5.56 (2)]. O

Definition 1.3.18. A connected algebraic group G is called a semi-abelian variety
over k if there is an exact sequence of algebraic groups

0 - T -G - A -0
where T is a torus and A is an abelian variety.
Lemma 1.3.19. Being a semi-abelian variety is stable under extension of scalars.
Proof. This holds true for tori and for abelian varieties. Furthermore, extension of

scalars is exact. O]

1.3.1 Properties of Semi-Abelian Varieties

We are now gathering results for semi-abelian varieties. Let K be a number field and
K, its p-adic completion at a finite place p.

Definition 1.3.20. For an abelian variety A over k, denote by AP the connected
component of the Picard scheme Picy ;. It can be given the structure of an abelian
variety and is consequently called the dual abelian variety, see | , Rem. 5.24].

One example for the significance of the dual abelian variety is the following

Theorem 1.3.21 (Local Tate-duality, | , Cor. 1.3.4]). Let A be an abelian variety
over K,. Then there is a canonical pairing

H"(K,, AP) x H' " "(K,, A) = Q/Z.

Theorem 1.3.22 (Mattuck-Tate, | , Thm. 7], [ , p- 168-169]). Let A be an
abelian variety over K,. Then there is an integer d such that

A(Ky) = O%, @ finite

where d is the dimension of A.
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Proposition 1.3.23 (] , Prop. 3.3.3]). Let G be a semi-abelian variety over K,,.
Then there exists an exact sequence

0 ——Zy — G(K,) F——0

where F' is finitely generated as Z-module.

Lemma 1.3.24 (| , Cor. 2.4)). Let T be a torus over K,. Then the group H'(K,,T)
is finite.

Lemma 1.3.25. For a semi-abelian variety over K, there is an exact sequence

0 —— T(K,) — G(K,) — A(K,) — Fa(K,) —— 0

where Fg(K,) C HY(K,,T) is finite.
Proof. We have an exact sequence
0 —— T(K,) — G(K,) — A(K,;) —— 0

as stated in proposition 1.3.8. The result follows by taking the long exact cohomology
sequence 1.2.3. ]

Remark 1.3.26. Now let G be a semi-abelian variety over a number field K. The
isomorphism in corollary 1.3.7 (iii) G(K,) = Gk, (K,) transforms the exact sequence
of the previous lemma into an exact sequence

0 —— T(K,) — G(K,) — A(K,) — Fa(Ky) — 0.
Therefore, G(K,) has the above structure regardless of the base field over which the
semi-abelian variety is defined. We will be using this fact throughout this thesis.

Similar results can be proved for global fields.

Definition 1.3.27. We say that a group is almost free if it is isomorphic to the direct
sum of a free group and a finite group.

Remark 1.3.28. It is common knowledge that submodules of free R-modules are free if
R is a principal ideal domain, e.g. Z or Z,.

We now prove specialised versions of Theorem 3.3.13 and Proposition 3.3.14 stated
in [ | regarding almost free groups and the structure of semi-abelian varieties.

Lemma 1.3.29. Let A be a group and B C A a subgroup. Then an exact sequence

i J

- A - A" -0

0 - A

induces an exact sequence
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0 - B - B - B” -0

with B' = i"Y(B) = BNA' C A and B" = j(B) C A",

Proof. Injectivity and surjectivity are obvious. Let x € ker j' = ker j N B. The original
sequence is exact, hence x € imiN B=A"NB =B =imi'. O

Lemma 1.3.30. A subgroup B of an almost free group A is almost free.

Proof. Let F be a free group and T be a finite group such that A =2 F & T. Then
there is an exact sequence

0 - T - A - I - 0.

Due to the previous lemma, we get an exact sequence

0 T’ - B - F/ -0

where 7" C T is finite and F’ C F is free. Thus, there is a section and B =T’ & F' is
almost free. O

Lemma 1.3.31. The quotient of an almost free group A by a finitely generated subgroup
B is almost free.

Proof. Let A= Fy ® T4 with Fy = Z° being a free group and T4 being a finite group.
B decomposes into B = Fg @& 1Tg with Fig C F4 and Ts C T4. Fix a basis b; of Fg.
By assumption, this basis is of finite length. Thus, the set S" = {s € S|Ji: b;s # 0} is
finite where b; ; denotes the s-th component of b,. We then know Fz C 75" c F, and
the construction yields that

A/B= (25 & Z5 @ Ty)/(Fs®Tp) 225 & (2% & T4)/(Fz @ Ts).

75 @ T, is finitely generated due to the finiteness of S’. The claim follows because
quotients of finitely generated groups are finitely generated. [

Lemma 1.3.32. Let A be an almost free group and let C' be a finitely generated group.
Then the exact sequence

0 - A - B - C -0

is isomorphic to the direct sum of the short exact sequences

0

where Fy, is free and

0 - A - B - C -0

where A and B are finitely generated. Hence, B = F,, & B is almost free.
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Proof. Let A = F, @ Ty with F4 = Z° being a free group and Ty a finite group.
Assume the same for C' with Fpo = Z".

For every ¢; € Cyyp, pick a b; € B such that j(b;) = ¢;. These are finitely many by
assumption. Then (b;); is a finitely generated subset of B and (b;); N F4 is a subset of
the free group F4. Therefore, it is finitely generated and free. Let a; be a basis (of
finite length) of the intersection. Define the finite set S' = {s € S|Ji : a; s # 0}, the
free group Fj, = Z5\%" C A and the finitely generated group A = Ty & Z% C A. We
obviously have A = A @ Fj, and (bi); N Fy, = (0).

Division of the original exact sequence by Fj, gives

0 - A - B -C -0

with B = B/F,,. It is immediate that B is finitely generated because A and C have
this property.

The canonical homomorphism By, — By, is an isomorphism because we can
construct an inverse Btor — By, as follows: Let z € Btor and pick a lift T € B. Then,
there exists an n such that n-z € Fj,. Furthermore, F},, C ker j and hence n - j(z) = 0.
Thus, j(Z) is a torsion element and there exists a b; and an a € A such that T = b; + a.
By potentially choosing another lift, we can assume without loss of generality that
a € A. This gives T € (b;); + A, i.e.

n-T e (<bz>z+A) N F;, = (0)

by construction of F},. Hence, T € By,,. This and Fj,, being torsion free proves that
By, — By is an isomorphism.

Using the ker-coker sequence for the first two rows in the following diagram results
in

0 -0 > Btor = > Btor -0
0 - E, - B B 0
0 - F; > Btor,fr. Btor.f'r. —— 0.

Bior. #r. is free and this induces a section which results in an isomorphism
Bior.fr. = Fy @ Bioy s
Therefore, By, fr. is free and again this induces an isomorphism
B = Bioy ® Bior.fr. = Bior ® Fin ® Bior.r. = B & Fyy,
because for the finitely generated group B,
B Btma fr. D Btor
holds. O
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Proposition 1.3.33. Let K be a number field and Ok its ring of integers. Then K*
is almost free.

Proof. We have an exact sequence

0—— Of —— KX —— Px —— 0

where Pk are fractional principal ideals which are contained in the ideal group Jx. By
[ , Cor. 1.3.9] we know that Ji is free and therefore Py is free, too. By choosing
a section, we can identify K with O @ Pk. Furthermore, we know by | , Thm.
1.7.4] that O is finitely generated. O

Proposition 1.3.34. Let T be a torus over K. Then T(K) is almost free.
Proof. Let T be split over the finite extension L of K. Then, by definition,
T(L) = (L*)"

is almost free. By remark 1.3.9 we know that T'(K) = T(L)%@/X) is a subgroup of
the almost free group T'(L) and hence almost free using lemma 1.3.30. ]

Lemma 1.3.35. Let T be a torus over K. Then HY (K, T) is of finite exponent, i.e. it
s annihilated by multiplication with an n € N.

Proof. Let T be split over L, a finite extension of K. Remember the exact sequence
given in proposition 1.2.13:

0 —— HY(Gal(L/K), T(L)) —— H'(K,T) —— H(L, T)S\/1)
Because T' splits over L, there is an isomorphism T'®f L = G, ; compatible with the
action of Galy, i.e.

HY(L,T) = B(L,T(K)) = H'(L, T(L)) = H'(L, (L))"

Now this group vanishes by Hilbert’s Satz 90 1.2.9. Hence, H'(K,T) is isomorphic to
H'(Gal(L/K),T(L)) and this group is annihilated by multiplication with Gal(L/K)
due to proposition 1.2.6. [

Remark 1.3.36. Note that the lemma holds for every field.

For abelian varieties stronger results may be proved. Take for example the following
theorem:

Theorem 1.3.37 (Mordell-Weil, [ , Thm. 16.7]). Let A be an abelian variety over
a number field K. Then A(K) is finitely generated.

We will now discuss semi-abelian varieties.

Lemma 1.3.38. For a semi-abelian variety over K there exists an evact sequence

0 —— T(K) — G(K) —— A(K) —— Fg(K) ——0

and the image of A(K) in H' (K, T) called Fo(K) is finite.
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Proof. We have an exact sequence

0—— T(K) —— G(K) —— AK) —— 0

by proposition 1.3.8. Using the long exact cohomology sequence 1.2.3 yields the desired
sequence. A(K) is finitely generated by Mordell-Weil 1.3.37 and H'(K,T) is torsion
by lemma 1.3.35. Hence, the image F(K) is finite. O

Theorem 1.3.39. Let G be a semi-abelian variety over K. Then G(K) is almost free.
Proof. By lemma 1.3.38 we get a short exact sequence
0 —— T(K) —— G(K) —— ker(A(K) — Fg(K)) — 0.

ker(A(K) — Fg(K)) is a subset of the finitely generated group A(K) and therefore
finitely generated. The claim is then proved using that T(K) is almost free by
proposition 1.3.34 together with the result on extensions of almost free groups, 1.3.32.

[
1.4 /-adic Completions
There is the well known
Proposition 1.4.1 (| , Lem. 7.15]). For a noetherian ring R and an ideal m, the

m-adic completion is exact for finitely generated modules.
We however need a more precise statement:

Lemma 1.4.2. Let

L p

0 - A B C 0

be a sequence of Z-modules. The following implications hold:
(i) If the sequence is right exact, the (-adic completion of p is surjective again.

(ii) If the C-primary component C({) of C is annihilated by multiplication with €%,
the (-adic completion of a left exact sequence is still left exact.

In particular, if C'(€) has finite exponent, the {-adic completion is exact.

Proof. Both parts are proved just as proposition 1.4.1 was in Eisenbud’s book with the
single exception that we need a replacement for the Artin-Rees lemma to compare the
topology on A with the topology on A induced by B. The application of the Artin-Rees
lemma is the only part where the property “finitely generated” becomes relevant to
the proof.

The replacement works as follows: let a be as above and a € AN "B, i.e. there is
a b € B with a = ¢"**b. Then, we have [b] € (B/A)(¢) C C(¢) and, by definition of
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a, we get (*[b] = 0 in B/A and thus (b = o’ € A. Therefore, a = ("T*b = ("a' € ("A
holds. In particular, we have shown

(MACANMBCim*A
for n > a which is just the statement the Artin-Rees lemma would have yielded. [

Remark 1.4.3. In general, the /-adic completion is neither left nor right exact. Note
that part (i) of the previous lemma is no contradiction to that. For an example where
the ¢-adic completion is not right exact see | , Ex. 10.1]. Our result is slightly
finer than the result of Breuning in | , Lem. 4.8].

Lemma 1.4.4. For a semi-abelian variety G over K, the (-adic completion of the
sequence tn 1.3.25

0 —— T(K,)" —— G(K,)" —— A(K)™

Fo(K,)M ——0

1S exact.
Proof. From lemma 1.3.25 we get the exact sequence

0 —— T(K,) — G(K,) — ker(A(K,) = Fo(K,)) — 0.

The last group has only finite torsion by theorem 1.3.22, hence the previous lemma is
applicable.
We are thus left to show that the ¢-adic completion of

0 — ker(A(Ky) = Fg(Ky)) — A(K) Fa(Ky) — 0
is exact. Conveniently, the same argument applies here. O
Remark 1.4.5. The analogue of the profinite completion has been shown in | , Lem.

2.2].
The same result holds for the global case.

Lemma 1.4.6. For a semi-abelian variety G over K, the {(-adic completion of 1.3.58
is the exact sequence

0 —— T(K)N —— G(K)" —— A(K)M —— Fg(K)"* —— 0.

Proof. Note that we have established an analogous exact sequence as in the previous
lemma. Together with the Mordell-Weil theorem, 1.3.37, we can now use the same
argumentation as before to obtain the desired result. O

For finitely generated Z-modules, the ¢-adic completion possesses another important
property:

Proposition 1.4.7 (] , Lem. 7.2a)]). If M is a finitely generated Z-module, then

MM~ M ® 7,
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In particular, the map F — F’ is injective if F is a finitely generated free Z-module
because Z — Zy is injective. We want to generalise this statement to free modules:

Lemma 1.4.8. For a free Z-module F, the canonical map F — F is injective.

Proof. Fix F = Z°. Let z be an element in the kernel of I — F"‘. Then, as
before, define the finite set S’ = {s € S|z, # 0}. Hence, x € Z%. Because Z% is
a direct summand of F, the map (Z°) — F’ is injective. Furthermore, the map
75 — (Zs/)M is injective because Z% is a finitely generated free Z-module. Thus,
x=0. [

Corollary 1.4.9. For an almost free group A, the kernel of the canonical map A — AN
is finite.

Proof. A decomposes into the direct sum F4 @ Ty where F) is free and T is finite.
The lemma yields that the map

A=F 0Ty — Fr T, = AM

has finite kernel because ker(Ty — T%*) C T4 is finite. O

1.5 Arithmetic of Tori

Let K be a number field and T" be a torus over K. We will now define groups associated
with a torus that are of arithmetical interest.

Definition 1.5.1 (] , P- 366]). The mazimal compact subtorus Ty of T(K,) is
defined as

T°= (] ker <|X|p L T(Ky) =5 G () = K Z)

p
x€X5e (1)

={t € T(K,) |Vx € X, (T) : x(t) € Ok, }

where ||, is the p-adic norm associated with K. It is indeed the unique maximal
compact subgroup of T'(K,), cf. | , Eq. 2.1.3 and p. 116].

Lemma 1.5.2. 77 has a subgroup Z;, of finite index.

Proof. By proposition 1.3.23 we have

0 Z, T(K,y) F -0

where F is finitely generated. Zj is a subset of T because it is compact. Moreover, the
image of Ty in the discrete group F', namely 7y /Z3, is compact and hence finite. [

Let S be a finite set of places of K containing the infinite places S, of K.
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Definition 1.5.3 (| , p- 367]). Define
Tu(S) = [[ T(K,) x [] Ty
ves pgS

and the adelic group

T, = lig Ta(S).

S finite
Definition 1.5.4 (| . p.- 367, [ , Def. 5]). The S-class number of T is the
finite index
Ty
hr(S) = #——o
" =) 1)

where T'(K) is diagonally embedded into Ty (5). If S = S, we just call it the class
number.

Definition 1.5.5 (] , D. 367]). Define the S-unit group of T as a subgroup of
T(K) by

Ur(S) = T(K) NTa(5)
={teT(K)|VpgS:t,eT}
={t e T(K)|Vp & SVx € Xj, (T) « [x(tp)lp = 1}

where T'(K) is diagonally embedded into T4 (S). Let Ur = Up(Sy) denote the unit
group of T'.

Remark 1.5.6. In standard literature, this group is called Tk (S).

Example 1.5.7. Let T' = G,, and S = S,,. We then get Ty = (’)[X(p and hence, the
unit group of T is just O and the class number hy is the usual.

Theorem 1.5.8 (Generalised Dirichlet Unit Theorem, | , Main Theorem]|). The
S-unit group Ur(S) is the direct sum of the finite group p = pur = T(K)NT§ and a
free group T = T'p & Z) =5 where TS is defined as TS = [Ty, TS, i = rank X (T)
and r(S) = ¥, cgrank Xj (7T).

Remark 1.5.9. Assume S = S,. Let (x¥);2; be a Z-basis of the free Z-module
X5 (T) and (¢;);%, be a Z-basis of the free Z-module X (7T"). Base change induces
maps ¢, : Xp(T) = Xj, (T). Hence, for every v integers af; € Z exist such that
Yo = 1, (th;) = [1;(x%)*. Finally, let (e;)j= "™ be a Z-basis of I' & Z=""x,

Define a homomorphism

A: D@z R — Ty (S0)/T¢ (R )= - R">

@1 (zp)y 7 (IXJ (@) [n)iw — 7 (I X7 (@0)]0)i

)

as well as a homomorphism
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a: R7e R"x

(@5)vs = (X ;25

Corollary 1.5.10. Assume the situation above. Then the sequence

A «

R - R'% - 0

0

'z R

15 exact.

Proof. As essentially the derivation of the exact sequence above has already been
demonstrated in the proof of theorem 1.5.8 in | ], we may rephrase Shyr’s proof
for the case of S = S, to serve our purposes.

Shyr defines a surjective map

As: Tu(S) — (RX)™=
via (2,), = ([ (@)ulls - [P (20)u]])

where RZ is the multiplicative group of the positive reals and ||z|| = [T, |.|,- Then
A factors through T, (S)/T5. Denote the surjective map

Ta(9)/Tg — (RE)™

by ¢. We then know that I' C ker ¢ and that, according to Shyr’s proof, ker ¢/I" is
compact.
Furthermore, the maps

Ay T(K,) — (RY)™
via z — (XY (@)]v, - x5, (@)])
induce an isomorphism
@Ay 1 Ta(S)/T5 = (RY)™ x 2777 = (RY)™,

cf. | , Eq. 3]), since we have assumed S = S,.

In particular, we see that ker ¢ is an R-vector space and that I' is a lattice of ker ¢
due to the compactness of the quotient, i.e. kero =T'® R.

All this information amounts to the diagram

0 ker ¢ Ta(Sx0)/T%
As..
0 '®R (RX)Tee (RX)= 0
Y In ) In
0 roR A LR © L Rx - 0
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The lower row’s second map indeed being « can be seen as follows: by the definition of
the af;, the identity 1, = ]_[j(X;-’)aiy’j holds and hence we get that (z,), € Ta(Sx)/T%
maps to

As((2y)y) :lnHwi,V(*%V)VH = Z ani,V@u v Z ZO‘V In | x7 (20)]0-
'UGSoo UESOOZ 1

The second equation holds because for (z,), € Ty(S«), we know by definition that
[X(2p)|p = 1 for p being a finite place and x € X (T') being arbitrary. O

Definition 1.5.11. When we denote the exact sequence of the previous corollary by
D*, the Z-bases above yield a canonical isomorphism

= can

Rp: 1p =——= dgR"™> "% dg (R">)"" dgR"%

dr D*

1gr

where can is induced by the choice of bases and sp is induced by the acyclicity of D®,
cf. remark 1.1.4. As Rr is an automorphism of 1g, we can also regard it as a number in
R*. Define the regulator Ry of T over K to be the absolute value of the number Ry.

Remark 1.5.12. The definition does not depend on the choice of bases because base
changes induce a diagram

lfiT,l ¢ 1lg =——— dgR"™~""x dg (Rroo)—l dpR"% cany dp D* SD 1p
(.
RT,2 © 1g ——— dgR™""x dg (er)fl dpR"% Canz daD* SD 1p

where b is the alternating product of the base change matrices’ determinants. As the
base change matrices are elements of GL(Z), b has to be 1. Therefore, Rr; and Ry
may only differ by a sign.

Remark 1.5.13. We want to explicitly state the transformation matrices of the maps A
and o with respect to the bases chosen above.

Let Soo = {v1,...,v.}. The transformation matrix of the map A is the r, by
(roo — ri) matrix X = (X,,]...]X,,)" which consists of the (r, — rx) by 7, block
matrices

InxiCedl, o Infxd (ea)ly
N S | R L D N |
The transformation matrix of the map « is the rg by ro matrix A = (A4,,]...|4.,,)

which consists of the rx by 7, block matrices
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Remark 1.5.14. The definition of the regulator reduces to known cases.

For K = Q this is just | , Def. 4] which can be seen as follows: the basis (x$°)i=
of Xz(T') can be chosen such that the first 7 elements are ¥; o € X§(T), i.e. the first
rx columns of A, are the identity matrix and the rest is zero. Additionally, using the
short exact sequence shown in corollary 1.5.10, we may conclude that X has the form
(0] X)* where the matrix 0 spans rx columns. Thus, the regulator of T is just | det X]|,
using the canonical split of the short exact sequence in combination with remark 1.1.5.

For T' = G, this definition reduces to the definition of the regulator of K, cf. | ,
Prop. 1.7.5]. Note that we can choose A, = (1) because

Xie(Gn) = X, () = Z.

Pick a section of o : R — R"™ such that » — 7 - x¥ where x/ is a basis element
of Xi (Gy). Then, the formula stated in remark 1.1.5 together with the Laplace
expansion yields exactly the usual form.
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2 Mixed Motives

It is not the aim of this thesis to cover the too vast topic of the philosophy and the
desired properties of motives. Interested readers may refer to books like | | as it
will be interesting to note that many aspects of the general philosophy echo in this
work. We will for now however leave it aside and only make use of the notion MM to
indicate the category of mixed motives over a number field K.

2.1 Category of Mixed Realisations

Definition 2.1.1 (| , Def. I111.2.1.1]). An object M of the category of realisations
MR g over a number field K, or short MR, consists of

o the objects

() Magr, the de Rham realisation which is a finite dimensional K-vector space
with a filtration Fil' Myr called Hodge filtration,

(ii) Mg, for every v € Su, the Betti realisation, a finite dimensional Q-vector
space with an action of the absolute Galois group of K, i.e. in the case of
K, = R there is an involution,

(iii) M, for every prime number ¢, an f-adic pseudo-geometric! Galois represen-
tation of Galg called (-adic realisation,

o and comparison isomorphisms, i.e.
(i) an isomorphism
ey Qp®q Mp, = M,

of Q-vector spaces compatible with the action of Galg, for every prime
number ¢ and valuation v € S,

(ii) an isomorphism
t,: C®g Mp, = C®K Myr
of C-vector spaces compatible with the action of Galg, for every v € S,
(iii) an isomorphism
tp : Barp ®q, My = Baryp @k, Mar

of Bygp-vector spaces compatible with the action of Galg, and the Hodge
filtration for every p above a prime number p,

LAn f-adic representation is called pseudo-geometric if it is unramified for almost all places and is de
Rham for the places which are above /.
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 and a finite weight filtration (W,,M),cz which should obey further compatibility
properties, see | , Def. TI1.2.1.4].

A morphism in this category consists of a collection of morphisms for every realisation
compatible with the comparison isomorphisms.

Remark 2.1.2. The category is abelian. Moreover, it is even a neutral Tannakian
category. The unit object 1 is given by the realisation of Spec K, namely Myr = K,
Mg, = Q and M, = Q, with trivial Galois actions. We can define a dual motive M*,
enabling us to establish the Tate object 1x (1) as the dual motive of G,, x which gives
rise to twists. Denote the Cartier or Kummer dual M*(1) by MP.

2.2 Category of Mixed Motives

Because the category of motives MM is yet unknown, we define a subcategory of MR
which for our purposes serves as a sufficiently good replacement.

“Definition” 2.2.1. The image of MM in MR induced by the various realisation
functors will be called MM.

Remark 2.2.2 (] ]). Canonically, there is a realisation functor i’ from varieties
over K to MR induced by taking

e the de Rham cohomology HY,, (X, Q% k),
o the singular cohomology H'((X ®x,, C)(C),Q) and
o the ¢-adic étale cohomology HY (X @ K, Q).

The image of A in the category MR, called MM"*", should be contained in MM.
From here on, by (mized) motive we refer to an object in the category MM.

2.3 Motivic Cohomology

Definition 2.3.1 (] , §I11.3.1.2]). Define the motivic cohomology as
H), (K, M) = Ext (1, M).

Remark 2.3.2. The term motivic cohomology is normally reserved for a more complex
object in a derived category. Its weight graded parts correspond to the object above,

see | , 83].

2.4 [-functions

Definition 2.4.1 (| , §3.3]). Let p be a place of K above p and V' be an (-adic
representation. Then define

By(Vis) = detg, , (1 = Frp s, Dp(V)),
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2.4 L-functions

where Q;, is either Q; or K, and where D, is either the Q ,-vector space VI or
Deys,V for | # p respectively | = p, and the L-function

L(M, s) =[] Po(My, q;°) 7",
p

using g, = #Ok,/p, the order of the residue field. It is presumed that the L-function
is independent of /.

Conjecture 2.4.2 (| , Def. 111.2.2.2]). An L-admissable® object M in the category
MR possesses an L-function which is absolutely convergent for Re(s) big enough and
admits a meromorphic continuation to the whole complex plane.

2a technical property believed to be true for all “true” motives, i.e. elements of MM
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3 1-Motives

As we have seen, the general appearance of mixed motives is only conjectured. However,
there is a properly defined category which is allegedly constituting motives of “level
< 17”: 1-motives.

3.1 Definition and Properties

Definition 3.1.1 ([ , §10.1.10]). A 1-motive defined over a field k is a diagram

X

|

0—7—G—A—0

where
o X is a group scheme which is locally — in the étale topology over k — a constant
group scheme given by a finitely generated free Z-module,
e T is a torus over k,
o A is an abelian variety over k,
o (G is a semi-abelian variety over k and
e u is a morphism of k-group schemes.

Remark 3.1.2. In our situation, X can also be seen as a finitely generated free Z-module
on which Galy, acts discretely, cf. | , §IL.2].

Remark 3.1.3. For notational convenience, we will often represent a 1-motive by a
two-term complex [X — G| in the obvious way. Note that the torus 7" and the abelian
variety A are uniquely determined by G, see | , Thm. 1.1].

Definition 3.1.4. A morphism of 1-motives [X; — G| is a commutative diagram

X, X,
G Go.

Definition 3.1.5. Denote the category of 1-motives by MM;.

In the category of 1-motives exists the notion of a dual which generalises the duality
of abelian varieties.
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3 1-Motives

Definition 3.1.6 (| , §10.2]). For a 1-motive M = [X — G], there is a Cartier
dual MP,

TD

l

0—= XP —e P —+ AP — ),

where the free Z-module TP := Hom(T,G,,) consists of the characters of T, the
algebraic group X? = Hom(X, G,,) is a torus and A" is the usual dual of A as an
abelian variety.

Remark 3.1.7. The construction is accomplished via Grothendieck’s biextensions which
are too complicated to describe in passing. For more information, refer to | , §10.2]

and | , §2.7].

There is the following immediate observation:
Lemma 3.1.8. The category of 1-motives MM, is additive.

Definition 3.1.9. Let C be an additive category. The Q-linearisation of C is a category
called Cgp with

o the same objects as C and

« Homey (A, B) = Q ® Hom¢(A, B) as morphisms.

Lemma 3.1.10 (] , Lem. 3.2.2]). The Q-linearisation of MMy is an abelian
category. It is called 1-motives up to isogeny and is denoted by MM, q.

We will present a simple but useful lemma for later use:

Lemma 3.1.11. Let C be an additive category and ¢ : A — B a morphism in this
category. If the kernel k : ker o — A exists, then 1 ® k is the kernel of ¢ ® ¢ in the
category Cq for all g € Q*. The same holds for cokernels.

Proof. The universal mapping property of the kernel k : ker p — A of ¢ : A — B reads
as follows: ¢ o k is the zero map and for any map f : Z — A such that ¢ o f is the
zero map, the map f factors through k, i.e. there is an f': Z — ker ¢ with f = ko f.

Let ¢ ® f: Z — A be a morphism in Cg with ¢’ # 0 such that (¢ ® ¢) o (¢ ® f) is
the zero map. There then is an n # 0 with

n-pof=wpo(n-f)=0

in Hom¢(Z, B) and hence an f’' : Z — ker which satisfies n - f = ko f’. Thus,
L@ f': Z — ker ¢ satisfies

n n

<1®k>o(‘-"®f'> _Cghop—gef

and 1 ® k fulfils the property of being a kernel. The same reasoning gives the result for
cokernels. ]
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3.2 Realisations

Remark 3.1.12. A 1-motive M = [X — G] has a canonical (increasing) weight filtration

W;M = M for ¢ >0
W_iM =10 — G]
W_oM =10 —T)|

Wi;M =0 for i < —3

and the sequence

0—— W, M —— WM —— gV M ——— 0

is “exact” in the sense that the induced maps of the underlying free Z-modules and
the semi-abelian varieties are exact. In the abelian category of 1-motives up to isogeny,
where we have an exact structure, the sequence above is indeed exact, cf. lemma 3.1.11.

3.2 Realisations

This section discusses the definition of a suitable realisation functor MM; — MR.
Consequently, we restrict ourselves to 1-motives over a number field K.

Definition 3.2.1. Define the Lie algebra Lie A of a group scheme A over a field k as
the kernel of A(k.) — A(k) with k. = kle]/e?, see | , p- 459]. Tt is a k-vector
space and commutes with base change.

Definition 3.2.2 (| , §10.1.7]). Define the de Rham realisation as the K-vector
space

TdRM = Lie Gh
with the Hodge filtration being described by Fil’ Ty M = ker(Lie G* —» Lie G). Here,
[X — G¥] is the universal vector extension of G by Ext(M,G,)Y, see | , §10.1.7]
and | , §2.5].
Definition 3.2.3 (] , §10.1.3]). Define the integral Betti realisation Tg,M of

M = [X = @] for v € S as the fibre product Lie G, X @, () X in the category of
Z-modules fitting into the diagram of abelian groups

0 H.(G,,Z) Tp, M - X - 0
0 H,(G,,7) Lie G, ———+ G, (C) 0

where G, is G X, C. There is obviously an action of Galk, on Ty, M.
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3 1-Motives

Definition 3.2.4 (| , §10.1.10]). Define the integral ¢-adic realisation as the free
Zy,-module

T@M = @Tz/[nzM with

{(z,9) € X x G(K) |u(x) = ng}

LM = (nz, u(2) |z € X}

where the projective system is composed of the transfer maps ., ma((z, 9)) = (x,dg).
The Galois action on T,z M is the obvious one.

Remark 3.2.5. There are many compatibilities: for one, the realisation functors respect
the weight filtration, i.e.

gr'V T,M =T, gtV M
where the weight filtration on T, M is T, W;M and

0 0

W, T, M

W T, M

gtV T, M

is still exact.
Furthermore, the realisation functors are compatible with Cartier duality insofar as
there are pairings

T,M x T,M” — T,[0 = G,,]

which are natural and non-degenerate in the corresponding category.

Remark 3.2.6. For later use, we want to explicitly state the sequences associated with
the weight filtration for the /-adic Tate module: the sequences

0 - T,T - T,G - T,A -0
and
0 - T,G - T, M - T, X -0
are exact. A proof can be found in | , §2.3.4].
Remark 3.2.7. For convenience, we copy from | , . 676] the list of the various

realisations of the weight graded parts that can be easily deduced by means of the
definitions given above and some extra information provided in | ].

Tar Tgy T,
oW M=X|Xosk X XM
gV M =A| LieA* H(A, Z) T,A
oW, M =T | LieT H\(T,Z) T.T
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3.3 Properties of the Realisation Functor

Be cautious that we always use T, X to denote the f-adic realisation of 1-motives, i.e.
the ¢-adic completion X of X. For an abelian variety A and a torus 7', the object
T,A resp. T,T is the usual f-adic Tate module T,G = I'&Hn G[em].

Theorem 3.2.8 (Tate property, | , Thm. 6.0.1]). The natural map induced by the
(-adic realisation
Hom g, (M1, Ms) @ Zy — Homg, Gar ] (TeMy, TeM,)

is an isomorphism.

Proposition 3.2.9. The (-adic representations V,M = Q ®z T,M are de Rham.
Proof. They are potentially semi-stable by [ , §6.3.3].! ]
Definition 3.2.10. Define the realisation functor

H: MM, — MR

consisting of the de Rham realisation Vyr = T4gr, the Betti realisations Vg, =
Q ®z Tp, and the (-adic realisations Vy := Q ®z Ty. It is immediate that the objects
have the structure definition 2.1.1 requires. Furthermore, the demanded comparison
isomorphisms exist according to | , §6.3.3].2

3.3 Properties of the Realisation Functor

Here, we will explore the main properties of the realisation functor.

Proposition 3.3.1. The realisation functor H is fully faithful.

Proof. Elementary using the Tate property 3.2.8 for any prime /. [
Proposition 3.3.2 (] , Thm. 4.31)]). The image of H is contained in MM"*" C
MM.

Definition 3.3.3. Denote the essential image of H in MR by MM;.

Conjecture 3.3.4 (| , §8.2]). MM, is stable under sub-objects, quotients and
direct sums. If MMy contains M, it contains all extensions of M by 1.

Remark 3.3.5. The extension property was also conjectured by Deligne in | , §2.4].
The conjecture fosters the philosophy that 1-motives are just all motives of “level < 17
Therefore, this conjecture has rather the character of a requirement for the category
MM. There are two results which need to be mentioned: first, Bertolin proved in
[ | that if one replaces MM; by the Tannakian subcategory of MR generated
by 1-motives, the extension property is true. Another important result is that for
Voevodsky’s category of motives, the conjecture ascends to being a theorem, cf. | ,
Thm. 3.4.1].

1See next footnote.

2Fontaine actually references one of his unpublished articles. Yet there exists an alternative way
to obtain the results: due to prop. 3.3.2, we inherit all the good properties from the realisation
functor of varieties, see remark 2.2.2.
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3 1-Motives

3.4 Motivic Cohomology

In this section, we want to compute the motivic cohomology of the realisation of
1-motives. To be able to do so, we need to assume conjecture 3.3.4 from here on. Recall
the definition of motivic cohomology (3.4),

Hi (K, M) := Extyg (1, M).

Remark 3.4.1. By abuse of notation, we write H) (K, M), H)(K, X) or H\,(K,G)
instead of Hj,(K,HM), Hi,(K,H[X — 0]) or Hi(K,H[0 — G]) for reasons of
simplicity. Furthermore, we identify Z with the realisation of the 1-motive [Z — 0]
which equals 1.

Proposition 3.4.2. For a 1-motive M = [X = G| we get
HY (K, M) = H°(K,keru) ® Q.
Proof. Straightforward calculation yields
HY(K, M) = Exty (1, HM) = Homyp (1, HM)
= Homn, (1, HM) *2' Homp, o (Z, M)

= Q ® Homung, (Z, M) 2 Q @ Homyu, (Z, ker u)
= Q ® Homgzjgai,)(Z, keru) = Q ® H°(K, ker u)

where (%) is a factorisation property directly drawn from the definition of morphisms
of 1-motives, cf. definition 3.1.4. O

Proposition 3.4.3. The group H},(K, X) vanishes.

Proof. Every element of H}, (K, X) = Extyy (1, X) corresponds to an extension

0 X E Z -0

in the category of 1-motives up to isogeny because F is a 1-motive [Xp — Gg| by
conjecture 3.3.4. F can be replaced by the 1-motive [ Xz — 0] because application of
the functor W_; to the sequence above is exact and therefore, G is isogenous to 0.
Hence, the above corresponds to an extension

q®i g ®p

0 - X XE Z -0

in the category of 1-motives up to isogeny. Note that ¢ is injective: the kernel of ¢
exists in the usual category of 1-motives since a submodule of the free Z-module X is
still free. By lemma 3.1.11, we have k := ker = 0 in the Q-linearised category, hence
there are maps £ — 0 — k which when composed yield the identity. Consequently,
0=r®id € Q ® Hom(k, k), i.e. there is an n such that n -id = 0. This particularly
implies that £ must be zero because k is free.

Furthermore, we know p o i is zero because q¢' ® p o i = 0, thus there is an n such
that n-poi =0 in Hom(X,Z). Note that Z is torsion free.
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3.4 Motivic Cohomology

Because p maps to Z and is non-zero, im p is a non-trivial ideal of Z. Thus, there
exists an n with imp = (n). If we replace ¢’ ® p with (n-¢') ® £, we may assume p to
be surjective.

We therefore have a commutative diagram (for arbitrary n)

0 c X — e d N (n - S(Z) — s n - 5(Z) 0
c c
0 CX g (s(Z) — (2 0
c c
0 - X z X a Xp/X 0
f ‘ s
X' X d - Z.f (not ezxact)

where f exists as p factors through the cokernel Xp/X and s exists because we may
choose a splitting due to Z being free. Hence, s induces an isomorphism Z = s(Z).
Furthermore, we know that d~'(s(Z)) as a submodule of the free Z-module X is
itself free. In the Q-linearised category, the inclusion in the right hand column of the
diagram

0 CX L i s(z) L2 s(2) 0
C C

0 CX 10 gisz)) — L2 gz 0
C 2

0 X% L x, 7o z 0

becomes an isomorphism almost by definition of the Q-linearisation. The five lemma
yields that the inclusions in the central column become isomorphisms, i.e. they all
represent the same element in the Ext group.

The second row (in the non-linearised category) corresponds to an element g €
HYK,X) with g : 0 — i 1(0(e) — €) where e € d71(s(Z)) is a lift of 1, € s(Z), see
proposition 1.2.7. Particularly, we may choose the lift n-e of n-1, € n- s(Z). With
that, the first row corresponds to the element n - g in H*(K, X). Note that H'(K, X)
is finite because of lemma 1.2.10, hence for n large enough, the first sequence splits
and the associated element in the Ext group is the trivial one. O]

Theorem 3.4.4. There is an isomorphism
Hy(K,G)2Q®G(K).

Proof. This proof uses the construction given in | , §8.1]: define the map Q ®
G(K) — H),(K,G) by mapping ¢ ® g to the extension
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3 1-Motives

¢ t'®idg 1®idy

0 G [Z — G] v/ 0

in the category of 1-motives up to isogeny where u(n) = n - g unless ¢ # 0. If ¢ = 0,
use the identity 0 ® g = 1 ® O (where Og is the neutral element in G) and then apply
the above map to 1 ® 0. The map is well-defined: in a first step, we show that aq® g
and ¢ ® (a - g) for a # 0 give rise to the same element in H (K, G). For ¢ = 0 this is
obvious. Hence, we may assume ¢ # 0. Consider the commutative diagram

ag)~t®id " id

0 _ (oq) ®G‘[Z—>G] 1®idg .7 . 0
“l®id id

0 L% iz tq—2 .y 0

with (1) = g and v(1) = a - g. The diagram implies the equivalence of the extensions.
Now, we want to show that if two objects ¢ ® g and ¢’ ® ¢’ agree in G(K) ® Q, they

yield the same element in H (K, G). Without loss of generality, we may assume g = %

and ¢ = z%’ and there is the equality
1o -g-p g)=10q
in Q® G(K). If follows that an o # 0 exists such that ap’ - g = ap - ¢ in G(K), i.e.

1 1 , 1 N
~@g=—— (g = ——@(ap-g) =07
P app app p

In this situation, our first step’s result is applicable and all objects above map to the
same element in H,(K, Q).

Showing injectivity works as follows: If there is an isomorphism ¢’ ® ¢ from [Z LN G]
to [Z — G], then the diagram

(2.4

Z Z

is commutative. Let n = ¢x(1) # 0. Then
n-g=u(n)=(uowx)(l) =0g.

Hence, g is torsion in G(K).
Surjectivity can be shown as follows: every extension is a 1-motive by conjecture
3.3.4, i.e. the extension corresponds to

/

a0 ¢ qQp

0 -G - X -5 G -7 - 0.
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3.4 Motivic Cohomology

The exactness of the sequence implies X = Z equipped with the trivial Galois action.
A non-trivial homomorphism Z — Z is fully determined by 1 — n. Thus, replacing
¢ ® p by ng ® £, we may assume p = idz. Considering

id:
0 . G q® ¢ . {Z L} G/] q ®idg . O
q®1d2\q®ldc
0 eI L/ Ny B 0

we are reduced to the case ¢’ = 1.
If g = u(1) itself is not in the image of ¢, the exactness of the sequence implies that
there must be a pu # 0 such that p - g lies in the image of ¢. The diagram

a® ¢ 1 ®idy

0 -G - [Z -5 G - Z 0
1®id2\1®u1dg/
0 LG gt e 2 g - 0

yields that, without loss of generality, (1) has a preimage.
Now consider the diagram

0 A /NS B R . 0
1@1(12‘1@@
0 q®idg [Z_)G] 1®idy ,Z ,O

where v(1) is a preimage of u(1). Note that v(1) has to be invariant under the action
of Galg because 1 is invariant. Hence, we have transformed the general extension into
an extension contained in the image of the map described above, and surjectivity has
been proved. O

Theorem 3.4.5. For a 1-motive M = [X — G| one has
0—— H)(K,M) —— X(K)®Q —— G(K) ® Q — H},(K,M) — 0.

Proof. Applying the Homyg (1, -) functor to the short exact weight filtration sequence

0 -G - M - X -0

yields the long exact Ext sequence up to level one, using that MR is an abelian category,
see [ , Ex. A3.26f]. The previous results imply the above sequence. The boundary
morphism as defined in | , Ex. A3.26b] maps ¢®x € Homaqpy, o (Z, X) = H} (K, X)
to the upper row of the diagram
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3 1-Motives

0 e, - E -7 - 0
| e
0 G VAN . 0

where F is ker(—p @ ¢, ® q) : M & Z — X. The latter identifies with [Z — G] and
v(1) = u(z(1)) holds. Hence, the boundary morphism is indeed w. O
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4 Tamagawa Number Conjecture

This section outlines the Tamagawa Number Conjecture as stated in | .

4.1 Various Constructions

Similarly to the definition of the global Selmer group H}(K ,—), we will proceed to
define a motivic subgroup, the finite part of H},(K,-).

Definition 4.1.1 ([ , Def. 111.3.1.3]). Define
Hjy (K, M) = ker <H}M(K, M) — [[H' (K, M,)/H}(K, Mg)>
¢
where H), (K, M) — H'(K, M,) maps an extension of 1 by M onto an extension of

1, = Qy by M, via the projection of MR to the /f-adic realisation.

Definition 4.1.2. We denote by ty; = Myr/ Fil° M,z the tangent space of the motive
M.

Definition 4.1.3 (] , Def. I11.3.1.5]). For a motive M and v € Sy, the compari-
son isomorphism

Ly C ®Q MB,V =C QK MdR7
which is compatible with the action of Galg,, induces morphisms
R ®@ Mg,zx — (C ®@ MB,V)—F = KI/ Or MdR — Kl/ QK tM

where we use (-)* as HY(K,,—). Call the composition of the maps ayr, and denote
@yan, by ay. Note that ®, K, @k tyr = R ®q tar is canonically an R-vector space.

Definition 4.1.4 (| , Def. 111.3.1.6]). For a motive M and v € S, one has the
realisation map H (K, M) — H'(K,,R®qMp,) where H'(K,,V) = Extgy  (1,V)is
calculated in the category of mixed Hodge structures over K, cf. [ , Def. T11.1.1.1

& 1.2.1]. By extension of scalars, one gets an R-linear map H' (K, Mg — H'(K,,R®q
Mg ). Furthermore, an element of ExtgHKu (1,R®qoMpg,) = Hom(1,R®q Mg ,) gives

rise to an element in ker ayrx, C R ®q M;V by evaluation at 1, see | , Prop.
I11.1.1.6 & 1.2.3]. We may therefore define

Upr - HR/[(K7 M)R — @HO(KV,R®Q MB,V) — keraM.

Additionally, it is shown in the same proposition that an extension 0 — V — U —
1 —0in Ext}gHK (1,V) for V=R ®q Mp, gives rise to an element in coker aps, via
the following construction: the extension induces short exact sequences
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4 Tamagawa Number Conjecture

04’W0V+4’W0U+ - R -0
and
0—— WOV(C+ _— WOU(C+ - Ct -0
as well as
0 —— WoFil® Vi —— W Fil° U - C*t - 0.

Let e € WoU be a lift of 1 € R. Then a v € WV has to exist such that e +v €
Wy Fil’ Ud. The image of v € V& = (C ®¢ Mp,)* in coker ayy, is independent of
choices. Altogether, one can define a map

vnr 2 Hyy (K, Mg — H) (K, M)p - @ H'(K,,R ®q Mg,) — coker ay;.

Note that coker a; identifies with (ker aiy;p)* and vice versa. Hence, we get maps

w}y :coker ayy — HS (K, MP)%
vhs tkerang — Hy (K, MP);.

4.2 Tamagawa Number Conjecture: Motivic Version

We are now equipped with the techniques needed to state a conjecture which will
enable us to find the value of the L-function’s leading coefficient L* up to a rational
multiple.

The basic object which consolidates knowledge of the various different realisations
looks as follows:

Definition 4.2.1 (| , Def. 111.4.4.1]). Define the fundamental line as

Ag(M) == doHy\, (K, M) dgH,, (K, M)
doH (K, MP)* do(H (K, MP)")™!
do(Mg) ™" dg(tar)

Where Mg - @VHO<KV7 MB,I/)'

Conjecture 4.2.2 (] , Prop. 111.3.2.5]). There exists an ezact sequence
0 HY (K, M)y —— ker ayy ———— HY, (K, MP)3
hr UM /U‘RI

Hly (K, M)z —— coker ay HY (K, MP);, —— 0.

We will denote it by Sg(M).
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4.3 Tamagawa Number Conjecture: (-adic Version

Definition 4.2.3. The above conjecture induces an isomorphism
1900 . SR(M) L> 1IR{
called the period-requlator map.

Definition 4.2.4. The map «,; defined in 4.1.3 induces a natural short exact sequence

0 ——keray —— B, R®q ngy oM, R ®q tyr — coker apyy — 0

which yields an isomorphism
-1
Sa,M - ® d]R (R ®Q ME,V) d]R(R ®Q tM) = dR(ker OzM)_l d]R coker [V

Hence, s, p induces an isomorphism Ag(M)g = drSg(M).
Based on the previous definitions, the conjecture can be stated as follows:
Conjecture 4.2.5 (| , Conj. I11.4.4.3]). There is a unique isomorphism
(M) 1g — Ag(M)
such that the composition

Go(M)c (sa,M)c (Yoo)c

1@ AQ(M)(C E— SR(M)(C E— 1((:

equals L (M)™' in Aut(1c).

Remark 4.2.6. There is a slight deviation between standard literature and our definitions
as it is Yoo © 54,37 Which is usually called the period-regulator map.

4.3 Tamagawa Number Conjecture: /-adic Version
We will now look into conjectures which describe the L-function’s leading coefficient
L* up to a factor in Z;'.

Definition 4.3.1. Let S(M) be a finite set of places of K containing S., as well as
the places of bad reduction of M. Then define S;(M) as S, U S(M) and Sy (M) as
Se(M) N Sy.

Proposition 4.3.2 (| , Eq. 1.28]). Let Ty be a Galois stable Zg-structure of M,
(for € # 2), i.e. a Galg-invariant lattice of M,. Then there is a distinguished triangle
of perfect complexes

RUc(Ok.s,0), Te) = RUp(K, Tp) — ( S, er(Kpan)) ® D H(K, T
PES@J(M) V€S~

such that, tensored with Q,, this naturally identifies with the distinguished triangle

RFC(OK,SZ(M),MZ) — RPf(K, Mg) — ( @ RFf(Kp7Mg)) D @ HO(KWMg).

pES,, (M) VESss
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4 Tamagawa Number Conjecture

Remark 4.3.3. One has to use Burns and Flach’s definition in the case of p not dividing
#Gal(L/K) at the end of section 1.5 in | |. Define Hyp (K, T;) = H'RT(K,T)).
Then Hpp (K, T;) agrees with the Bloch-Kato definition given in 1.2.30 for i = 0, 1,
Le. H°(K,T;) = Hpyp (K, T;) and Hi(K,T;) = Hpp (K, T;). In case of i = 2,3,
Hpp (K, Ty) is related to the Bloch-Kato definition via exact sequences. We will
explore this relation in section 5.5.

Conjecture 4.3.4 (| , Conj. 111.3.3.1]). There are natural isomorphisms

HY (K, M) ®q¢ Q, = H(K, My)
Hjy (K, M) ®q Q= H(K, My).

Proposition 4.3.5 (] , 84.4]). There are canonical isomorphisms
mp(My) © do, RUp(Ky, M) dg,t,(My) — 1g, forp e s,
(M) = do, BT ¢ (Kyp, My) — 1g, forp & Se

where t,(V) = Dar,p(V)/Dyg, (V) is the tangent space of an (-adic representation V.

Proof. Due to proposition 1.2.26, we have eq. 7.57 in | ]. Therefore, we can still
establish the isomorphisms in the same way as seen in eq. 7.64, | . ]

Definition and Lemma 4.3.6. There is a canonical isomorphism called (-adic period-
regulator map

Vet Ag(M)g, = do,RUc(Ok s, (a1, M)
Proof. We get
AQ(M)QZ = dQH/Q/t(Ka M)sz dQH/l\A,f(Ka M)@;l
doH (K, MP)g, do(Hy ; (K, MP)")g,
X do(Mz)g, doltu)e,
VES~
= szHO(Kv Mﬁ) dQeH}(Kv Mf)_l

do, H (K, MP)" do,(H; (K, MP)*)™"
® d@z(MZ_)_l ® d@etP<M€>

VESeo pES;
because of conjecture 4.3.4.
Q¢ ®q Mf, = M,
and
(K ®q Qr) ®K tym = Bpes, Ky @k tar = Bpes, tp(Mo)

follow from the compatibility properties of the comparison isomorphisms and [ ,
Prop. 11.8.3], which states that L ®x K, =[], L,» holds if L|K is a finite separable
extension.
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4.3 Tamagawa Number Conjecture: (-adic Version

By | , p- 74] we get H}{(K,V) = Hj (K, VP)*. Hence

Ag(M)q, = RI'y(K, My)
® d@z(MZ_)_l ® d@th(Mf)

V€S pPESE

= szRFC(OK,Se(M%M@)
Q  doRT (K, M) Q do,H(K,, M)

peSng(M) VES~
® sz<M€+)_1 ® d@etP(MZ)
V€S~ pESe

- dQZRFc<OK,Sg(M)7 Mz)

@ doRT (K, M) @ do,ty(My),
PESe, (M) peS,

using proposition 4.3.2. Then, by the canonical map @yes, (a7, We get the desired
canonical isomorphism. O

The (-adic version of the Tamagawa Number Conjecture then reads as:

Conjecture 4.3.7 (| , Conj. I11.4.5.2]). Assuming conjecture 4.2.5. Let T; be a
Galois stable Z,-lattice of M,. Then there exists a unique isomorphism

CZZ(TD : 1Ze — ngRFc(Ua Tg)
which by base change induces the map

CQ(M)Qz )
CZ@ (TE)QZ : 1@@ - AQ(M)QZ — szRFC(U’ Mf)'

Remark 4.3.8. It can be shown that this conjecture is independent of both 7, and
S(M).
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5 Tamagawa Number Conjecture for
Semi-Abelian Varieties

In this section, we will explore the implications of the Tamagawa Number Conjecture
for the L-function of the motive h'(G)(1).

5.1 Reformulation

First, we note that the L-function of the motive M only depends on the ¢-adic realisation
of M. Hence, we need precise knowledge of the (-adic realisation of our motive h'(G)(1).
There is a convenient theorem which transforms étale cohomology to group cohomol-

ogy:

Theorem 5.1.1 (] , . 125]). For a locally constant étale Zg-sheaf M on a
connected variety X, there is the following canonical isomorphism between the étale
and the group cohomology groups:

Hét(XwA/l) = H1<7Tét(X7T)7M)7

where m4( X, T) is the étale fundamental group of X with base point T and M is the
finitely generated Z,-module with continuous action of m4(X,T) associated with M.

The next step is to determine the étale fundamental group of a semi-abelian variety
for which we need the following generalisation of a theorem of Lang and Serre:

Proposition 5.1.2 (] , §13.1, Prop. 170]). Let G be a geometrically connected
algebraic group over k. Any connected étale cover h : X — G together with a lift
¢ € X(k) of e € G(k) canonically has the structure of an étale isogeny, i.e. X is an
algebraic group and h is a surjective homomorphism with finite kernel.

Now we are able to actually deduce the form of the étale fundamental group for a
general (abelian) algebraic group:

Theorem 5.1.3. For an (abelian) algebraic group G over k there is

ma(G,e) = lim Gn] (k) =TG =[] T.G
n ‘

with G = G ®y, k.

Proof. Define the fibre functor F5(Y') := Homg(€,Y) where Y is a finite étale X-scheme.
We say Y is Galois if Autx(Y) — Fx(Y) is bijective and call it a Galois covering if
Y — X is surjective. For additional information see | , §1.5].
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5 Tamagawa Number Conjecture for Semi-Abelian Varieties

The étale fundamental group satisfies the equality

Wét(é,é): 1&1 Wét<7,€>/H

H open

because it is a profinite group. H corresponds to a Galois covering h : Yy — G by
[ , Thm. 5.4.2b))] with Autx(Yy) = 7e(G,€)/H.
By the previous proposition we may deduce that h is an étale isogeny. Furthermore,

Autx (Yy) = Homg(e, Y') may be identified with ker(h)(k). Hence, we have established

ra(Ge) = lm Ter(B)(

h étale isogeny

because all étale isogenies are Galois coverings.

For n > 0 denote the multiplication with n on G by [n]g. [n|g are étale isogenies
and we want to show that they form a cofinal system in the index category of the
projective limit above, i.e. for every étale isogeny h : X — G exists an n € Z \ {0}
and an f : G — X such that ho f = [n]|g. f is called the dual isogeny of h and is
constructed as follows: ker h is finite and we have an n # 0 such that n - kerh = 0.
Hence, ker h C ker[n]x. G = X/ker h has the universal property of a cokernel. Thus,
[n]x factors as seen here:

ker h - X - G

In order to show that a := h o f actually is [n]g, consider
[nj[goh=hon|x =hofoh=aoh

where the first equality holds due to A being a group homomorphism. The claim follows
because h is an epimorphism.
We conclude with

T (G, E) = Jim G[n](k).

[

Remark 5.1.4. The construction of the dual étale isogeny is done analogously to the
abelian variety case, see [ , Cor. 5.6.9]. Indeed, the whole proof is analogous to
the abelian variety case.

Therefore, we can prove

Theorem 5.1.5. For a semi-abelian variety G, the {-adic étale realisation of h'(G)(1)
is the Cartier dual of the (rational) Tate module of G.
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5.2 Preliminaries

Proof. The above theorems imply:

WG (Ve = HL(G, Q) (1) = HA (G, Ze) @2, Qu(1)
"EH (140G, ), L) @2, Qu(1) = Hom(met (G, ), Ze) @2, Qu(1)
5é3Hom(TG, Zy¢) @z, Qe(1) = Hom(T,G, Z¢) @z, Q¢(1)
=V,GP.

]

Remark 5.1.6. Because the 1-motive [0 — G]” has exactly the same f-adic realisation as
h*(G)(1), their L-functions coincide. Thus, it is sufficient to understand the implications
of the Tamagawa Number Conjecture in the case of the 1-motive [0 — G]P.

Remark 5.1.7. The semi-abelian variety G will be regarded as a 1-motive in the following
sections. In particular, the realisations of G are then the realisations of [0 — G]. As
stated above, the étale realisation of GP coincides with the étale realisation of the
motive h'(G)(1). Whether a similar statement holds for the de Rham and the Betti
realisation is not known to the author. While the final result remains unaffected by this
uncertainty, there are intermediate results in the final two sections which are sensitive
to this issue. Be mindful of this before transferring conclusions.

5.2 Preliminaries

Lemma 5.2.1. Let G be a semi-abelian variety over k. Then the exact Kummer

Sequencel

[e"]
0 —— G G G 0

induces exact sequences functorial in k and G
0—— Hk,T,G) — T,G(k) —— 0
and

0—— G(k))/\e - H1<I€,T5G) - Tng(kZ,G) — 0.

Proof. Applying cohomology to the Kummer sequence, we get via the long exact
cohomology sequence the isomorphism

0 —— HOk,G[¢"]) —— G(k)[("] —— 0

and the short exact sequence

0 —— Gk) "G (k) s L (ke G L) HY(k, G)[t"] — 0.

'We wrote G instead of G(k) to keep the notation simple. This consequently results in us under-
standing exactness as in the category of Z[Galy]-modules.
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5 Tamagawa Number Conjecture for Semi-Abelian Varieties

The projective limit of these sequences yields the desired result because the transition
maps of the projective system (G(k)/¢"G(k)),, are by construction just the projections.
Hence, all transition maps are surjective and the system has the Mittag-Leffler property.
[ , §IL.7] O

Corollary 5.2.2. For a torus T over k, there is an isomorphism T (k)" = H(k,T,T)
induced by the Kummer boundary map.

Proof. H(k,T) is annihilated by multiplication with an integer according to remark
1.3.36. Hence, T,H"'(k, G) vanishes as the transition maps are multiplication with ¢
and the above lemma implies the desired result. O

Corollary 5.2.3. For a semi-abelian variety over a field k, which is either a number
field or a p-adic local field, the group H°(k,T,G) vanishes.

Proof. By the lemma we have H°(k, T,G) = T,G(k) and G(k) has only finite torsion
as by the structure theory of semi-abelian varieties, see proposition 1.3.23 and theorem
1.3.39. ]

Lemma 5.2.4. Let X be a finitely generated free Z[Galy]-module regarded as a 1-motive.
Then the Kummer sequence

("]
0 - X X - X/0"X —— 0

induces exact sequences functorial in k and X

(5Kum,nzer

0 —— Hi(k, X)" —— Hi(k, T, X) ~"" T, i+ (k, X) — 0

for1 > 0.

Proof. Applying cohomology to the Kummer sequence, we get via the long exact
cohomology sequence the short exact sequence

0 —— Hi(k, X)/0"Hi(k, X) —— Hi(k, X/"X) HA4 (e, X)[0"] —— 0

for all 4 > 0. Again, the transition maps of H'(k, X)/¢("H'(k, X ) are surjective and
the desired result follows by taking the projective limit. ]

Remark 5.2.5. Recall the warning issued in remark 3.2.7. T,X denotes the /¢-adic
completion of X because in this case we think of T, as the realisation functor of a
1-motive. In all other cases the group T,H is the usual /-adic Tate module of an
abelian group H.

Corollary 5.2.6. For a finitely generated free Z|Galy]-module X regarded as a 1-motive
there is an isomorphism H°(k, T, X) = HO(k, X)"*.

Proof. Lemma 1.2.10 implies that H'(k, X) is finite. The claim follows using the
previous lemma. O
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5.2 Preliminaries

Lemma 5.2.7. The aforementioned decompositions are natural in the sense that for a
1-motive M = [X = G|, the associated weight filtration of the Tate modules

0 TG - T, M - Ty X -0

induces via the long exact cohomology sequence a commutative diagram

0 0
T H(k, X) T, H'(k,G)
6KummerT 5 T
HO(k, T M) HO(k, Ty X) H'(k, T,G) H(k, T M)
T TaKumme'r
0 N HO ()" 0 N
H(k, X) H(k, G)

T J.

0

Proof. The above has to be proved using the explicit description of the first boundary
morphism stated in remark 1.2.5. Let = = (x,), € H°(k, T,X) with z,, € X/¢{"X. Due
to surjectivity, x comes from an element m = (x,, gn)n € T¢M with

{(z,9) € X x G(K) |u(z) = {"g}

(@n, gn)n € Tz emz {(trz,u(z)) |z € X}

d(z) is then the function which sends o € Galy to
om—m = (0,00, — gn)n = (0Gn — gn)n € T'G.
Hence, the image of §(z) in T,H'(k,G) is a coboundary and
HO(k, X)) — H(k, T,X) — H'(k, T,G) — T,H'(k,G)

is the zero map. The desired factorisation follows as the map from H°(k, X)"* to
H'(k,T,G) factors through the Kummer map.

Straightforward calculation yields the image of (x,,), in H°(k, G)"* under the map
S kummer © HO(u)"* which matches the formula above. Thus, the morphism between
the f-adic completions in the diagram is indeed HO(u)"¢ O

Remark 5.2.8. Lemmas 5.2.1 and 5.2.4 are specialisations of | , Prop. 2.2.9] which
is a combination of both. Jossen’s proposition heavily depends on the construction of
T, which uses complexes of ¢-adic sheaves. We refrained from presenting this theory due
to its highly technical nature. However, Jossen’s constructions following the philosophy
already outlined by Deligne are essential in order to understand Tate modules, their
decomposition and their compatibilities.
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5 Tamagawa Number Conjecture for Semi-Abelian Varieties

5.3 Determination of H}

Here, we will explicitly derive formulas for the local, global and geometric H} groups.

5.3.1 /-adic representations over p-adic fields

In this subsection, all algebraic groups are defined over a number field K. Recall
remark 1.3.26.

The case ( # p
Lemma 5.3.1. For a torus T the group H}(K,, V,T) vanishes.

Proof. In [ , Lem. 2.3.3] the claim is proved for K, = Q, and generalises to our
situation. 0

Lemma 5.3.2. For an abelian variety A the group H'(K,, V,A) vanishes. Hence,
H(K,, ViA) vanishes, too.

Proof. Using Mattuck-Tate, A(K,) = O?(p @ finite (1.3.22), it becomes apparent that
the (-adic completion of A(K,) is finite as Ok, is a finitely generated Z,-module. By
local Tate duality (1.3.21) we get
H (K, A)["] = Hom(A(K,) /" AP (K,), Q/ ).

Again by Mattuck-Tate, this group is finite and stabilises for n > 0 as ¢ is invertible
in Z,. Thus, T,H'(K,, A) vanishes.

It follows that H'(K,, T¢A) must be finite by the Kummer sequence 5.2.1. O
Lemma 5.3.3. For a semi-abelian variety G the group H}(Kp,VgG) vanishes.

Proof. Applying H°(K,, ) to the exact sequence seen in remark 3.2.6 we get an exact
sequence

0

H(K,,V,T) HY(K,,V,G)

HO(K,, V,A).

Both the left and right hand side vanish using the previous results and the fact that
dimg, H°(Ky, V) = dimg, H}(K,, V) as shown in lemma 1.2.24. The latter also implies
the result. [

Lemma 5.3.4. For the Cartier dual GP (in the category of 1-motives) of the semi-
abelian variety G, the group H}(Kp,VgGD) is H'(K,, V,GP).

Proof. By theorem 1.2.25 we know that H}(K,, V,G) and H}(K,, V,G") are orthogonal.
[
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5.3 Determination of H }

The case / = p
Lemma 5.3.5. For a torus T the group D,V T vanishes for i > 0.
Proof. By [ , D- 148], there is an injection

gr' Dar(V) = Dyp(V) /Dy (V) = H'(Ky, Cy(i) ®g, V)

where C,, is the completion of the algebraic closure of K,. Furthermore, we know
HY(K,,C,(i)) vanishes for i # 0.

Let L be the splitting field of T', i.e. a finite extension of K such that T, = Gy, ;.
Consequently, we have the isomorphism V,T" = Q,(1)" of Q,[Gal;]-modules. Let
L, be the corresponding extension of K, with Galois group H = Gal(L,/K,) and

V,T' = Q,(1)" as a Qp[Galy, ]-module. Then

H°(K,, C,(i) ®q, V,T) = H°(Ly, Cy(i) ®q, V,T)" = H°(Ly, Cy(i) ®q, Qp(1)")"
= (H(L,, Cyi + 1)))"

The above-mentioned result on HY(K,, C,(i)) can still be applied to finite extensions
of K, as they yield the same C, (and the according theory applied to L, instead of
K,). We see that the term vanishes if i # —1, i.e. gr' Dyp(V,T) = 0 for i # —1. If
D4, (V,T) # 0 for ¢ > 0, there must be a j > i > 0 such that gr/ Dyr(V,T) # 0.

However, we just proved that this cannot be possible. O]

Lemma 5.3.6. Let T' be a torus and vy, : K — Z the p-adic valuation. Then there is
the exact sequence

(vpoxi)i

(T5)™ T(Ky)™

7y
where Ty is the mazimal compact subtorus of T' as defined in 1.5.1 and where (Xi)i
constitute a basis of the character group Xj., (T') which is of rank 7, .

Proof. The proof is analogous to the proof of | , Lem. 2.3.4]. The sequence

(Vp 0 X4)i

0 - T¢ - T(K,) - L - 0

is exact on the left and in the centre due to the definition of T; as the kernel of the

map. It is exact on the right due to the surjectivity shown in | , Eq. 3]. The last
term in the sequence is free and hence the p-adic completion of the sequence exact, see
lemma 1.4.2. O]

Proposition 5.3.7. Let T' be a torus and v, : K, — Z the p-adic valuation. Then

vpox
HY(E, V,T)= [ ker (Hl(Kp,va)—>@p>:(T;)A%Zp Q,.

X€Xf, (T)
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5 Tamagawa Number Conjecture for Semi-Abelian Varieties

Proof. We generalise the proof of | , Lem. 2.3.5] to our situation.

The equality on the right hand side follows directly from the previous lemma by
tensoring the sequence with Q,.

The inclusion of H} into the middle term Huber and Kings conclude as follows: first,
observe that by lemma 1.2.22, which reads as

H} (va Vme) = (OIX(;J)AP Qz, Q, C (KPX>AP 1z, Q, = Hl(Kpa Vme),
the prototype
H} (K, V,G) = ker (K) @z, Q, 2 Q)

of the desired result is true.
Every x € Xj (T') defines a morphism

HY(K,,V,T) 2 H(K,,V,Gn),
in particular a morphism of subspaces
Hi(Ky, V,T) == Hi(Ky, V,Gp),

because H} is defined in a functorial manner. Combining both results yields the
inclusion.

As for the other direction, they argue via dimension counting: we have

dimg, (T3)" ®z, Q, = dimg, H'(K,, V,T) — 1k,
= [K, : Q) - dimg, V, T + 0+ dimg, H*(K,, V,T) — rg,

using the exact sequence of the previous lemma tensored with @Q, and the Euler
characteristic formula 1.2.16. The local duality 1.2.25 gives us

H(K,,V,T) = H'(K,,V,T")" = Homg, (X}, (T).Z,) ®z, Q,

and thus we see that the last two terms in the above formula cancel out.
An identity for H}(Kp, V,T') is given by corollary 1.2.27:

dimg, H}(K,, V,T) = dimg, DarV,T — dimg, Dy, V,T + dimg, H’(K,, V,T)
= [K, : Q] - dimg, V,T — 0+ 0.

This holds because V,T is a de Rham representation and DJ,V,T = 0 due to lemma
5.3.5. We conclude that H}(K,,V,T) is a subvector space of (T)"? ®z, Q, and their
dimensions coincide, hence both are equal and the claim is proved. O

Proposition 5.3.8 (] , Ex. 3.11]). For an abelian variety A we have
6 ummenr
H}(KWVPA) = A(Kp>/\p ®Zp Qp ey Hl(KmVpA)

where dxummer 1S the boundary morphism defined in lemma 5.2.1.
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Lemma 5.3.9. Let

di
0 7z ~ V5 -

Va

be an exact sequence of k-vector spaces. Let Uy — ... — U, be a subsequence which
satisfies

Then the sequence

0 ‘Ul UQ L ‘Un ‘0

15 exact.

Proof. Proof by induction. For i = 1 and ¢ = 2 the claim holds because we find U; = 0
respectively Uy = Us.

Let Uy — Uy — ... — U,y be the subsequence, then Uy /Uy — ... — U,y is a
subsequence of the exact sequence 0 — V5/V) — ... — V41 of length n. Furthermore,
the alternating sum of dimensions is given by

n n+1
1=2 i=1

because dim(Uy/U;) = dim Uy — dim U; by the injectivity of d;. The subcomplex is
exact by induction hypothesis. In particular, 0 — Uy /U; — Us is exact which again
accounts for the exactness of 0 — U; — Uy — Us. Therefore, the whole sequence must
be exact. O

Proposition 5.3.10. Let G be a semi-abelian variety. Then it holds that

0 H}(Kp,VpT) H}(KP,VPG) H}(K,,,VPA) 0

is an exact sequence. In particular, there is H}(Kp,VpG) C G(K,)" ®z, Q.

Proof. The dimension of H}(Kp, V,G) can be calculated by means of corollary 1.2.27
as follows:

dimg, H;(K,,V,G) = dimg, DgrV,G — dimg, D, V,G + dimg, H°(K,,V,G).
Besides, we know that

0 -V, T - V,G - V,A - 0 (5.1)

is an exact sequence of de Rham representations. By theorem 1.2.18, we see that
applying Dygr to such a sequence results in an exact one, i.e.

dime DdepG = dime DdRVpT + dime DdepA.
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5 Tamagawa Number Conjecture for Semi-Abelian Varieties

Furthermore, Dgg is exact as a functor whose target is filtered vector spaces and we
can thus conclude

dimg, DY;V,G = dimg, D)V, T + dimg, DJ,V,A.
Together with H(K,, V,G) = 0 which holds by corollary 5.2.3, we can deduce that
dimg, H}(Kp, V,G) = dimg, H}(Kp, V,T') 4 dimg, H}(Kp, V,A). (5.2)
Applying the long exact cohomology sequence to the exact sequence (5.1) yields

0

H (K, V)

Hl (va VPG>

HY(K,,V,A).

Now, lemma 5.3.9 establishes the desired result for the subsequence of H}(Kp, —) groups
using the additivity of the dimensions as seen in (5.2).

In order to show H}(K,,V,G) C G(K,)"* @z, Q,, it is sufficient to realise that the
image of H}(K,,V,G) in V,H'(K,,G) vanishes, see lemma 5.2.1. V,H'(K,,G) —
V,H'(K,, A) is injective because H'(K,,T) is finite and T, is left exact. By propo-
sition 5.3.8, H}(K,, V,A) vanishes in V,H' (K}, A) and the same must thus hold for
HY(K,,V,G). O

Proposition 5.3.11. Let G be a semi-abelian variety. Then there is an exact sequence

0

0 - HY(K,,V,GP) H(K,,V,TP)

H}(K,, V,AP) H}(K,,V,GP) H}(K,,V,T")

Proof. Applying the long exact cohomology sequence to the exact sequence 0 —
V,AP = V,GP — V, TP — 0 yields

0 - HY(K,,V,G")

H(K,, V,T")
(5.3)
0

Hl(KP’VpAD) HI(KP’V:DGD) HI(KP’V:DTD)

due to H(K,, V,G) = 0 by corollary 5.2.3 together with local duality 1.2.25.

Then, the claimed exact sequence being a sequence is almost obvious with the
exception of the map d. By proposition 5.3.8, we now simply have to show that
factors through dxummer. This however follows from H°(K,, V,X) = H(K,, X)"?,
which holds by corollary 5.2.6, and by using the compatibility shown in lemma 5.2.7.

In a second step, we need to compute the dimensions of the involved vector spaces.
By orthogonality in the local duality, cf. 1.2.25, there are the following identities:

dimg, H}(Kp, V,AP) = dimg, H'(K,, V,A”) — dimg, H}(Kp, V,A)
dimg, H}(Kp, V,G") = dimg, H'(K,, V,G") — dimg, H}(Kp, V,G)
dimg, H}(K,,, V,TP) = dimg, H'(Ky, V,T") — dimg, H}(K,,, v, 7).
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Hence, the alternating sum of the dimensions of the vector spaces of the desired
sequence is easily calculated as zero using that the alternating sum of the dimensions
of the vector spaces in sequence (5.3) is zero together with the orthogonality relations
and the equality

dimg, H}(Kp, V,G) = dimg, H}(Kp, V,T) + dimg, H}(K,,, V,A)

from the previous proposition. Thus, applying lemma 5.3.9 to the claimed exact
sequence yields the proof. O

Remark 5.3.12. Knowing that

0 D,.,.V,T D,.,.V,G D,.,,V,A 0

and its dual are exact sequences, one can obtain more conceptual proofs of the previous
propositions using proposition 1.2.26 and the ker-coker exact sequence.

5.3.2 /-adic representations over number fields

We have already defined H;(K,V) as

ker (HI(K, V)= [[H'(K,,V)/H}(K,, V))

in 1.2.28.

Lemma 5.3.13. From the Tate-Shafarevich conjecture 0.0.1 it follows that

' (K, G) = ker (Hl(K, G) — ] H'(K,, G))
all p

is finite. On the right hand side, the local Galois cohomology groups are implicitly
calculated using the invariants of G under the Galois group Gal(K /K,).
Proof. This is a specalisation of | , Prop. 4.3.11]. ]

Lemma 5.3.14. We have

(11Z¢) ®z, Qe c [[(Z} @z, Q).
Proof. Tensoring the injection

i

with Q, proves the claim. O
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Lemma 5.3.15. For a semi-abelian variety G there is the equality

G(K,)™ ®z, Q
HI(y, V,G)

0 VG) = e (GO 02, Q0 T
p

The right hand side is here regarded as a subset of H'(K,V,G) via the boundary
morphism O gummer defined in lemma 5.2.1.

Proof. We know the inclusion
6 ummenr
Hi(Ky, ViG) C G(K,)"Y ®z, Q%" H'(K,, V,G)

exists by proposition 5.3.10. Hence, there is the diagram

0 G(E)M &gz, Qq HY(K,V,G) V,HY(K,G) 0
G(KP)LK 22, Q Hl(fl(p,vgc;) }
00— ‘ . - T[V.HY(K,,G) — 0.
1;[ H}(K,, V,G) I;IH}(KP,WG) 1} . G)
Furthermore,

II VeH' (K,.G) =[] V.H' (K, G) D Ve [[ H'(K,, G)
peSy all p all p

holds. The equality is due to T;H'(K,,G) = 0 for v € S,, because Galg, is finite. The
inclusion follows from the fact that Ty = lim (-) [("] commutes with infinite projective
limits together with lemma 5.3.14. Note that the map on the right hand side of the
diagram factors through V[T, , H' (K}, G) by construction. Hence, the left exactness
of T, gives that the kernel of the right hand side map is

V, ker (Hl(K, G)— [] H'(K,, G)) = V,IY(K,G) =0,
all p

additionally using lemma 5.3.13. The desired result then follows from the ker-coker
sequence noting that the kernel of the middle vertical arrow is H}(K,G) by definition.
O

Proposition 5.3.16. Let T' be a torus. Then

HYK,V,T) = Up' @2, Q C T(K) @z, Q 25" H'(K,V,T).

Proof. Because T possesses a subgroup of the form Zz with finite index according to
lemma 1.5.2, the group (T)" = (T /Z4)" is finite for p ¢ Sy. Therefore,

(T(K) /T @z, Qe = T(F)"/(T9)" @z, Qe = T(K,)™ @z, Qu,

using that T'(K,)/ T} is a free Z-module as seen in the proof of lemma 5.3.6.
By definition of Uy in 1.5.5, there is an exact sequence
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0 - Up - T(K)

[ 7(x,)/T;.

p

Note that the right hand side is componentwisely free and that by lemma 1.4.2 the
completion of the sequence must therefore be exact. Furthermore, tensoring this
sequence with QQ; and employing lemma 5.3.14 yields the exact sequence

0 — Upt @z, Qp = T(K)M @z, Qe ~ [ T(Kp)" ®z, Qe x [[ T(K)"/(TH)" @z, Q.
pPeZSe peS)

This implies the desired result using lemmas 5.3.15 and 5.3.1 together with proposition
5.3.7. =

Proposition 5.3.17. For an abelian variety A there is the identity

HYK,V,A) = A(K)M ®7, Q25" H'(K,V,A).

G(Kp)"®z,Q0
H}(Kp,VG)
term individually equals zero. We may thus deduce the identity by means of lemma
5.3.15. O

Proof. From proposition 5.3.8 and lemma 5.3.2, we know [], =0 as every

Proposition 5.3.18. Let X be a finitely generated free Z-module regarded as a 1-
motive. Then Hj(K,V,X) = 0.

Proof. Denote by T the torus X”. By employing proposition 1.2.29, we get

dim H}(K,V,X) = dim H{(K, T)

+dim H°(K,V,X) — dim H°(K,T)
| ——
vanishes using cor. 5.2.3

+ 3 (dimDgpV,X — dim DY,V,X)
pESy

vanishes using lem. 5.3.5 and prop. 1.2.19

— > dim HY(K,,V,X)

VESso
P20 Ur+rg — re
=0
where the last equality holds due to theorem 1.5.8. [

Remark 5.3.19. It would be interesting to see a direct proof of the previous proposition.

Proposition 5.3.20. Let G be a semi-abelian variety. Then there is an exact sequence

0 — HY(K,V,GP) — HO(K,V,TP) + H}K,V,AP) — HYK,V,GP) — 0.

63
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Proof. The long exact cohomology sequence yields

0 - HY(K,V,GP) HO(K,V,TP)

H'(K,V,AP) HY(K,V,GP) HY(K,V,TP)

Furthermore, there is the p-adic analogue of the above sequence with the subsequence

)

0 - HY(K,,V,GP) HY(K,,V,TP)
H}(Kp,VgAD) H}(KP,VZGD) H}(Kp,VgTD) 0
which is exact for all p due to proposition 5.3.11 and lemma 5.3.4.
Hence, the following diagram is commutative:
HY(K,V,AP)
’ - HY(K b HY(K,V,TP

0 HO(K, N, TP) (K, V,G7) (K, V,T") 0

HY(K,, V,AP HY(K,,V,GP HY (K, V,TP
0 ‘H 1( PafD) ‘H 1( P?fD) ‘H 1( P’ED) . 0.

o H (K, VAD) o Hi (K, VGP) o H (K, VTP)

It is well-defined because the map ¢ factors through H} (K, V,A”) due to proposition

5.3.17, corollary 5.2.6 and lemma 5.2.7, and because the same holds for the local case

due to proposition 5.3.8. The sequences are exact due to the above-mentioned results.
The ker-coker sequence then implies the exactness of

X H}(K , Ve AD)

0 HO(K,V,TP)

- H}(K,V,GP) H}(K, V")

as the kernels of the sequence are by definition the H}(K ,—) groups. In this situation,
the previous proposition yields the desired result. O
Lemma 5.3.21. We have an equality

dim H}(K, V,G) = dim H}(K, V,T) + dim H}(K, V,A).

Proof. Remember that H°(K,V,G) = 0 by theorem 5.2.3. By employing proposition
1.2.29, we then get

dim H} (K, V,T) + dim H; (K, V,A)
= dim H};(K,V,T”) + dim H}(K, V,A")

= dim H}(K, V,GP) +dim HO(K,V,TP) — dim H°(K,V,GP) due to prop. 5.3.20
—dim H°(K, V,T")

+ 3 (dimDggV TP — dim DGV, TP + dim DypV, AP — dim DS, V,AP)
pPES,

=dimDygVGP — dim DY, V,GP due to thm. 1.2.18

= > (dim H(K,, V,(T?) + dim H°(K,, V,A"))

I/ESoo
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= dim H;(K, V,G")
—dim H°(K, V,GP)

+ 3 (dim DgpV,G — dim DY, V,G")
pES,

- > dim H(K,,V,G")
VESso

= dim H} (K, V@G)
because HY(K,, ) is exact for archimedean valuations.? ]

Proposition 5.3.22. Let G be a semi-abelian variety. Then there is an exact sequence

0 HNEK,V,T) HHE,V,G) HH(K, V. A) 0.

Proof. The claimed exact sequence is indeed a sequence due to functoriality. We are
left to calculate the alternating sum of the dimensions of the involved vector spaces
which is zero by the previous lemma. Hence, the result follows from lemma 5.3.9. [

5.3.3 Geometric representations

Lemma 5.3.23. Let G be a semi-abelian variety. The realisation map H(K,G) —
HY(K,V,G) factors through the Kummer map 6 xummer-

Proof. Let g ® q be an element of G(K) ® Q. Then this corresponds to an element in
Extypy (1, HG) due to

G(K) © Q = Hy (K, G) = Extly (1, HG)
as seen in theorem 3.4.4. Let this element be the extension

0 -G E - 7 0

with £ = [Z = G] and u(1) = g. Then the associated element in EXt<1@p[Ga1K] is

0 V.G Vo E \074 0.

In proposition 1.2.7 we described how to derive an element of H'(K,V,G) from the

extension: choose a lift e € E of 1 € Z which gives rise to a cocyle Galy — V,G

defined by ¢ +— o(e) — e. The definition of the Tate module given in 3.2.4 yields

e =(1,9n)n ® ¢ such that ¢" - g, = u(l) = g. Thus, o(e) — e is just (69, — gn)n @ ¢'.
Furthermore, the map

G(K)®Q — G(K) @z, Qs > H'(K, V,G)

sends g ® ¢" to (9), ® ¢ and then to (0g, — gn)n ® ¢ where g, is any element with
" - g, = g. Consequently, both maps coincide. n

2This is trivial for K, = C. For K, = R, the non-trivial element in Galg, is an involution. Taking
fixed points with respect to an involution is always exact if 2 is invertible.
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Proposition 5.3.24. Let T be a torus. Then Hj, ;(K,T) = Ur ® Q.

Proof. The exact sequence

0 Ur - T - T/Ur 0

induces an exact sequence after f-adic completion because the last group is almost free
due to lemma 1.3.31. Lemma 1.4.9 states that the kernel of the right hand map in the
diagram

0 UT T T/UT 0
0 R 7/1% _ T/\é o (T/UT)/\Z 0
is finite.
Using the definition of H}wf(K, M), 4.1.1, we see
H'(K,V,T)
Hy, (K,T)=ker | Hy,(K,T =
b0 ) = ke B 0.7) = T e v
T(K)" @2, Qu Sxummer Hl(K V,T)
=k ) ® i < —
er< (F)eQ- H UM@ . Qo IQ[U’JL\Z@)Z@Q?

:ker< (K ®Q—>H /UW®Q>

=Ur®Q

employing H}(K ,ViT) = Up* ®7, Q, taken from proposition 5.3.16. The last equality
holds because the kernel of

T(K)®Q — (T(K)/Ur)" ®Q
is Ur ® Q for all ¢ individually as seen above. ]
Proposition 5.3.25. Let A be an abelian variety. Then
H}\47f(K,A) = Hy(K,A) = A(K)® Q.
Proof. We get

H'(K,V,A)
Hy, (K, A) =k H
Mg er( _>1;[H KVM))
A(K)N @z, Qq ok HY(K,V,A)
= Hj, ) — s e TT 2 "=/
( 1;[ H! K Vi A) E[H}(K, VA)
ker (H ) — O)
Hy, (K, A
using Hj(K,V,A) = A(K)M ®z, Q; as established in proposition 5.3.17. O
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Proposition 5.3.26. Let G be a semi-abelian variety. Then there is an exact sequence

0 0.

Hjl\/l,f<K7 T)

H./l\/l,f<K7 G)

Hjl\/l,f<K7 A)

Proof. Due to functoriality, the above is certainly a sequence. Furthermore, we know

dimg Hj, ;(K,G) = dimg, H;(K,V,G)

as conjecture 4.3.4 has been proven correct for the case of 1-motives, see | , Prop.
in §8.2]. Hence, the sequence is exact as its global analogue is exact, cf. proposition
5.3.22. O

Proposition 5.3.27. Let G be a semi-abelian variety. Then there is an exact sequence

0 — HY(K,GP) — HY(K,TP) — H}wf(K, AP) — H}\,Lf(K, GP)—o0.

Proof. Proposition 3.4.5 stated that there is an exact sequence

0 — HY(K,GP) — HY(K,TP) — H},(K,AP) — H},(K,GP) — 0.

Using the equality H}A’f(K, A) = H},(K,A) shown in proposition 5.3.25, we can
easily see that Hy, (K, GP) = H}(K,GP”) due to the functoriality of H}, ; and the
surjectivity of the map H (K, AP) — H},(K,GP). Thus, the desired sequence is just
the sequence above. O

5.4 The Leading Coefficient of the L-function up to a
Rational Multiple

Lemma 5.4.1. The tangent space of a 1-motive M = [X — G] is LieG.
Proof. Taking definition 3.2.2 into account, it follows that

ty = Map/MY, = Lie G*/ ker(Lie G* — Lie G) = Lie G.
0

Lemma 5.4.2. Let G be a semi-abelian variety over K. Then, the fundamental line
for the 1-motive GP reads as follows:

Ag(GP) 2 Ag(TP) @ Ag(AP)

with w = sgp - Sg - S5 qo defined in the proof below (where s~ : A= =% B~ is induced
by s : A —> B wvia the dual of the inverse with respect to composition),’

Ag(TP) = doH3(K,T") dg ((TP)5) " do(Hi (K, T)")™

and
Ag(AP) = doH )y ; (K, A”) ™" do(Hay (K, A)) ™
do ((A”)5) " dg(Lic A7),
3for a more general definition, see [ , Rem. 1.2]
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Proof. By definition 4.2.1 we have
ANg(GP) = doH (K, GP) doH ;(K,G”)™
doH (K, G)" do(Hj, ;(K,G)")™
—1
do ((G")})  dalten).

HY,(K,G) = 0 as stated in proposition 3.4.2, H}, (K, T") = 0 as stated in proposition
3.4.3 and the previous lemma together give the identities for Ag(T?) and Ag(AP).
Almost by definition (cf. 3.2.3), there is an exact sequence

0 H\(G %k, C,Z) Tp, M . X - 0.
Because tensoring with @Q and, as mentioned before, the functor (=)™ are both exact,

we get an exact sequence

0— G}, =Hi(Gxk, CZ)T®Q Mg, X5, =X"9Q—0
which induces the isomorphism
spor o ((GP)5) = do ((T7)5) do ((A7)7).
Additionally, the exact sequences

0 0

Hyy (K, T) Hy (K, G) Hj (I, A)

and
0— HRA(K, GD) — HRA(K,TD) — H}M,f(K, AP) — H}V,J(K, GD) — 0,

taken from propositions 5.3.26 and 5.3.27, yield the result because they induce isomor-
phisms

SG - dQH/l\/l’f(K, G) = dQH/l\/l’f(K, T) dQH/l\/l,f<K7 A)
and
sgp © doH (K, G") doH ;(K,GP)™" = doH} (K, T”) dgH ), (K, A”)™",
respectively. ]

Proposition 5.4.3. There is a canonical isomorphism

1 Y -1
dg (keragn)™ = dg (ker agp)

with ¢ = (SB’GD)Hil “80.GD * SaTD * Sq.AD, taking 5, g as the inverse map with respect
to composition of s, qp. The inverse exists because the map is an isomorphism.*

4For a more general definition, see | , Rem. 1.2].
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Proof. There is a commutative diagram

0 0 0 0
| L |

0 - 0 - R®q (AP)} R ®q 4 -0 -0
l l | l

0 ker ago R ®q (GP)f ——— R ®q too -0 -0
l? l l l

0 ker apo R ®q (TP)f ————— 0 - 0 - 0
l l | |
0 0 0 0.

The two middle columns are exact because the comparison isomorphisms and the
Hodge filtrations respect the weight filtration and (-)* is exact. Note that ayp is
an isomorphism because hyp is (the inverse of) the Néron-Tate height pairing and,
in particular, an isomorphism, cf. | , 87.1 and §8.3D]. The diagram is then fully
established by the ker-coker sequence and we hence get

_p TGP Dy+) !
dg (keragr) " = dg (R ®q (G )B) dr (R ®g t¢p)

-1
(SB,GD)]R
~

-1 -1
dr (R®g (T7)})  dr (R@g (AP)f)  dr (R®qtan)
Sa,TD'sa,AD 1
= dg (ker azp)™ .

O

Corollary 5.4.4. For the exact sequence in 4.2.2, the same reasoning as above yields

¢
drSg(GP) = drSr(T?) @ drSr(AP)

with ¢ = (sao)g" - (s6)= - V.

Definition 5.4.5. Denote the 1-motive GP by [TP = AP]. Define R, such that the
diagram

,ﬁoo,GD
dgSr(GP) 1r
ks PP 7
dRSR(TD) ’ 1]R
X S o X
dRSR(AD) : ]-R

is commutative. Then, R, is an automorphism of 1g due to
Rui 1R;>1R21R®1R'

Hence, we may regard it as an element of R* and represent its numerical value by
abuse of notation by R, as well. Call R, the regulator of u.
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Remark 5.4.6. Consider the commutative diagram
0 (%
0 0 - 0 = Hjy g (K, A)i — Hjq

K
0 D 1 * 1 D
0

| ¢ |

0 — HY(K,TP)r — kerayp — Hj, (K, T)

| l |

(%) 0 0

where the rows are the sequences Sg(AP), Sr(GP) and Sg(TP), respectively.

If u vanishes, we are within the scope of proposition 1.1.3 implying that R, is just
1. In | , §4.4.4b)], Fontaine and Perrin-Riou state that diagrams of the form of
the one in the previous definition are always commutative if one uses certain exact
sequences of motives and multiplication as the right hand side morphism. This suggests
that R, might always be 1. However, this cannot be validated as there is no reasoning
given. Furthermore, if one allows arbitrary groups in the above diagram, there are
many examples which yield an R, that differs from 1.

Definition 5.4.7. Denote the free Z-module T” by Y. We will now choose a

Z-basis of a Z-lattice in the object below:

(y:)i Y (K) HY (K, TP)=Y(K)®Q
W )iw @Y (K)) (TP, =&Y (K,)®Q
(vi)i r H (K, T)=Ur®Q

I' is the free part of Ur.

Define
Ay(TP) = dY (K ®dz TP)* )~ dg ()™

which is a Z-lattice in Ag(TP) = Q ®z Az(TP). Additionally, the above choice of
bases induces an isomorphism

cang o : 1z = dgZ™Y ® dz (Z™Y D) dg (25 T) T 5 Ag(TP).

Approaching Az(AP) in the same way leads to a

Z-basis of a Z-lattice in the object below:

(ai)i AP free Hjy s (K, AP) = AP(K) @ Q

(@) A(K)* = Hom(A(K), Z) H/I\/l,f(Ka A =AK)*®Q

(0Y)in  ®,H(G Xk, C,Z)* (AP, =@, Hi(G Xk, C,Z)" @ Q
(1) Lie o, (AP) Lie AP

70



5.4 The Leading Coefficient of the L-function up to a Rational Multiple

Define Lie o, (A7) as Homo, (Y0, (A), Ok ) for a Néron model A of AP over O. It
is a Z-lattice of Lie A", see | , Ex. 2.1B)].
Then define

Az(A7) = dg(AP(K) pree) ™ dz(A(K)) ™
&) dzHi (AP xk, C,Z)* dzLie o, A".

This is an integral structure of Ag(A®”) which again with the bases above induces an
isomorphism cang 4o : 17 — Ay (AP).

Moreover,

Az(GD) = Az(TD) Az(AD)

is a Z-lattice in Ag(GP) ~ Ag(TP) Ag(AP) and, once more, the choices above lead
to a map

cang,go : 1z — Az(GP).

Finally, define cang_ as the base change (canz_)q.

Remark 5.4.8. The previous results and definitions imply the commutativity of the
diagram

(canZ,GD)R Sa,GP 19oo,GD
1r drAg(GP)x dg Sk (GP) 1r
mult. | (cang 208 J|r oro e S oo | R
]-]R d]RAQ(TD)R dRSR(TD) lR
® (cang, 4p)r ® D Sa,AD ® D Voo, AD ®
]-R dRAQ(A )R dRSR<A ) 1R-
Proposition 5.4.9. We have
1
(ﬁoo,AD)(C (o] (Sa,AD)(C O (CGnQ7AD>(C = m

regarded as elements of Aut(1c) = C* where the period QY (A) is the determinant of
s R®q (AP)S =5 R®gtan

and the requlator R, is the determinant of the Néron-Tate height pairing
Hjy (K, AP)p = Hyy (K, A)g,

each taken with respect to the bases chosen above.
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Proof. The sequence 4.2.2 in our case collapses to

hap

Hjy (K, Ay —=— Hjy (K, AP)z.

We have already seen that h,p is the inverse of the Néron-Tate height pairing and that
hap and ayp are isomorphisms. Thus

det h o 1
Do o = - '
(Vo) © (84.40)c © (cang)c detayno QL (A)- Ry

Proposition 5.4.10. The ezact sequence 4.2.2 corresponds for M =Y = TP to the
dual of the sequence in the Dirichlet Unit Theorem 1.5.10 for the torus T.

Proof. The dualised exact sequence 4.2.2 reads as
0—TeR e @, HY(K,Y) @R =R —"+ HO (K,Y)' @R = R — 0.
Recall definition 4.1.4 of uy,,, in our case
R —— HY (K,Y)g — Homgm, @) (R,R®zY) — keray, =+ R™
Z-5YV)or—— RS R@,Y) — - 6(1).

Using remark 1.5.12, it is evident that uy and the dual of a in 1.5.9 coincide.

Comparing the map vy to A is more complicated. To keep notation simple, let T}, be
the C-valued points of T' x g, C. Note that WoM = M.

An extension 0 - T — F — Z — 0 in H}M’f(K, T) =T ® Q corresponds to v ® ¢
such that £ = [Z = T] with u(1) = . For v € S, the extension is assigned by
definition 4.1.4 to the upper row of the commutative diagram

0 H\(T,,Z) (E)B. - 7 -0
: :

0 H\(T,,Z) LieT, — =% .7, 0
{X X X
7 v 2miz é exp (C:X.

The middle row is taken from the definition of the Betti realisation, cf. 3.2.3. The
lower row holds for every x € H°(C,Y) and relies on the results LieC* = C and
H,(C*,Z) = Z. Note that the exponential function in the lower row is the usual one.
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Now, choose a lift e € (R® (E)p, )" of 1 € R® Z. Since the upper right rectangle
is a fibre product, the image of e in C is In x(y) + 2min, due to u(1) = v. The next
step involves choosing a v € (H,(T,,7) ® C)" such that

e+veFil’(F),®C)".
We have
Fil’ (E)p, ® C) = ker(pc : (E)p, ® C — LieT,)

which is the induced filtration by (E)4g, see | , §10.1.3]. Hence, the image of v in
Lie T, obviously is —pg(e).
ar, is by definition 4.1.3 the composition of the maps

R® H(T,,Z)" — (C® H\(T,,Z))" 2 K, ®k LieT

using that (T)4r = Lie T = t7 which can be read off the table in remark 3.2.7.
Consider the following commutative diagram for y € H°(K,,Y):

ary . R X Hl(Ty, Z>+

(C® H\(T,,Z))" —=—— K, ®x LieT

X X X

T — 2miT

R - C - C

where we used the results Hy(T,,Z) = Z and Lie K = K, as well as the inclusion
K, Cc C. We can deduce that the composition Re o y o a,, vanishes. Hence, there is
the factorisation

T,v

R® H{(T,,Z)"

K, ®k LieT

coker ar,

@j Reoy; .-
e

o

R™

where x; is a Z-basis of H(K,,Y). ¢ is certainly surjective. However, since coker ar,,
is of dimension 7, ¢ is even an isomorphism. We can now determine the image of v in
R™ as follows: the image of v in Lie T}, is —pgr(e) as we have seen above. Furthermore,
the image of e in Lie C* is In x(vy) + 2min,. Hence, we can conclude

(Re o x;(v)); = —Re (In x;(7) + 2iny, ) == (In[x;(71)]); -

=
This coincides with the definition of A in 1.5.9 when the bases are chosen accordingly. [
Corollary 5.4.11. We have

_ 1

= 7

regarded as an element of Aut(1c) = C* where Ry is the regulator of the torus T, see
1.5.11.

(ﬁoo,TD)(C © (Sa,TD>(C © (CanQ,TD)(C
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Proof. Straightforward noting that arp is zero because ty = 0 and employing the
definition of the regulator as well as the fact that dualising leads to inversion of
determinants. 0

Proposition 5.4.12. Conjecture 4.2.5 implies the equality

_ QL(A)-Ra-Rr-R,
C@(GD) — L*(GD)

. cch’GD .

Proof. Due to the commutative diagram in 5.4.8, we may compute

(Voo)c © (Sa,GD)C © (CanQ,GD)(C

for TP and AP separately, multiply the results and add a factor R, which then reads
as follows:

1 1 1
(ﬁoo,GD>(C o} (Sa,GD)(C o (CCLTLQ’GD)(C = R7T . m . R7u

Using this result, we see that the function

QO (A)-Ra- Ry Ry
L+(GP)

- cang gp

possesses the property which, according to the conjecture, uniquely identifies (o(GP).
Hence the desired equality holds. ]

5.5 The Leading Coefficient of the L-function up to
Sign and a Power of Two

We can only deduce the exact value of L* up to a power of two, the reason being that
proposition 4.3.2 is only applicable in case of ¢ # 2.

Definition 5.5.1 (| , p- 86]). We define Bloch-Kato’s Tate-Shafarevich group for
a finitely generated Z,-module T as

HY(Ok,s,n), V/T) SN HY(K,,V/T)
H}(K,T)® Q/Z bS5 (M) H}(K,, T) ® Q/Zy

1% () = ker (

This group is independent of S;(M). For a finitely generated Z-module A, we define

M (A) =[] IIY. (A @ Z).
l

Lemma 5.5.2. The groups possess two important properties:
. ]_HSBZ)K(T) is finite and

e the (-primary component of Mgk (A) is ng)K(A ® ZLy).
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5.5 The Leading Coefficient of the L-function up to Sign and a Power of Two

Proof. The first assertion we find in | , p- 377]. The statement on the {-primary
component is then obvious because Hlsgl)K(A ® Zy) is a Ze-module and due to it being
finite, it has only ¢-torsion. O]

Definition 5.5.3. Let T be a finitely generated Z,-module. Then we define the Pon-
tryagin dual TV of T as Hom(T, Q,/Z,) where we use the continuous homomorphisms
as we did before.

Proposition 5.5.4 (| , p. 86]). For T as above there are short exact sequences

0 11t (rP)V 0

H%F,f(K7T) HIIS’F,f<K7 TD)*

and

0—— (HI(OK,SZ(M)aTD)tor)V - H%F,f(Ka T) - H%F,f(Ka TD)* — 0.

Remark 5.5.5. Our choice for the (-adic integral structure of V,GP is the canonical one:
we choose the integral realisations of a 1-motive, e.g. the f-adic Tate module T,GP, as
an integral structure of V,GP.

Definition 5.5.6. Define
Az,(GP) = Ag(GP)z,.
Lemma 5.5.7. There is an isomorphism

Az,(GP) 22 dg, RT (K, T,GP)
& dz,(T,GP)H) ' Q) dg,Lie o, AP

VeSS pESe
3

. _1yit+l
® dZZHzBF,f(K7 TEGD)Igorl)
1=0

where Lie o, AP := (Lie o, A”) @0y Ok, -

Proof. Using that the comparison isomorphisms for 1-motives are compatible with the
integral structures of their realisations yields (Tp,GP)" ®7 Z, = (T,GP)*. Further-
more, consider

(Lle @KAD) ®Z Zg = (Lle @KAD) ®@K OK ®Z Zg = EB (Lle OKAD) ®0K OKp-
pPESE

We know by conjecture 4.3.4 that there are isomorphisms®

HS (K, ) ©g Q = HY(K, V,(-))
and Hy (K, -) ®q Q= H{ (K, V(-))

®note that this conjecture can be proved in the case of 1-motives, cf. [ , Prop. in §8.2]
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5 Tamagawa Number Conjecture for Semi-Abelian Varieties

and that therefore a Z-lattice of H), ;(K,~) yields a Z-lattice in H (K, V,(-)). The
same holds true for + = 0. Hence, we can obtain induced Z,-lattices in HfBF’f(K, T,GP)
for 1 = 0,1 as here the Burns-Flach definition coincides with the Block-Kato definition,
see remark 4.3.3. Furthermore, we get Z-lattices in Hpp (K, T,GP) for i = 2,3
using proposition 5.5.4 with the left side of the sequences being torsion and the above
argument.

Note that the above construction ensures that the Z,-lattices are isomorphic to

HE r (K, TyGP)tor .. Hence, the formula follows from drA = drAsor drAiorfr. 0
Lemma 5.5.8. We have

H%Ff(Ka TKGD)tor
Hpp (K, TGPy = H°< (TP — AP))(0)
H3 pp(K, ToGP)or = g (A) ()Y

(

HBFf K, TKGD)tOT = G( )(E)v

using the Galois hypercohomology of the complex [TP — AP] = [TP — AP(K)| where
AP(K) is placed in degree zero and A == Tp ,G for a fited v € S,.

Proof. Case © = 0: due to remark 4.3.3, we know that the Burns-Flach definition
coincides with the Block-Kato definition and consequently

Hp (K, T,G”) C HY(K, T,G"”) =0

as seen in corollary 5.2.3.

Case i = 1: the torsion group of H}(K , T¢GP) is by definition just the torsion group
of HY(K, T,GP). Hence, using | , Rem. 2.2.10], we see that the torsion group of
HY(K, T,GP) equals the torsion group of HO(K, [T? — AP])". The spectral sequence
for the Galois hypercohomology

E3Y = HP(HY(K, A%)) = H'T(K, A®),
cf. [ , Chap. XVII], degenerates and yields

0 — E9° = coker HO(u) — E% = HO(K, [T” — AP]) — E; "' = ker H'(u) — 0.

Hence, the sequence
(TP)(K) — AP(K) — H(K, [TP — AP]) — HY(K,T") — H'(K, AP)
is exact, compare | , §2, formula (6)]. AP(K) is finitely generated and H*(K,TP)
is finite, hence HO(K, [TP? — AP]) is a finitely generated Z-module and
(H(K, [TP — AP)")ior = HO(K, [T — AP))(0).
Case ¢ = 2: according to the first sequence in 5.5.4, (LHS_?K(TKG)V)W is the torsion

group of H]23F7 f(K ,T/GP),, as the last term in the sequence has no torsion. We
conclude that there is an equality of finite groups

M5y (Tp,G)(0) = Y (TG ® Z) = Y, (T,G)
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5.5 The Leading Coefficient of the L-function up to Sign and a Power of Two

using the comparison isomorphism T,G = Tp ,G ® Z,.

Case i = 3: the second sequence in 5.5.4 implies that the torsion of Hyp ; is the
torsion of (H'(Oks,(m): TeG)ior)”. It follows from the proof of | , Prop. 11.2.9]
that we have

H'(Ok s,m), T1G) = H' (76O 5,(an) ) TeG)

where the right hand side is the (continuous) group cohomology of s (Ok s,(ar)). The
fundamental group is the Galois group G(S¢(M)) = Gal(Kg, )/ K) of the maximal
field extension K, (ps) which is unramified outside Sy(M). The first part of the five-term
sequence 1.2.13 reads as follows:

0 —— H(Ks,on /K, TiG) —— HYK, T)G) —— H'(Kg, ), T(G)CED),

The absolute Galois group of Kg, () operates trivially on T,G due to the definition
of Sy(M). Thus, Hom(Galgy ,,, T¢G) is torsion free because TG also is torsion free.
We may then deduce that the last group in the sequence is torsion free, too, which
yields an isomorphism of the torsion groups of the first and second entry. Using lemma
5.2.1, we see that the torsion group of H'(K, T,G) coincides with the torsion group of
G(K)™ and hence with the finite group G(K)(¢). O

Remark 5.5.9. The group Ilpk(A) is conjectured to be finite, see | , Conj. 5.15].

Lemma 5.5.10. There are integral versions v, of n,, which have been introduced in
4.8.5, as follows:

Up(TpGP) = dg, RU(Ky, T,GP) dg,Lie o, A” — 1, forpe s,
¢p(TgGD) : deRFf(Kp,TgGD) — 122 fO’I“ p Q/ Sy
satisfying the equation
Up(TeGP)g, = (TGP -y (TGP)

where ¢, (17) is called the Tamagawa number of Ty at p and will be defined in the proof
below.

Proof. Lie o, AP is a lattice in t,(V,GP) because it is a lattice in

Lic o, A” ® Q = Lic o, A” ®0, Ok, ® Q = Lie A” @0, O,
= LieAD XK K ®OK OK;J = LieAD RK Kp
= 1,(V,G")

where the last equality is justified by the compatibility of the comparison isomorphisms.
Hence, the left hand sides of the morphisms above describe lattices in

dg, R ;(K,, V,G") dg,t,(V,G”) resp.

dg,RT';(K,, V,.GP).
Via 7,(T,GP), they become a lattice in 1g,. Using the canonical basis e of 1q,, we
see that the lattice can be described by Z, - ¢- e. We may choose ¢ such that it be a

power of £. This convention fixes ¢ uniquely and we name it ¢,(T,G?). Additionally,
the construction yields the desired morphisms v, (T,G?). O]
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5 Tamagawa Number Conjecture for Semi-Abelian Varieties

Remark 5.5.11. Our definition of the Tamagawa numbers is compatible with the
definition in [ , §4.1.2]. In particular, assuming ¢ # p, we have ¢,(Ty) = 1 if

Gale

Vi = T;®z, Qq is unramified, or, more generally, ¢,(Ty) = #H" (Zk,, Tt)or * by | ,
Prop. 4.2.2].
It is conjectured that the Tamagawa numbers vanish for almost all ¢ and p.

Theorem 5.5.12. Conjecture 4.3.7 implies

L*(GP) e AT (M)

Q;(/D ) RA ’ RT ' Ru - #G(K)tor : #HO(Ka [TD — AD])tor . g

Cp(TgGD)

where « is of the form £2".

Proof. In complete analogy to the definition of the ¢-adic period-regulator map ¥, in
4.3.6 we define

ke Az, (GP) = dz, RU(Oks,n), TeGP)
by
As,(GP) 2" 4y, RT (K, T,GP)
& dz,(T,GP)H) ™ Q) dg,Lieo, A”

VES pPESe

7,+1
® dZe BFf(K TKGD)EOT}
=0

4.3.2

3
= dg, ROk, s,m), TeG)

® dZZRFf(Kp,TgG) ® dZeLie OKPAD
PGSE £ (M) pES,

7,+1
® dZé BFf(K TKGD)I(%orl

=0

This is isomorphic to dz, RI'.(Ok,s, (), TeG) using the ¥y (TGP) defined in lemma
5.5.10 for all p € S; s(M) and trivialising the finite groups in accordance with remark
1.1.2 (viii).

The isomorphism ky is an integral version of the ¢-adic period-regulator map 1, such
that

3 .
; (=1)
(Iig)@Z = (6 H (#HJZBF,f(Kv TEGD)tor) H Cp(TgGD)) . 19(
i=0 peSe, f (M)

holds. Here, the extra terms Hb F, f(K , T/GP),, are trivialised by the identity, see
remark 1.1.2 (viii), i.e. transformed to the inverse of their cardinality modulo Z;, hence
ec ;.

We may calculate

(ke o cang,)q, = (Ke)g, © (cang)q,

3 _1)¢
= (EH (#HZBFJ(K7 TEGD)t0T>( ! H CP(TKGD>) ) 195

=0 pESg,f(M)
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L*(GP) LD
° (Q;(A).RA.RT.R) (e

i (1)
= (E (#HBF,f<K7 TgGD>tOT) H Cp(T[GD))
=0 pGSg’f(M)

L*(G") P
(Q;(A).RA.RT.R) 2(G e

Em

using the main result of last section, proposition 5.4.12, for the second equality and
conjecture 4.3.7 for the third equality.

Being automorphisms of 1z,, (z,(G?) and ky o canz, may only differ by an element
o of Aut(1z,) = 7Z; and thus

L*(GD> — o/ <€ ﬁ (#HzBFf(K, TZGD)tor> (—1) ' H . (TEGD)
QL(A)- Ra- Rr - R, i=0 7 pESe, 1 (M)
= #1 g (A) .
— #HG(K ) o - #HO (K, [TP — AP])yo, H cp(TeG7).

We see that o € Z;, knowing that ¢,(T,G”) vanishes for places of good reduction and
that Sy (M) contains all places with bad reduction.

We can go through this construction for all £ # 2, hence « € Z; for all £ # 2. The
claim follows. ]

Due to remark 5.1.6, we may deduce

Corollary 5.5.13. For a semi-abelian variety G, the Tamagawa Number Conjecture
implies that

L(h(&HM) #1 g (A)

D
QL(A) Ra-Rr- Ry #G(K)p - #H(K, [TP — AP]),, ng(TgG )

where a is of the form +2™.

Corollary 5.5.14. For an abelian variety A over K, the conjecture implies the one of
Birch and Swinnerton-Dyer (up to sign and a power of two):

L(h(A) (1) 4111(A) b
Q+ (A) RV - #A(K)tor : #AD(K)tor . HCP(TeA )

S Z?p

Note that the L-function in this case is just the usual Hasse-Weil L-function of A.

Proof. 1t holds that
L) (TryA® Zg) = 1), (T,A) = LI(A)(0)

if ITT(A) is finite, see | , p- 95]. O
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5 Tamagawa Number Conjecture for Semi-Abelian Varieties

Lemma 5.5.15. Let T be a torus. Then there is a short exact sequence of finite groups

for 0 #2

0 CUT)(¢) Mg (Tp,T)(0) HI(T)(f)

where CI(T) is the class group of T' (with respect to S = S ) defined as

Ty
T(K)-Ta(Sx)’

cf. definition 1.5.4.

Proof. We essentially verify the proof of | , Prop. 2.6.3] for our situation.
By abuse of notation, we set 75 = T'(K,,) for v € S,.. Then there is the isomorphism

7 17T = I (msw Il T;) ~ iy @T)/TS = DT/,
all p S finite all p S finite peS all p

Due to the definition of Uy, 1.5.5, and T = T'(K,), we obtain the exact sequence

EBT )/ T¢

0 - Ur T(K 0.

Cl(T)

Hence, we get the following commutative diagram for every n € Z:

0 T(K)/Ur @ T(K,)/T¢ CUT) 0
e ’[m \ )
0 T(K)/Ur CIU(T) 0

@T(Kp)/Tpc

where the morphism in the centre is injective because T'(K,)/Ty = Z"™» is free as we
have seen in the proof of 5.3.6.
The resulting ker-coker sequence then reads as

0~ CUT)[("] ~ (T(K)/Ur) ® Z)O"Z ~ (@ T(K,) /T;) ® Z/0"Z ~ CU(T) /" ~+ 0.

Taking the direct limit establishes the exact sequence

T(K)® Qu/Zs N @ T(K,) ® Qi/Zy
Ur ® Q/Zy y Ty ®Qu/Z

0 CUT)(0)

because CI(T) is finite.
In lemma 5.2.1 we have seen the exactness of

0 —— T(k) ® Z/0"T —— H'(k, T[¢"]) —— H'(k, T)[¢"] —— 0.

Taking the direct limit yields
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0 —— T(k) ®Q/Zy — H'(k,T(()) — H'(k,T)({) — 0

and we find
H'(K,T()) HY(K,, T(())

- T(K) © Qu/Z ] all;[p T(Ky) ® Qu/Ze

0

HI(T)()

because taking the ¢ component is left exact.

A combination of the exact sequences above together with the definition of IHE?K, cf.
5.5.1, leads us to the commutative diagram

CUT)(¢) 1) (TeT) IIL(T)(¢)
o TE) ©Q/zZ, ~ H\(K,T(0)) ~ H'(K,T(()) 0
Ur @ Qi/Zy Ur @ Qu/Zy¢ T(K)® Qu/Zy

b @ TUN QT | o B, TU) | (I T(0)
y T @Qu/Zy y L@ Qu/Z, allp T(K,) ®Q/Zy

in the case of ¢ # 2 because then the group H'(K,,T)(f) vanishes for v € S,,. We have
also used V,T/T,T = T(¢). The ker-coker sequence now yields the desired result. [

Corollary 5.5.16. For a torus T over K, the conjecture implies that

DUNDW) e )
Ry B #MT-#H%K,TD)E,!‘“(TKT)

where pr was defined in theorem 1.5.8. In particular, for T = G, we obtain the
analytic class number formula (up to sign and a power of to):
Ri - hk

L*(h°(Spec K)) = — i

Proof. The formula
# WM pr(Tp,T) = hy - #1I(T)

modulo 2 follows from the previous lemma. The second statement follows because
H'(K,Z) and 1II(G,,) vanish due to lemma 1.2.10 respectively theorem 1.2.9, because
all Tamagawa numbers equal 1 and because the equality of motives

RY(G,,)(1) = 1(—=1)(1) = 1 = h°(Spec K)

holds. L]
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